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ARTICLE INFO ABSTRACT

Keywords: Solar photocatalysis has emerged as a cost-effective and efficient approach to address water remediation chal-
Photocatalysis lenges. Nonetheless, there is a pressing requirement to innovate and design novel photocatalysts capable of
N_?‘“‘)Pamdes utilizing solar or visible light. In this study, morphology control and surface sensitization techniques were in-
2822 tegrated to engineer titania-based photocatalysts that operate efficiently under blue LED light. This is accom-

plished through the synthesis of Ti;Zr,O. materials (TiXZrY) with finely tuned nano-scale dimensions, employing
meticulous control through the reversed two-emulsion technique. This innovative approach has yielded
remarkable performance in the removal of pharmaceutical contaminants. Zr contents highly affect the size and,
thus, the active surface of the photocatalysts. XRD results indicate that a low Zr content zirconium titanates are
formed whereas at high Zr contents zirconia cubic phase is the main crystalline structure detected. The heter-
ojunction created between the zirconium titanate and the titania anatase phases can be responsible of the band
gap reduction observed (Eg = 2.8 eV). A SMX degradation percent as high as 80.1 % with a decrease of the
treated water toxicity was obtained for Ti70Zr30 under blue-LEDs irradiation which is explained based on the

Visible light
Advanced oxidation processes

formation of zirconium titanates observed by XRD and XPS and the high active surface area.

1. Introduction

Emerging pollutants (EPs) are increasingly detected in wastewater,
which is causing global concern. Among these emerging pollutants, the
most worrying ones due to the high consumption in recent years are
pharmaceuticals, antibiotics, and drugs of abuse. Global consumption of
pharmaceuticals is estimated at thousands of tons per year. These EPs
exhibit remarkable persistence and have the tendency to accumulate in
the environment, thereby posing a significant threat to both human
health and ecosystems. Some researchers have addressed the EPs eco-
toxicity on plants and fauna. Sublethal effects (oxidative stress) have
been observed on zebra mussel after 14 days of exposition to 0.5 and 1
pg L~! solutions of the cocaine metabolite benzoylecgonine (a similar
concentration to those found in wastewater). The mussels also displayed
oxidative alterations in various categories of proteins [1]. Estrogens and
estrogen mimics have an impact on the reproductive well-being of wild
fish species. Kidd et al. [2] found that a continuous exposure of fathead
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minnow to a low concentration (5-6 ng L™?) of synthetic estrogen, 17a-
ethynylestradiol, resulted in several notable effects, including the
feminization of males, noticeable impacts on gonadal development, such
as intersex occurrences in males, and alterations in oogenesis in females.
Furthermore, it had such a significant impact that it nearly led to the
extinction of this species within the lake. This underscores the potential
threat posed by the presence of estrogens in freshwater environments, as
it can significantly affect the sustainability of wild fish populations.
Paracetamol is another priority pharmaceutical with potential toxicity
to freshwater organisms. Osazee et al. [3] investigated the impact of
paracetamol on African catfish embryos and larvae. Their study revealed
that the exposition of embryos to paracetamol led to several concerning
outcomes, including a reduction in hatching rates, the onset of erratic
swimming behavior in catfish, a significant decrease in heartbeat rate,
and the emergence of teratogenic, neurotoxic, and cardiotoxic effects.
This study demonstrates that the presence of paracetamol in freshwater
affects the survival of aquatic life, particularly catfish. In turn, the
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presence of antibiotics in aquatic environments has been linked to the
emergence of drug-resistant bacteria and drug-resistant gene trans-
mission [4]. In particular, sulfonamide antibiotics can inhibit the growth
of algae and cyanobacteria, which are crucial components of the aquatic
food chain [5,6]. Yan et al. [7] demonstrated that the antibiotic sulfa-
methazine had toxic effects on both embryos and adult zebrafish, lead-
ing to morphological deformities such as edema and spinal curvature
during the embryo-larval stages. Sulfamethoxazole (SMX) is particularly
concerning because it exhibits the lowest removal efficiency in waste-
water treatment plants [8]. Xu et al. [9] observed that exposure of algae
to SMX resulted in altered gene expression, leading to changes in algal
cell ultrastructure and inhibiting cell growth. Furthermore, SMX was
found to influence non-coding RNA metabolic processes, ultimately
affecting nuclear structures and promoting the occurrence, invasion,
and metastasis of tumors.

Despite the demonstrated toxicity of these emerging pollutant to the
water ecosystems, there is no regulation for most of these pollutants and
they are not effectively removed by conventional wastewater treatment
processes [10,11] making this uncontrolled discharge of drugs into
water ecosystems, a serious problem that must be addressed. Thus, new
removal methods for the treatment of wastewater must be designed to
ensure the quality and bioprotection of water ecosystems.

The degradation of pollutants through photocatalysis is primarily
achieved using conventional ultraviolet lamps, typically mercury vapor
lamps. However, these lamps have drawbacks, such as high energy
consumption, hazardous mercury content, the need for cooling, short
lifespan, and operational complexities. Therefore, solar photocatalysis
emerges as an effective and economical method for water remediation.
This method relies solely on solar light and oxygen as reagents, and it
operates under standard atmospheric pressure and temperature condi-
tions. Nonetheless, there is a need to develop new photocatalysts that
can harness solar or visible light effectively since titania, the most used
photocatalyst, requires the use of UV irradiation for its activations due to
its high band gap (3.2 eV). Moreover, titania suffers high rates of
electron-hole recombination and a limited surface area, both of which
contribute to a decrease in its photocatalytic efficiency. Thus, the stra-
tegies in existing literature to improve visible light response and pho-
toactivity of TiOy follow two main routes: i) titania doping with
heteroatoms (metal [12-14] or non-metal [12,15]) or surface sensiti-
zation by narrow band gap semiconductor [16-19], carbon materials
[20-22], organic dyes [23,24], inorganic metal complexes [25-27] or
conjugated polymers [28-30] to narrow the band-gap energy, enabling
the utilization of the large fraction of solar spectrum and ii) morphology
control of titania to increase the active surface area while minimizing
the electron-hole recombination probability [31-34]. Despite the ad-
vances in the synthesis of solar-driven photocatalysis, using solar light
for photocatalysis requires a vast area for effective application, leading
to high installation costs and limitations to daylight hours, which
significantly hinders the development and effective utilization of pho-
tocatalytic processes and reactors [35,36]. Light emitting diodes (LEDs)
emitting electromagnetic radiation in the visible wavelengths have
garnered increasing attention in recent years. LEDs are compact, dura-
ble, mercury-free, safe, energy efficient and boast a longer lifespan
compared to conventional light sources [37,38]. Moreover, they can
function on direct current. These attributes make LEDs a promising
alternative to traditional ultraviolet sources, presenting new opportu-
nities for photocatalytic degradation with lower power consumption
and increased flexibility in designing various types of photocatalytic
reactors.

In this study, we integrate both approaches to create titania-based
photocatalysts driven by blue LED light, achieving exceptional perfor-
mance in the degradation of pharmaceutical compounds found in
wastewater. This is accomplished through the synthesis of TixZryOyz
materials with nano-scale dimensions and precise control over their
crystalline phases. Comprehensive characterization and testing of these
materials were conducted, focusing on their effectiveness in
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sulfamethoxazole degradation under Blue-LEDs irradiation.
2. Experimental
2.1. Synthesis of TiO-ZrO2 nanoparticles

TiO9-ZrOy nanoparticles were obtained using the reversed two-
emulsion method [39,40] with zirconium(IV) oxynitrate hydrate and
titanium tetrachloride serving as precursors for ZrO; and TiO,, respec-
tively. Briefly, two emulsions were prepared using 228 g of n-heptane,
74 g of Triton X-100, and 58 g of hexanol. In the first microemulsion, the
appropriate amounts of zirconium and titanium precursors were dis-
solved, while the second microemulsion substituted the metal pre-
cursors with tetramethylammonium hydroxide dissolved in 80 mL of
water. Both microemulsions were mixed and vigorously stirred for 24 h.
The resulting solid was recovered through centrifugation at 13000 rpm
for 30 min, washed multiple times with ethanol, and finally dried at
80 °C before being calcined at 400 °C for 2 h (based on the results from
the thermogravimetric analysis). The samples were labeled with the
notation TiXZrY, where X and Y represent the weight percentages of
TiO5 and ZrO; in the sample, respectively. For instance, Ti10Zr90 sig-
nifies that the nanoparticles contain 10 wt% of TiO5 and 90 % of ZrO,.

2.2. Textural and chemical characterization

The textural characteristics of the samples were assessed using Ny
adsorption—desorption at —196 °C. To prepare the samples, they were
first subjected to overnight outgassing at 110 °C under a high vacuum
level of 10°® mbar. Then, adsorption data were utilized to derive several
important parameters. Specifically, the specific surface area (Sggt), and
micropore volume (Wy), and mean width (Ly) were determined by
applying the BET and Dubinin-Radushkevich (DR) equations, respec-
tively. The total pore volume (Vjs5) was calculated based on the Ny
adsorption volume at a relative pressure of 0.95. Lastly, the mesopore
volume (Vygso) was computed using the Gurvich rule as V95 minus
Wo(Ny).

The texture and morphology of samples were examined through
high-resolution electron microscopy (HRTEM) utilizing a Thermo Fisher
Scientific microscope model Talos F200X. For this, the samples were
ground finely and dispersed with the aid of ultrasound, in an ethanol
suspension and then depositing droplets of the suspension on a Cu grid,
coated with a holey amorphous carbon film.

X-ray diffraction analysis was conducted to assess the crystallinity of
samples. This analysis was carried out using a Bruker D8 Venture X-ray
diffractometer equipped with Cu Ka radiation (A = 0.155418 nm). XRD
patterns were recorded over a 20 range spanning from 5° to 75°. The
Debye-Scherrer equation was employed on the predominant diffraction
peak to determine the average crystal size of the metal.

Raman spectra were acquired using a JASCO NRS-5100 dispersive
spectrophotometer with a 532 nm laser line. Each spectrum was ob-
tained as an average of 64 scans obtained with 85 mW laser power.

X-ray photoelectron spectroscopy (XPS) was carried out using a
Kratos Axis Ultra-DLD spectrometer, equipped with a hemispherical
electron analyzer connected to a DLD (delay-line detector), a dual anode
X-ray source (Mg/Al) with a power output of 450 W and an Al-Ka
monochromator with a power rating of 600 W. The XPS spectra were
acquired using monochromatic Al Ko radiation. The equipment is also
provided with an electron source for charge neutralisation. The binding
energy of photoelectron peaks was calibrated with respect to the Cls
core level of adventitious carbon at 284.8 eV. High-resolution spectra
were captured with a concentric hemispherical analyzer set at a take-off
angle of 45°. The analyzer operated in constant pass energy mode at
29.35 eV, employing a 720 pm diameter aperture. Throughout spectrum
acquisition, the residual pressure in the analysis chamber remained
below 1.33 x 1077 Pa. Samples were affixed to a holder using a carbon
conductive tape and subjected to overnight vacuum in the preparation
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chamber before transferring to the spectrometer’s analysis chamber.
Each spectral region underwent scanning in two separate areas,
employing multiple sweeps until a satisfactory signal-to-noise ratio was
achieved. The spectra obtained after background signal correction
(Shirley-type background) were fitted to Lorentzian and Gaussian curves
in order to obtain the number of components, the position of each peak,
and the peak areas.

Thermogravimetric analysis (TGA) was conducted utilizing a
METTLER-TOLEDO TGA/DSC1 Thermogravimetric Analyzer, while an
Optima 8300 ICP-OES system from Perkin-Elmer was employed for
elemental analysis.

The optical absorption spectra of the samples were acquired using a
VARIAN CARY 5E double-beam UV-vis spectrophotometer, which was
outfitted with a Praying Mantis diffuse reflectance accessory (DRS). The
reflectance spectra were then analyzed using the Kulbelka-Munk (KM)
method to determine the band gap (Ey) of the samples.

2.3. Photocatalytic tests

The photoactive properties of the synthesized photocatalysts were
assessed in the photodegradation of an emerging drug; sulfamethoxa-
zole (SMX) under blue led light irradiation using two 50 w LED chips
(465 nm main emission, total electric power ~100 W and 4080 Im/W),
Figure S1. For this, a borosilicate glass reactor was placed between both
led chips (Fig. 1). The power density was 1.2 W/cm?. The pH of the
experiments at the beginning was adjusted to 7, with different solutions
of NaCl and HCI (0.01 N), and during the kinetic, the temperature was
maintained at 30 °C. Before exposure to light, the catalysts (100 mg)
were immersed in a pollutant solution (100 mL) and allowed to reach
adsorption-desorption equilibrium under stirring in the dark. The initial
concentration of the pollutant in the solution was adjusted to achieve a
final concentration of 5 mg/L, a value determined based on the SMX
adsorption isotherms on the materials. To assure the adsorp-
tion-desorption equilibrium, the suspensions were stirred at 220 rpm for
12 h in the darkness before exposure to irradiation. Afterwards, 1.5 mL
was sampled to extract only 10 % of the volume total. Then the aliquots
were filtered and the SMX concentration was determined in a UV-Vis
6505 JENWAY Spectrophotometer by registering the SMX maximum
absorption at the wavelength of 258 nm.

Toxicity assessments were carried out on solutions, both before and
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after catalytic degradation. These tests were conducted using the
normalized biotest (UNE/EN/ISO 11345-2), which measures lumines-
cent inhibition in Vibrio fischeri bacteria. The assessments were per-
formed with the LUMIStox 300 system from Dr. LangeGmbH, coupled
with a LUMIStherm incubator. Toxicity levels were quantified as inhi-
bition percentages at a 30-minute exposure duration (I30), with a
reference to a control solution consisting of a stock saline solution.

3. Results and discussion
3.1. Morphological characterization

The morphology and particle size of the coupled semiconductors
were analyzed by TEM (Fig. 2). Rod-like nanoparticles of an average
length of 26 nm were observed for pure TiO, nanoparticles, Ti100
(Fig. 2a). Spherical-shaped and smaller nanoparticles appear by adding
Zr in the nanoparticle formulation. A mixture of rod-like and spherical-
shaped nanoparticles is obtained for Ti70Zr30 sample (Fig. 2b) whereas
just spherical-shaped nanoparticles are observed at Zr contents higher
than 30 % (Fig. 2d—f). The higher the Zr content the lower the particle
size and narrower pore size distributions are obtained (Fig. 2h). The
average particle size (Table 1) decreases from 26 nm for Ti100 to 3.4 for
Ti30Zr70, and then increases to 4.9 nm for pure Zr100. TEM mapping
was performed on the Ti70Zr30 sample in order to analyze the Ti and Zr
distribution on the nanoparticle surface (Fig. 2g). As it was expected, Ti
is the major component of the particles and Zr is homogeneously
distributed along the nanoparticles surface.

3.2. XRD

The crystallinity of nanoparticles was analyzed by XRD. Fig. 3 dis-
plays the diffractograms, while Table 1 presents the particle size and d-
spacing values obtained by applying the Scherrer equation and the
Bragg law, respectively, to the most intense diffraction peak. Note that
the crystallite size obtained by XRD is higher than the particle size ob-
tained by TEM (Table 1) at low Ti contents, because these samples are
formed mainly by particles of size lower than 5 nm and analyzing
crystalline domain sizes below 5 nm using XRD, is challenging due to
both broad peaks and low signal-to-noise ratios. In this sense, only the
biggest particles are detected by XRD. At high Ti contents, TEM and XRD

Fig. 1. Photocatalytic batch reactor. (a) The upper part contains the reaction medium LED lamps, (b) the lower part contains the power sources, (c¢) LED lamp (d)

Side fan to promote cooling, and (e) a 250 mL borosilicate glass reactor.
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Fig. 2. (a—-f) TEM images, (g) TEM mapping, and (h) particle size distributions of pure (Ti100 and Zr100) and mixed (TiXZrY) oxides nanoparticles.

Table 1
Results from the characterization of the catalysts through N, adsorption and
XRD.

Sample Ny-isotherm XRD TEM
Ser Vo.os Vmeso dp d-spacing dp
m? gfl cm?® g*l nm nm nm
Zr100 101 0.124 0.082 8.5 0.2949 4.9
Til0Zr90 171 0.134 0.080 n.a. 0.2951 -
Ti30Zr70 190 0.101 0.043 n.a. n.a. 3.4
Ti50Zr50 182 0.180 0.103 10.6 0.3531 3.8
Ti70Zr30 165 0.248 0.194 10.1 0.3517 11.2
Til00 78 0.216 0.082 10.8 0.3252 26.0
Ti-com 17 0.019 0.015 28.8 0.3523 -

Sper: BET surface area, dp (XRD): crystallite size determined by Scherrer
equations.

particle sizes are similar, since size distributions are centered at higher
sizes. It is important to highlight that no diffraction peaks are obtained
for Ti30Zr50 sample, since particles with sizes lower than 4 nm are

obtained, as it was observed from TEM images (Fig. 2h).

On the other hand, the anatase phase is detected in commercial
titania, whereas the rutile phase is stabilized in Ti100 nanoparticles.
Moreover, peaks become wider in the Til00 sample regarding Ti-com,
denoting a smaller particle size (10.8 nm vs 28.8 nm, Table 1). The d-
spacing was 0.3252 nm for Til00 and 0.3523 nm for Ti-com which
aligns well with the (110) and (101) crystallographic planes of rutile
and anatase TiOs, respectively [41]. TiOy physicochemical properties
are deeply affected by the crystal structure. Rutile TiO4 exhibits a nar-
rower bandgap, greater dielectric constant, and higher refractive index
compared to anatase TiO,, all of which are favorable attributes for
various photonic applications. The rutile phase can be obtained from
methods that favor the direct precipitation of TiO; from a liquid phase,
such as hydrothermal methods. Aside from this method, rutile is just
obtained through anatase phase thermal transition [42,43]. However
the transformation from anatase to rutile phase typically requires
elevated temperatures, often ranging from 600 to 800 °C [44,45]. The
average crystal size seems to be a crucial factor, affecting the anatase to
rutile transformation [43,46-48]. Anatase exhibits the highest
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Fig. 3. XRD patterns of TiXZrY nanoparticles.

thermodynamic stability at sizes smaller than 11 nm, while brookite
prevails for crystal sizes ranging from 11 to 35 nm. Rutile, on the other
hand, is most stable when crystal sizes exceed 35 nm [46,49]. Thus,
anatase can be synthesized at ultrafine sizes [49]. However, nanosized
TiO4 could transform to rutile by heating, and this transition tempera-
ture is affected by the initial particle size. Li et al. [47] observed that the
lowest transition starting temperature and thermal stability was ob-
tained with 12 nm anatase, compared with 17 and 23 nm samples. Here,
TiO nanoparticles of an average crystallite size of 10.8 nm were ob-
tained in Ti100 after a calcination at 400 °C. A priori, at this crystal size,
anatase phase could be expected rather than a rutile one. Moreover, the
calcination temperature is low enough to produce an anatase to rutile
transformation. However, the ultrafine TiOy particles obtained by the
two-emulsion method, could decrease the transformation temperature
since size affects the number of particle—particle contacts within a given
volume, favoring the phase transition and consequently the stabilization
of small rutile nanoparticles.

The incorporation of Zr to the titania formulation, changes the
diffraction pattern in comparison with Til00. Ti70Zr30 shows a
diffraction pattern similar to anatase TiO, but new peaks emerge at
30.8°, 35.9°, 40.9° and 42.1° which could be identified as zirconium
titanates, Tig 33Zr¢.6702 (JCPDS 46-1265) [50,51] and ZrTiO4 (34-0415)
[52]. These peaks almost disappear by increasing the Zr content. For
high Zr contents (>50 %), the zirconia cubic phase (JCPDS 49-1642) is
the main crystalline structure detected. In these cases, the monoclinic
zirconia phase could be expected, since the stable phase is at tempera-
tures below 1200 °C, whereas tetragonal and cubic phases are stable at
temperatures above 1200 and 2400 °C, respectively [53]. However, the
zirconia phase stabilization is also size-dependent. Consequently, the
cubic phase can be stabilized at a crystallite size lower than 11 nm [54].
A crystallite size of 8.5 nm was obtained for Zr100 which could explain
the stabilization of the cubic phase. The d-spacing corroborates that the
anatase phase predominates for samples with high Ti content (>50 %)
whereas the zirconia cubic phase with a d-spacing of 0.295 nm is pre-
dominant at higher content of Zr (>50 %) [55].

3.3. Ny-isotherms

The porous structure of the samples was examined through Nj
adsorption-desorption analysis and results are collected in Fig. 4 and
Table 1. Type II isotherm is obtained for Til00 typical of microporous
materials whereas hybrid type I-IV isotherms were observed for the
TiXZrY samples, exhibiting a distinct hysteresis loop that indicates the
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Fig. 4. N, adsorption—desorption isotherms of TiXZrY samples.

presence of mesopores. The Ny adsorption at low pressures is likely
related to adsorption on the external surface of the nanoparticles, while
the presence of mesopores can be attributed to interparticle voids. Note
that the surface area (Sggr) is directly related to the nanoparticle size.
The lower the d;, (TEM) the higher the Sggr, that is, nanoparticles expose
more external surface-per-volume. The Ny-adsorption at higher relative
pressures and the hysteresis loop also depend on the Zr content and,
consequently, the particle size. Interparticle voids left by the big parti-
cles (26 nm) of Til00, should be in the range of wide mesopores or
macropores which explains the fast No-uptake at P/P close to 1. As it
was observed by TEM, the addition of Zr decreases the particle size
below 11 nm, and consequently, narrower interparticle voids are left,
increasing the Nj-adsorption at moderate relative pressures proper of
mesoporous materials. This Ny-adsorption at moderate relative pres-
sures and the hysteresis loop, decreases by increasing the Zr content due
to the particle size decrease up to almost disappearing at high Zr con-
tents (Ti30Zr70, Til0Zr90, and even Zr100), denoting that the inter-
particle voids left by these small particles (<4 nm) are in the micropores
range.

3.4. Band gap

The band gap (Eg) of the prepared photocatalysts was studied by
diffuse reflectance spectroscopy. The band gap of samples can be eval-
uated using the Kubelka—Munk function, F(R). The E; value could be
obtained by plotting (F(R)E)" as a function of E (hv). A value of n = 1/2
was considered for permitted direct transitions. The Kubelka Munk plot
of samples is presented in Fig. 5 and the obtained Eg is collected in
Table 2. The E4 value obtained for Ti-commercial was 3.22 eV which
closely aligns with the reported value for the titania anatase phase (3.20
eV) [56,57]. The Eg decreases to 2.98 eV for Ti1l00 nanoparticles which
can be attributed to the stabilization of the rutile phase showing a re-
ported band gap of 3.0 eV [57]. For pure ZrO; samples (Fig. 5b), the
band gap decreases from 5.0 eV to 4.5 eV for monoclinic Zr-com and
cubic Zr100. The TiO3/ZrO; heterojunction decreases the band gap of
samples. The higher the content of Ti, the lower the band gap of the
TiXZrY photocatalysts, achieving the optimal value with a content of Ti
of 50-70 %. This red shift of the optical absorption edge of the material,
could be explained by the Ti doping of bulk ZrO,. Gallino et al. [58]
demonstrated that the introduction of Ti into bulk ZrO, results in the
creation of an unoccupied Tisgq band, positioned approximately 0.5 eV
below the bottom of the conduction band which induces a decrease of
the band gap. Consequently, the inclusion of ZrO, into TiOg results in
intermediate band gap values between the parent oxides (TiO, and
ZrO3). However, it’s worth noting that an unconventional decrease in
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Fig. 5. Diffuse reflectance spectra of a) pure TiO, samples, b) pure ZrO, samples, and c¢) TiXZrY nanoparticles.

Table 2

Band gap.
Sample Band-Gap
Zr100 4.55
Ti10Zr90 3.42
Ti30Zr70 3.32
Ti50Zr50 2.82
Ti70Zr30 2.90
Til00 2.98

band gap values was observed when Zr was incorporated into TiOy
(Ti50Zr50 and Ti70Zr30) samples due to the formation of zirconium
titanates phases (see XRD plot). The creation of a heterojunction be-
tween the zirconium titanate phases and the titania anatase phase, can
be attributed to the reduction in band gap values [59,60].

3.5. XPS

The surface chemistry of the samples was analyzed by XPS. Cys, Oqs,
Tiap, and Zrsq spectral regions are depicted in Fig. 6, and data obtained
from their deconvolutions are collected in Table S1. Adventitious car-
bon was used as a reference for the calibration of the binding energies.
There is evidence suggesting that CO or CO; species may be involved in
the gradual accumulation of carbon on pristine oxide surfaces [61].
Oxygen vacancies can significantly impact the interaction between the
surface and CO,, thereby increasing the adsorption of CO, molecules
and leading to the formation of carbon intermediates [62-66]. Oxygen
vacancies formed on the surface of titania are directly involved in the

activation of CO», resulting in the formation of carbonate species. Thus,
the amount of carbon fixed could be related to the exposed surface of the
material and its surface chemistry. Three peaks were necessary to
accurately model the Cy; spectral region at 284.6, 285.8, and 288.5 eV
identified as C-C, C-O, and COO™. The carbon content (Cy5, Table S1)
seems to depend on the surface area of the materials. The lower the
particle size, the more exposed the defect-rich surface, and the higher
the adventitious carbon fixed. Note also that carbonate species are
present in nanoparticles where they are not detected in Ti-com, probably
indicating a more oxygen vacancies concentration on the nanoparticles
surface. The amount of carbonate (COO") increases in the mixed oxides,
is probably due to the heterojunction of Ti-Zr which creates a more
oxygen-deficient structure. The presence of these oxygen vacancies can
be also observed by analyzing de O;; region (Fig. 6b). Three peaks are
also observed in the O region at 529.8, 531.1, and 532.5 eV assigned to
lattice oxygen (Or), adsorbed oxygen on the vacancies (Ogqs), and C-O
species, respectively [21,67]. The Oyqs component of TiXZrY samples is
much higher than that of the pure Ti samples, denoting a more oxygen-
vacancies-rich surface as was pointed out from the Cy region.

For pure TiO, samples (Til00 and Ti-com), the Tizy3/2 region
(Fig. 6¢) was deconvolved in one peak, centered at around 430.0 eV
attributed to Ti*". A new peak appears at 458.2 eV for TixZry samples
which can be ascribed to Ti®*/zirconium titanates species [20,68]. The
same conclusions can be obtained by analyzing the Zrsgs,» region
(Fig. 6d). For pure ZrO5 (Zr100), two peaks appear at 181.6 eV and
182.6 eV which are ascribed to Zr™* in stoichiometric ZrO, and non-
stoichiometric oxides (ZrOy: 0 < y < 2), respectively [20]. Two peaks,
which are shifted 0.8 eV to higher B.E, were also required to deconvolve
the Zrsgs,2 region for TiXZrY samples, but the relative intensity of both
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peaks is different, depending on the Ti content. The peak at 181.7 eV can
be attributed to the Zrsgs,e in hybridized ZrO»-TiOy nanostructure,
whereas the peak at 182.6 eV can be attributed to Zrsgs 2 in free ZrOs. It
is important to highlight that the contribution of this hybridized
Zr0,-TiO, peak was 100, 84.4 and 49.9 % for Ti70Zr30 (stoichiometric
hybridized ZrO»-TiO>), Ti50Zr50 and Ti30Zr70, respectively which is in
good agreement with the main contribution of the 458.2 eV Tizps/2
signal in Ti70Zr30 and Ti50Zr50 samples ascribed to Ti*/zirconium
titanates species. Thus, the hybridized ZrO,-TiO5 nanostructure seems
to increase with the Ti content in accordance with the XRD results to be
maximum for the Ti70Zr30 (stoichiometric zirconium titanate).

3.6. Photocatalytic tests

The synthesized catalysts were tested in the degradation of SMX
using blue-LED irradiation (465 nm). For that, the nanoparticles were
previously saturated in the dark with a solution of the proper concen-
tration to achieve a final concentration of 5 mg/L. The SMX photo-
degradation kinetics of all samples are plotted in Fig. 7.

From Fig. 7a, it can be observed that Ti-com is not photoactive
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because the energy of the blue LED is not enough to promote an electron
from the valence band to the conduction band, which is caused by the
wide band gap. However, the miniaturization of titania size in Ti100
increases the photoactivity to 49.3 %, despite the less photoactive
crystal phase (rutile) being obtained. Conversely, the Zr100 sample is
poorly active due to the high band gap of the sample. The activity in-
creases by adding Ti to the sample which could be explained based on
the decrease of the band gap and the decrease of the particle size. The
decrease of the particle size enhances the photocatalytic performance
due to i) the increase of the photo-catalytically active surface area for
the degradation of SMX and ii) the minimization of the distance that
photogenerated electrons and holes need to cross to reach the surface
where the reaction occurs, and consequently, the minimization of the
electron-hole recombination probability. Note that by only adding 30 %
of Ti to the Zr nanoparticle composition the degradation activity ach-
ieved (49.3 %) is similar to the obtained for Ti100 (53 %). However, a
synergistic effect is obtained for nanoparticles with a 50 % and 70 % of
Ti. If segregated phases were obtained, a dilution effect would be ex-
pected by increasing the Ti content, and an average activity between the
obtained for Ti-100 and Zr-100 would be obtained for the Ti50Zr50
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Fig. 8. (a-b) Absorption spectra of the SMX solutions with different degradation times under Blue-LED irradiation and c) variation of the toxicity of solution treated

for Ti70Zr30.
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sample. However, the activity highly increases from 53 % (Ti100) to 66
% for Ti50Zr50 which could be explained based on, as commented, the
active surface area increasing along with the reduction in the band gap.
However, a SMX degradation percent as high as 80.1 % was obtained for
Ti70Zr30 under blue-LED irradiation, although the surface area has
decreased, and the band gap has increased in this sample, compared to
the Ti50Zr50 one. This activity enhancement is explained, based on the
formation of zirconium titanates observed by XRD and XPS. The heter-
ojunction comprising ZrTiO4/ZrTisO¢/TiOy extends the lifespan of
photogenerated charge carriers, thereby enhancing photoactivity.
[20,68] Briefly, the optimal SMX degradation (Fig. 7b) in sample
Ti70Zr30 is achieved due to an optimal combination of surface area,
band gap, and formation of hybridized zirconium titanates
nanostructured.

SMX exhibits a UV-visible absorption spectrum characterized by a
solitary peak, which reaches its maximum absorption at 258 nm. This
distinctive peak can be attributed to a n-n* transition, most likely
associated with the aniline group. UV-visible absorption spectroscopy
was employed to assess the extent of transformation induced in SMX.
Fig. 8a illustrates a notable reduction in the distinctive absorption peak
of SMX for the Ti70Zr30 sample over varying irradiation periods ranging
from O to 540 min. This decline ultimately means the complete disap-
pearance of the SMX absorption band. It’s worth mentioning that a rise
in absorbance within the wavelength range of 300-450 nm in the
spectrum, indicates the generation of byproducts [69,70]. The emer-
gence of a new absorption band at 250 nm can be also ascribed to the
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degradation of SMX leading to the formation of byproducts. This
occurrence suggests that the phenyl and pyrimidine bands have not
entirely disappeared, as some remnants of their structure persist in the
degradation byproducts, notably the C-N and C=N bonds.[71]
Analyzing Fig. 8a-b, the appearance of a new band at 250 nm is not
observed and only a slight increase of absorption in the 300-400 range is
observed for Ti70Zr30 low irradiation times (<60 min) which then de-
creases at longer irradiation times. This could indicate the generation of
some byproducts at low irradiation times which are then degraded or,
probably, completely mineralize.

The toxicity of the treated water using Ti70Zr30 sample as photo-
catalyst was also studied, using the normalized biotest of luminescent
inhibition of Vibrio fischeri bacteria. Data are plotted in Fig. 8c. Note that
the toxicity of the water decreases, showing a closed behavior to the
activity curve for the same irradiation times. This fact indicates that
SMX is completely mineralized, reducing simultaneously the toxicity of
the treated water, or the generated new byproducts are less toxic than
the pristine SMX.

Bibliographic results using materials with similar nature (ZrO,-TiO;
composites) were recorded in Table 3 despite we rarely found Ti-Zr
nanoparticles applied in drug degradation in water media. It is
observed that in most of the cases found, UV irradiation is required to
obtain a high drug or dye degradation. In the present work, visible light
is used obtaining high degradation percent which is comparable with the
bibliographic data using a less powerful light source (A = 465 nm).

ZrO,, respectively
Ti70Zr30

Table 3
Comparison of the behavior of different Ti/Zr materials for photocatalytic degradation of dyes and drugs in water from literature.
Nature of Sample Nomenclature and Synthesis Organic Experimental conditions Photocatalytic
optimum sample method Pollutant efficiency
Mass of catalyst, Source Degradation; Ref.
volume, initial drug Illumination (W) time (%; min)
concentration, pH (mg;
mL; mg/L)
TiOy/ZrO,- CMCS T/Z-x Microwave Rhodamine B 50; 100; 10; 10.3 UV-Light (CEL- 90.5; 270 [72]
(carboxymethyl x = content of titanium (%)  solvothermal LPH120)
chitosan) (nTi:nZr = x:100) obtained
by calcining T/Z-CMCS-x at
600 °C.
T/Z-5
TiO2/ZrO, Hybrid sol-gel Azo-dye, Ponceau 180; 180; 0.1 mM; Not Medium pressure 99.3; 27 [73]
TMZ-x BS shown mercury lamp (125
(x=a,b,cd, e)x=7Zr/Ti W Philips)
molar ratio (3, 6, 9, 12, 15)
TMZ-b
Zr/Ti=6%
TiOy/ZrO4 TiO5-ZrO, x:y Sol-gel Metformin 500; 500; 10; 8 Mercury lamp 70;180 [74]
xiy = Ti:Zr % (125 W)
TiO2-ZrO4 95:5
TiO,/ZrO, derived TiO,/UiO-66 Solvothermal Rhodamine B 160; 200; 20; 9 LED lamp (100 w) 99; 180 [75]
from zirconium
MOF
Mesoporous TiOy/ sTiZrx-T Sol-gel Chloridazon 150; 50; 11; Not shown Xenon lamp (150 ~55; 300 [76]
ZrO, Where s, x and T represents W)
sol-gel method, mol% of Zr
and calcination
temperature.
sTiZr0.05-700
N-doped TiO2/ZrO, N-TiO,-ZrO,-x Hidrotermal Methylene blue 10; 100: 20: Not shown UV Lamp (500 W) 93.2; 80 [771
derived from Ti/Zr X = content of zirconium Tetracycline 86.3; 120
MOFs (%) Phenol 72.4; 120
N-TiO5-ZrO»-5
Zr/TiOy x mol.% Zr/TiO, Thermal Acid orange 7 50; 150; 3 x 10™ mol/L; UV Lamp (36 W) 99; 180 [78]
x = content of zirconium hydrolysis Not shown
(%)
2 mol % Zr/TiO,
TiOy/ZrOy NPs TixZry Inverse sulfamethoxazole 100; 100; 5; 7 Blue LED lamp 80.1; 540 This
x and y wt. % of TiO; and microemulsion (100 W) work
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4. Conclusions

TiO2-ZrOy hybrid photocatalysts (TiXZrY) were prepared, using a
reversed microemulsion method, and efficiently tested in the degrada-
tion of sulfamethoxazole (SMX) in water under blue-LED irradiation.
TEM images reveal that as the Zr content increases, the particle size
decreases, obtaining narrower pore size distributions. The average
particle size decreases from 26 nm and 4.9 nm for pure TiO, (Ti100) and
ZrOy (Zr100), respectively to 3.4 nm for Ti30Zr70. The smaller the dp
(determined by TEM), the greater the Sggr (specific surface area) be-
comes, indicating that nanoparticles expose a higher external surface
area per unit volume. XRD findings reveal that at a low Zr content
(Ti70Zr30, Ti50Zr50), zirconium titanates are formed, while at higher
Zr concentrations (ZrOz > 50 wt%), the predominant crystalline struc-
ture detected is cubic zirconia, despite monoclinic zirconia being the
stable phase at temperatures below 1200 °C. The band gap decreases up
to Eg = 2.8 eV by increasing the ZrO; content up to 50 % which can
likely be attributed to the creation of a heterojunction between the
zirconium titanate phases and the titania anatase phase.

Under blue-LED irradiation, the Ti70Zr30 photocatalyst achieved an
impressive SMX degradation rate of up to 80.1 %, accompanied by a
decrease in the toxicity of the treated water. This result can be attributed
to the formation of zirconium titanates, as observed through XRD and
XPS analyses, as well as the presence of a high active surface area.
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