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ABSTRACT

In photocatalytic reactions, titanium dioxide (TiO3) has been widely used as a photocatalyst for air and water decontamination,
proving to be highly effective over the years. However, its activation capacity with visible light is limited by the high bandgap
value of this compound. To overcome this limitation, various modifications have been implemented, such as metal doping.
The aim of this study was to synthesize, characterize and evaluate the photocatalytic activity of copper-doped titanium dioxide
nanoparticles (NPs) in the degradation of acetaminophen (ACF), an emerging contaminant of pharmaceutical origin. For the
synthesis of Cu/TiO2 NPs, mechanical milling and wet impregnation techniques with copper sulfate pentahydrate as a
precursor were used. The characterization was carried out using various techniques, such as dynamic light scattering (DLS),
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), atomic force microscopy (AFM) and
ultraviolet-visible spectroscopy (UV-Vis). The results obtained reveal a reduction of the bandgap in the Cu/TiO, sample,
indicating a higher efficiency in the absorption of visible light. In the photocatalytic evaluation, a significant improvement in
the degradation of acetaminophen (77%) was observed when using copper-doped titanium dioxide nanoparticles. These
findings suggest a great potential in the application of Cu-doped TiO2 NPs for the decontamination of waters with the presence
of emerging contaminants.
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Sintesis, caracterizacion y evaluacion de la actividad fotocatalitica de nanoparticulas de diéxido de titanio dopado
con cobre en la degradacion de acetaminofén

RESUMEN

En las reacciones fotocataliticas, el didxido de titanio (TiO2) ha sido ampliamente utilizado como fotocatalizador para la
descontaminacion de aire y aguas, demostrando ser altamente efectivo a lo largo de los afios. Sin embargo, su capacidad de
activacion con luz visible se ve limitada por el alto valor del bandgap de este compuesto. Para superar esta limitacion, se han
implementado diversas modificaciones, como el dopaje con metales. El objetivo de este estudio fue sintetizar, caracterizar y
evaluar la actividad fotocatalitica de nanoparticulas (NP) de dioxido de titanio dopado con cobre en la degradacién de
acetaminofén (ACF), un contaminante emergente de origen farmacéutico. Para la sintesis de las NP Cu/TiO; se emplearon
técnicas de molienda mecanica e impregnacion himeda con sulfato de cobre pentahidratado como precursor. La
caracterizacion se llevd a cabo mediante diversas técnicas, como dispersion dindmica de luz (DLS), microscopia electronica
de barrido (MEB), espectroscopia de rayos X de energia dispersiva (EDX), microscopia de fuerza atomica (AFM) y
espectroscopia ultravioleta-visible (UV-Vis). Los resultados obtenidos revelan una reduccion del bandgap en la muestra de
Cu/TiOy, lo que indica una mayor eficiencia en la absorcion de luz visible. En la evaluacion fotocatalitica, se observé una
significativa mejora en la degradacién del acetaminofén (77%) al utilizar las nanoparticulas de diéxido de titanio dopadas
con cobre. Estos hallazgos sugieren un gran potencial en la aplicacién de las NP TiO, dopadas con Cu para la
descontaminacion de aguas con presencia de contaminantes emergentes.
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INTRODUCTION

More than 80% of wastewater resulting from human
activity is dumped into rivers or the sea without any
treatment, which causes the contamination of different
bodies of water, both surface and underground, with a
wide variety of substances that They can affect both
ecosystems and people. In recent years, special attention
has been paid to new types of contaminants present in
water, such as pharmaceuticals and personal care products,
as well as a variety of compounds that act as endocrine
disruptors and potentiators of adverse effects on human
health. and the environment. This new category of water
pollutants is known as emerging pollutants (EC) [1, 2].
Within the list of emerging substances of pharmaceutical
origin registered by the Norman Network database, is
acetaminophen (NS00000231) [3]. As an emerging
contaminant, acetaminophen can affect different trophic
levels in an irreversible and persistent manner [4]. Over
the past few years, an increase in the concentration of
acetaminophen has been observed in aquatic
environments, indicating that it is not completely removed
from wastewater during treatment at plants, nor during
into Therefore,  most

infiltration groundwater.

acetaminophen reaches and leaks into the aquatic
environment, groundwater, and drinking water through
wastewater discharges [5].

The incomplete degradation of emerging contaminants in
water treatment plants, added to the lack of specialized
treatment in sources such as hospitals and industries, make
it necessary to implement alternative and/or additional,
specialized and efficient processes to carry out adequate
degradation and mineralization of these pollutants [6, 7].
Water treatments by advanced oxidation processes (AOPs)
constitute an alternative of great interest to address the
problem of emerging contaminants, promoting their

degradation to simpler substances that are harmless. OAPs

are methods of treating substrates by oxidation, with
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radicals produced from chemical reactions. Heterogeneous
photocatalysis is an advanced oxidation process that uses the
photochemical method to produce the degradation of
organic molecules by breaking structural bonds of
contaminating organic compounds. This process uses light
as the only source of energy, does not require the addition of
chemical species, and its reactors are reusable and can
operate in continuous processes, which further contributes
to reducing costs [8].

The heterogeneous photocatalytic process is based on the
excitation of a solid, commonly a wide energy gap
semiconductor such as TiO,, by irradiating it with light of an
energy equal to or greater than its bandgap. This causes the
transition of an electron from the valence band (VB) to the
conduction band (CB), thus generating reactive species
photogenerated electron-hole pairs (e/h") (Equation 1).
Holes (h") can be trapped by water molecules (H.O) or
hydroxyl groups ("OH) adsorbed on the surface, producing
hydroxyl radicals (HO*) (Equations 2 and 3), which have a
high oxidative potential (approx. 1.7 mV) and are highly
reactive with organic matter, being equally toxic for
microorganisms (Equations 10 and 11) [9]. Likewise, the
oxygen present in the air can act as a receptor for
photogenerated electrons (e7), reacting with them to form
superoxide radical anions (*O?), which in turn react with
water to produce hydroxyl radicals (Equations 4 and 5). This
process triggers a series of reactions that contribute to the
contaminants

photocatalytic degradation of organic

(Equations 6 —9) [10].

TiO, + hv - Ti0, (e + h},) (Eq. 1)
+» + H,0 > HT + ¢ 0H (Eq.2)
+,+ TOH > «OH (Eq.3)
e+ 0, > 0; (Eq.4)
¢ 0; + H,0 - HO,  + ¢« OH (Eq.5)
HO, » +H,0 - H,0, + « OH (Eq. 6)
ep + H,0, > OH +HO™ (Eq.7)
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H,0, + hv - 20H » (Eq. 8)
H,0, +¢0; »¢OH + HO™ + 0, (Eq.9)

R/microorganismo +e OH — Degradation products
(Eq. 10)

R/microorganismo + h}, — Degradation products
(Eq. 11)

Doping TiO, with copper has been shown to increase the
photocatalytic activity of the material in the presence of
visible light by reducing the recombination of charge
carriers. Copper oxide, with a narrow Bandgap range
(cupric oxide, 1.4 eV; cuprous oxide, 2.2 eV), and a high
absorption coefficient, modifies the particle properties,
electronic structure, and light absorption of titanium
dioxide [11]. These advances are promising for improving
the efficiency of water treatment systems and using clean
energy [12, 13, 14].

Copper-doped titanium dioxide nanoparticle systems have
been widely studied in various photocatalytic applications,
such as photocatalytic degradation of dyes [15, 16],
photocatalytic water separation [17], antibacterial
materials [18, 19, 20] and the photocatalytic reduction of
CO; [21]. However, the study with emerging contaminants
of pharmaceutical origin has been limited.

This research consisted of the synthesis, characterization
and evaluation of the photocatalytic activity of copper-
doped titanium dioxide nanoparticles, to degrade
emerging contaminants of pharmaceutical origin, using
artificial solar radiation. The successful demonstration of
its effectiveness in the treatment of a common contaminant
demonstrates its potential in the conservation and
purification of water, becoming an affordable, simple and

effective technology.

MATERIALS AND METHODS
Reagent-grade commercial products were used without

further purification. Titanium dioxide anatase (TiO,)
99.5% from Sensient, sodium chloride (NaCl) 100.1%
from Fisher Chemical, sodium hydroxide (NaOH) 96%
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from Erba, copper (1) sulfate pentahydrate (CuSO4-5H,0)
99% from Venesolventes and paracetamol crystalline

powder from G. Amphray Laboratories.

Obtaining titanium dioxide nanoparticles (TiO2 NPs)

Titanium dioxide nanoparticles were obtained by the
mechanical grinding method, known as a "top-down"
method. The procedure consisted of mixing commercial
TiO, powder with 5% by weight of NaCl as an inorganic
dispersant. The mixture was then added into two plastic
containers with ceramic grinding beads and subjected to a
continuous grinding process for 4 hours in a Leegol Electric
PG-LG-002 ball

completed, the powder obtained was sieved with a 45 um

mill. Once the grinding time was
sieve, washed three times with distilled water and dried in
an oven at 60 °C for 24 hours. Finally, the samples were
ground in a mortar and stored in airtight amber containers

for later use.

Synthesis of copper-doped titanium dioxide nanoparticles
(Cu/TiO2 NPs)

For the synthesis of Cu/TiO, NPs, copper (II) sulfate
pentahydrate as a dopant precursor. To do this, 1% by
weight of CuSQ4-5H,0 was dissolved in 50 mL of distilled
water, and then the TiO, NPs were added. The mixture was
stirred constantly at 50 °C for 2 hours and the pH was
adjusted to 8 by adding NaOH solution. Subsequently,
drying was carried out at 90 °C for 24 hours, followed by
calcination in an oven at 450 °C for 2 hours. The resulting
sample was washed to remove any reagent residue and
subjected to a second drying at 90 °C. Finally, the sample
was crushed in a mortar and stored in an airtight amber

container for later use.

Characterization

In this research, dynamic light scattering (DLS) technique
was applied to analyze the particle size distribution of both
undoped and copper-doped titanium dioxide. The DLS

equipment used was developed in the Laser Spectroscopy
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and Nanotechnology Laboratory of the School of
Chemistry of the Faculty of Sciences of the Central
University of Venezuela (UCV). Furthermore, scanning
electron microscopy (SEM) technique and energy
dispersive X-ray spectroscopy (EDS) were used to
evaluate the morphology and elemental chemical
composition  of  the

respectively. For these techniques, a JEOL JSM-6390

synthesized  nanoparticles,
SEM equipment was used, equipped with an Oxford
Instruments model 7582 x-ray detector.

Topographic analysis of the TiO, NPs and Cu/TiO, NPs
samples was performed using a Bruker Dimension Edge
brand atomic force microscope (AFM). X-ray diffraction
(XRD) was used with a Bruker D2 PHASER XRD,
operating at 30 kV and 10 mA with Cu Ka radiation. The
sensor was scanned in an angle range 20 = 10° - 70°, with
astep size of 0.02° and a time per step of 1 s. A wavelength
of 1.541840 A and an incidence window of 0.2 mm were
used to study the crystalline structure of the materials.
Finally, the optical properties of the nanoparticles were
characterized by ultraviolet-visible spectroscopy (UV-
Vis), adopting the Tauc method to estimate the band gap.
These techniques provided accurate and detailed data on
the properties of TiO, NPs and Cu/TiO2 NPs.

Photocatalytic evaluation
To evaluate the photocatalytic activity of the previously
and Cu/TiO;

acetaminophen solution was used as a model of emerging

prepared TiO; nanoparticles, an
water contaminant. The concentration of the drug in the
solution was 10 ppm, with a pH of 8 to simulate the
characteristic acidity of wastewater. The degradation
reaction was carried out in a cylindrical borosilicate batch
reactor, using natural sunlight. The experiments were
carried out on a sunny day until reaching an accumulated
energy of 600 KJ/m2, monitored by a radiometer. The
samples were studied with a load of 1.0 g/L under constant

stirring. In addition, control tests were performed,

Acta Microscopia, Vol. 34, No 1, 2025, pp 235-247

238

including photolysis (without photocatalytic material) and
adsorption (in the dark).

During the in-situ monitoring of the photocatalytic reaction,
the Raman spectroscopy technique was used, which has
been widely used in drug quantification studies [22]. The
samples were analyzed at room temperature with the
objective of quantifying acetaminophen before and after the
photocatalytic process. An Eddu Raman TO-ERS-532
system from Thunder Optics was used, equipped with an
This
spectrometer has a 2048-pixel CMOS detector and a spectral

AvaSpec-Mini  spectrometer from  Avantes.
resolution of 0.09 nm. Additionally, the Eddu Raman system
includes a 532 nm laser with a line width of 0.1 nm, an
optical fiber, a compact Raman probe with a range of up to
175 cm'! for Raman switching, a 20X microscope objective
High-quality NA 40 with a working distance of 11.8 mm, a
fixed slit of 50 um and AvaSoft 8 software.

For analysis, a clean and dry liquid sample holder was used,
followed by obtaining three spectra for each sample at
different positions. This was done to verify the homogeneity
of the sample and rule out the presence of photoinduced
phenomena. The laser power was 2.8 mW, and the spectra
acquisition time was 2 s. Subsequently, the collected data
were processed and visualized in the SpectraGryph 1.2

software for further analysis.

RESULTS AND DISCUSSION

DLS characterization

The size of the particles in photocatalytic materials is a
crucial factor that influences the optical behavior of the
solutions and the efficiency of the photocatalytic process
[23]. In this study, dynamic light scattering (DLS) technique
was used to characterize the sizes of particle agglomerates
in aqueous samples of pure TiO2, undoped TiO2 NPs and
doped with 1% copper.

Figure 1 shows the hydrodynamic diameters as a function of
the distribution. The DLS plots obtained show dashed lines

that correspond to the fit with a Beta function. A
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hydrodynamic diameter centered at 27 nm, 19 nm and 16
nm was obtained for the commercial TiO,, the TiO;
subjected to 4 hours of grinding and the Cu-doped TiO,

respectively.
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Fig. 1. Particle size distributions of commercial TiO; (a),
TiO2 NPs (b) and Cu/TiO2 NPs (c) measured via DLS.

The DLS technique is a useful tool to determine the
effective hydrodynamic diameter, which is a measurement
used to describe the apparent size of particles in
suspension. This parameter takes into account the
behavior of the particles in a liquid medium during the
analysis, which provides crucial information about the
interaction between the nanoparticles and the solvent [24].
TiO2 NPs tend to agglomerate when mixed with water, and

conventional stirrers cannot break up these hard
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agglomerates [25]. The doping process in TiO, NPs causes
significant changes in the dispersive character of the
systems and decreases the agglomeration of the particles
[26, 27, 28].

The results obtained showed that the copper-doped titanium
dioxide samples presented a narrower particle size
distribution compared to the undoped TiO, samples (Table
1). This suggests that the copper doping process caused
greater dispersion of the titanium dioxide particles in the

solution, resulting in a decrease in particle agglomeration.

Table I. Comparison of hydrodynamic diameters between
undoped and 1% Cu doped TiO, samples.

Samples Particle Average
size hydrodynamic

distribution diameter

range (nm) (D1) nm
Commercial TiO2 1-225 27
TiO2 NPs 1-130 19
Cu/TiO2NPs 1-80 16

SEM-EDS characterization

Figure 2 present the scanning electron microscopy (SEM)
analysis of TiO, NPs. Agglomerates of irregularly shaped,
spongy, rough particles and smaller particles were observed
on the surface (Figure 2a). In all the samples analyzed, the
SEM images reveal three-dimensional structures formed by
agglomerates of nanoparticles with a mostly hemispherical
morphology. Agglomeration is a natural phenomenon in
TiO2, which tends to form groups of three-dimensional
particles [29]. Furthermore, the average size of the particle
agglomerates was determined for the TiO2 NPs, resulting in
190 nm, while in the Cu/TiO, NPs it was 171 nm. These
results confirm what was previously mentioned in the DLS
analysis, where it is evident that the presence of copper
reduces the size distribution range of titanium dioxide

particle agglomerates.
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Fig. 2. Micrographs of TiO, NPs at different scales: 50
pm (2) and 0.5 um (b) obtained by SEM.
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Fig. 3. SEM-EDS analysis of TiO, NPs (a) and Cu/TiO;
NPs (b).

The elemental composition of the titanium dioxide
nanoparticles, both undoped and copper-doped, was
determined by energy dispersive X-ray spectroscopy
(EDS) technique and is presented in fig. 3. According to
the EDS analysis, the presence of Ti and O in the TiO;
NPs, and Ti, O and Cu for the Cu-doped TiO, NPs (Table
I1). The EDX analysis for the undoped TiO, NPs is shown
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in fig. 3a, where the weight percentage of Ti and O was
determined to be 52% and 48%, respectively. In both
samples, the titanium peak was observed at 0.45, 4.50, and
4.9 keV and the oxygen peak at 0.52 keV. Finally, in the
Cu/TiO2 NPs, the Cu peak was detected at 8.1 keV, 0.94
keV, and 8.9 keV (fig. 3b).

The effectiveness of the impregnation method is
demonstrated through the detection of the presence of Cu in
the doped TiO2 NPs, as detailed in Table Il. The results
obtained are in line with previous studies and confirm the
presence of the expected elements in the titanium dioxide

nanoparticles after doping with copper [30, 31].

Table I1. EDX analysis of undoped and 1% Cu-doped

TiO2 NPs.
Samples Element | %Weight %Atomic
TiO2 NPs OK 4814 74£4
Ti K 52+4 26+4
Cu/TiO2 OK 4614 7214
NPs TiK 52+4 28+4
CuK 1.1+0.1 0.42+0.04

AFM characterization

Atomic force microscopy (AFM) analysis of the TiO; and
Cu/TiO; nanoparticles was performed. The samples were
observed in tapping mode with a constant of 26 N/m, using
a silicon tip on a Bruker Dimension Edge equipment. The
AFM technique allowed us to examine the morphology and
topography of the nanoparticles obtained in this research.
The results for the TiO, NPs are presented in fig. 4, where it
is observed that they have a hemispherical morphology (fig.
4a). The AFM topography image with 3D rendering shows
a thickness varying between 0.9 nm and 3.8 nm (fig. 4b). In
the depth analysis, the maximum point is 20.8 nm (fig. 4c).
In addition, the roughness of TiO, is presented, where a
surface covered by grains of different sizes and shapes, as
well as pores and cracks of different dimensions, is evident
(fig. 4d). These elements contribute to the surface texture,

generating irregularities and roughness on the surface.
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Fig. 5. AFM images of Cu/TiO, NPs.

Figure 5 shows the images obtained by AFM for the
Cu/TiO2 NPs. In fig. 5a, hemispherical particles are
5b a

representation of the Cu/TiO2 NPs is shown, where a

observed, while in fig. third-dimensional
thickness ranging between 3.1 nm and 13.1 nm is
observed. The depth histogram, plotted in fig. 5¢, shows a
maximum at 43.6 nm, indicating significant variations in
the sample roughness (fig. 5d).

During the analysis of the surface morphology of the

particles, the presence of some aggregates and individual
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particles was observed. The profile indicates that the size of
most of the particles is uniform and they have a
hemispherical shape in both samples. The AFM image of
TiO2 NPs shows a smoother surface, that is, the surface
roughness is lower than that of Cu/TiO, NPs. These results
coincide with previous research carried out by Pedroza et al.
(2016) [32], Guerrero (2017) [33] y Raheem et al. (2023)
[34].

DRX characterization

| e | | L]

Fig. 6. XRD patterns of TiO, NPs (a) and Cu/TiO, NPs (b).
The crystallinity and structure of the nanoparticles prepared
in this investigation were evaluated by XRD technique.
Figure 6a and 6b show the XRD patterns of TiO, NPs and
Cu/TiOz NPs, respectively. The peaks observed at 20 =
25.10°, 36.56°, 37.40°, 38.16°, 47.48°, 53.22°, 54.38°,
61.90° and 67.88° correspond to the crystal planes of anatase
TiO2 (101), (103), (004), (112), (200), (105), (211), (204)
and (116), respectively, coinciding with card number 00-
900-8216. There is no evidence of the presence of copper,
metal or oxide phases, suggesting that the Cu atoms are in a
uniform dispersed state or that the ions successfully entered
the TiO, crystal lattice. Furthermore, the absence of
impurity peaks demonstrates that no additional phases were
generated during the Cu-TiO2 NPs synthesis method used in
this investigation. These conclusions are in agreement with
previous works by J. C. Lin et al. (2018) [35], Preda et al.
(2022) [36] y Raheem et al. (2023) [34].
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UV-Vis spectroscopy
The UV-Vis spectroscopy technique was used to analyze

the absorbance spectra of TiO2 NPs and Cu/TiO2 NPs in a
wavelength range of 200 and 900 nm at room temperature.
These results are presented in Figs. 7 and 8. From the
absorption spectra, the energy gap (Eg) was estimated

using the Tauc relationship described in Equation 12.
(ahv) = A(hv — E,)" (Eq. 12)

Here o is the absorption coefficient in cm™, v is the
frequency of the photon, h is Planck's constant, and Av is
the energy of the incident photon, A is a constant, n is the
exponent that determines the type of transition electronic
that causes absorption and could take the values 1/2 or 2
depending on whether the transition is direct or indirect,
respectively. The Tauc exponent was estimated directly
from experimental UV-vis spectroscopy data [37, 38].
Because optical transitions in TiO; are indirect, the value
of n was 2. The graph (a/4v)? versus hv was made and the
value of Eg was obtained by extrapolating the linear

portion to the photon energy axis.
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UV-Vis spectrum of TiO, NPs (a) and its Tauc
plot (b).

Fig. 7.
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The bandgap value (Eg) of the TiO, NPs and Cu/TiO, NPs
is 3.16 and 2.84, respectively. According to the data
summarized in Table 111, a decrease of 0.32 eV can be seen
in the bandgap of the Cu/TiO, NPs compared to the TiO;
NPs. This reduction in the energy gap can be explained by
two factors: (a) quantum confinement phenomena, and (b)
the presence of copper oxides that favor the formation of
oxygen vacancies and/or the partial reduction of the sites of
Ti. The reduction of Ti sites and/or the presence of oxygen
vacancies act as a new localized state that contributes to the
decrease in bandgap. Therefore, the improvement in light
absorption and interfacial charge transfer is expected to be
beneficial in increasing the photocatalytic performance of

the nanoparticles prepared in this research [39].

a —— 1%Cu-TiO2 NPs
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Fig. 8. UV-Vis spectrum of Cu/TiO, NPs (a) and its Tauc
plot (b).

These results agree with the research of Realpe et al. (2017)
[40] y Adamu et al. (2023) [21], where it is stated that the
function of the dopant is to shift the absorption spectrum
towards regions of the UV-Vis range. In addition, it is
expected that the dopant can act as an electron trap,

increasing the photocatalytic efficiency.
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Table I11. Bandgap and wavelength values for undoped
and copper-doped TiO2 NPs.

Samples Bandgap Wavelength
(Egx0,01) eV | (Ax1) nm
TiO2 NPs 3,16 393
Cu/TiO2NPs 2,84 437
Photocatalytic  activity for the degradation of

acetaminophen

Raman spectroscopy is a technique that allows the
vibration modes of a sample to be measured, providing
detailed information about its chemical composition. The
resulting spectrum shows a distribution of peaks
corresponding to the specific molecular vibrations of the
analyzed sample. These peaks can be used to identify and
quantify chemical substances, such as drugs, based on
their frequency and intensity [41].

In the specific case of acetaminophen (see fig. 9), its
Raman spectrum is dominated by characteristic peaks,
such as amide I (C=0) at 1606 cm, amide Il (C-N
stretching, N-H bending) at 1455 c¢cm %, the C — H bond at
1201 cm* and the phenyl ring at 800.5 cm™ [22]. These
peaks are useful for the identification and quantification of

acetaminophen in analyzed samples, whose spectra are

OH OH
— I
HN\H/ NH,

o}

shown in fig. 10.

Fig. 9. The chemical structure of acetaminophen and its
primary degradation product: p-aminophenol.

Within the framework of this research, the conventional
method of measuring Raman peak intensities (area) was
used to quantify acetaminophen. It was identified that the

most appropriate peak for this purpose is that of amide |
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(1606 cm™).

acetaminophen solutions in a concentration range of 0.5

A calibration curve was made with

ppm to 14 ppm.

—— TiO2 NPs
Cu/TiO2 NPs
—— ACF initial solution

12000 4

10000 4

8000

6000 1

4000 1

Raman intensity (u.a.)

2000

—2000 4
600

T T T
1200 1400 1600

Raman shift (cm/1)

T T
800 1000 1800

Fig. 10. Raman spectra of acetaminophen in aqueous
medium. Initial solution (green), solution
photocatalytically treated with TiO2 NPs (blue) and with
Cu/TiO2 NPs (orange).

The results of drug degradation are detailed in Table IV,
where greater degradation of acetaminophen was observed
when using doped nanoparticles, suggesting that copper
improves the photocatalytic efficiency of titanium dioxide.

Table V. Values of percentage of photocatalytic
degradation of acetaminophen (ACP).

Samples % degradation of ACP
TiO2 NPs 38,5
Cu/TiO2NPs 77,4

These results can be explained by considering that the
inclusion of an electron trap minimizes the unwanted
recombination of charge carriers. The selection of metal ions
with a positive reduction potential compared to TiO is ideal
as an electron trap. Given the standard redox potential of Cu
ions in equations (13), (14) and (15), these are excellent for
minimizing charge carrier recombination [21]:

Cu** +e~ > Cu*,E°=0,17V (Eq.13)
Cu?* +2e~ - Cu’, E° = 0,34V (Eq.14)

Cut+e~ - Cu’,E° =052V (Eq.15)
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In summary, the addition of Cu as a dopant generates a
level of Cu?* impurity below the conduction band of TiO».
During light irradiation, the electron in the valence band
can be excited toward the Cu?* trap level, forming
electron-hole pairs with the same number of positively
charged holes. This proximity facilitates the release of the
electron trapped in Cu?* and its transfer to a neighboring
surface Ti**, which decreases the recombination rate of the
electron-hole pair and prolongs the lifetime of the charge
carriers. Furthermore, Cu®* doping in the TiO lattice
generates oxygen vacancies to maintain charge neutrality,
inducing visible light absorption [16].

CONCLUSIONS

In this study, the preparation of titanium dioxide
nanoparticles doped with 1% copper was carried out by
wet impregnation method. The prepared samples had an
average hydrodynamic diameter of 161 nm, with
relatively rough surfaces and a hemispherical morphology.
It was observed that copper-doped TiO, NPs exhibited
enhanced photocatalytic activity compared to undoped
nanoparticles, when exposed to natural sunlight
irradiation. The copper-doped TiO; structure was able to
effectively broaden its absorption capacity in the visible
spectrum of sunlight (400-700 nm), as copper induced
some doping states near the top of the valence band, thus
enhacing the visible absorption through the Cu 3d-Ti 3d
optical transition.

These results suggest that TiO, NPs doped with 1% copper
could be used to promote the photodegradation of
acetaminophen under visible light irradiation, as well as
for the treatment of water contaminated with organic

compounds.
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