(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Synthesis of Cu—Mo/TiO> and Co—Mo/TiO» photocatalysts for
the efficient degradation of organic pollutants in water

llse Acosta’!, Brenda Zermefio!, Edgar Moctezuma, Luis F. Garay-Rodriguez?
and Isaias Juarez-Ramirez?

Full Research Paper

Address: Beilstein J. Nanotechnol. 2026, 17, 559-570.
Facultad de Ciencias Quimicas, Universidad Auténoma de San Luis https://doi.org/10.3762/bjnano.17.37
Potosi, Av. Manuel Nava # 6, San Luis Potosi, S.L.P., 78290, México

and 2Departamento de Ecomateriales y Energia, Facultad de Received: 31 October 2025

Ingenieria Civil, Universidad Auténoma de Nuevo Leén, Ciudad Accepted: 01 April 2026

Universitaria, San Nicolas de los Garza, N.L., 66455, Mexico Published: 27 April 2026

Email: This article is part of the thematic issue "Symposium of Nanoscience and
lise Acosta” - acosta.m_ilse@hotmail.com Nanomaterials 2024 (SNN 2024)".

* Corresponding author Guest Editor: R. D. Cadena-Nava

Keywords: © 2026 Acosta et al.; licensee Beilstein-Institut.
co-doping; photocatalysis; titanium dioxide; water remediation By License and terms: see end of document.

Abstract

Co-doped titanium dioxide materials were successfully synthesized by the sol-gel method. Molybdenum was incorporated into all
materials at 0.5 wt %, while the co-dopants, copper and cobalt, were added at 0.2-0.5 wt %. The co-doped TiO, photocatalysts
were characterized by XRD, SEM, N, physisorption, UV-vis diffuse reflectance spectroscopy, and photoluminescence spectrosco-
py- The structural characterization showed stabilization of the anatase phase, and lattice distortion was evidenced after dopant in-
corporation into the TiO, structure. Morphological characterization showed poorly defined spherical particles that decreased in size
with increasing Cu and Co concentrations. PL spectra showed an additional signal attributed to the ability of the metal dopants to
capture electrons. The point of zero charge of the photocatalytic systems TiO,, Cu—Mo/TiO,, and Co-Mo/TiO, was evaluated and
reported. Materials with lower concentrations of the co-dopants Cu and Co were more efficient at degrading ketoprofen. The most
efficient photocatalyst was 0.2 Cu—0.5 Mo/TiO,, which achieved the complete degradation of ketoprofen and 90% of mineraliza-
tion. It was determined that HO" radicals play an important role in the oxidation reactions.

Introduction

Water is an essential part of every living entity. Unfortunately, nants. These products are frequently detected in aquatic bodies
water quality is negatively impacted by the increasing popula-  due to human use and include pharmaceuticals, pesticides, and
tion, industrial operations, and agricultural activities. Therefore, industrial chemicals, which significantly degrade drinking water
it is essential to develop technologies to conserve and reme- quality [1]. To achieve the efficient removal of emerging pollu-
diate contaminated water. A significant environmental chal-  tants, advanced oxidation processes (AOPs) have been consid-

lenge in water remediation is the presence of organic contami- ered an alternative to conventional water treatment technolo-
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gies [2]. They are initiated through the formation of reactive
and short-lived radicals (e.g., ‘OH, HOO", ‘O,"), where the
hydroxyl radical (HO") is the most reactive and powerful
oxidant (E® = 2.7 V), which reacts with most organic com-
pounds [2]. Among AOPs, TiO, photocatalysis is one of the
most viable environmental technologies due to its low cost and
the stability of TiO,. Limitations of TiO; in photocatalysis ap-
plications come from rapid charge recombination and the wide
bandgap [3]. Various strategies have been developed to over-
come these limitations, including doping, noble-metal deposi-
tion, heterogeneous structures, and surface sensitization.
Doping is a widely employed method to generate impurity
states in the forbidden region or to reduce the effective
bandgap. Doping TiO, with transition metal ions can adjust the
optical bandgap, broaden the light absorption range, and en-
hance the quantum efficiency [4]. However, the partially occu-
pied impurity states generated can act as recombination centers
for photoexcited carriers, leading to band-to-band recombina-
tion [3]. To prevent charge recombination effects, the new
bands generated by doping can be passivated, and they will not
act as charge recombination centers if the semiconductor oxide
is co-doped with two different elements [5]. TiO, co-doping can
be achieved by incorporating combinations of metal/metal, non-
metal/metal, and non-metal/non-metal dopants into the semi-
conductor matrix. The incorporation of co-dopants results in the
formation of heterostructures with different electronic struc-
tures compared to the TiO; structure, which promotes charge
separation and visible light absorption [6]. The incorporation of
two types of cations into the TiO; lattice and the effects on pho-
tocatalytic performance have been reported in several studies
[7-10]. Crucial factors for successfully co-doping a material are
the selection of compatible co-dopants and the synthesis method
to introduce the dopants [11]. The main objective of working
with metal/metal co-doped TiO; is to use transition metals,
which are abundant and relatively cheap. A well-reported
strategy is the charge compensation in metal/metal co-doped
TiO,, which is achieved through the combination of ions with
low and with high valences; the substitution by doping ions on
the Ti** sites could be balanced by the doping levels in TiOg
octahedra [3]. Mo®* is a transition metal ion with high valence
that exhibits exceptional optical, electronic, and catalytic char-
acteristics [12]. There are a few reports about the doping of
TiO, with molybdenum [13-16]; it has been shown that Mo can
improve light absorption and photocatalytic activity of the ma-
terial through the generation of oxygen vacancies, which act as
electron traps [12]. The Mo®* ion has a radius similar to that of
Ti*"; thus, it is ideal for introduction into the TiO, lattice with-
out causing significant disturbances. Mo doping introduces a
donor level below the conduction band, thereby reducing the
semiconductor bandgap. As a disadvantage, the addition of Mo

can result in the formation of large crystals, affecting the sur-
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face area and the ability to adsorb pollutants. In contrast, Cu?*
and Co%* are transition metal ions with low valence that have
shown improvements when used as dopants in photocatalytic
processes [17-20]. Cu?* introduces shallow trapping sites that
prolong charge-carrier lifetime [21]; it also creates defects in the
TiO, lattice, which increase the optical absorbance [22]. Cobalt-
doped TiO; can promote light absorption and induce lattice dis-
tortion and defects [19]. However, there are some challenges
that need to be addressed to fully optimize Cu-TiO, and
Co-TiO; systems. Although there are reports related to
M-doped TiO, (M = Cu, Co, or Mo), and different co-doped
TiO;, systems, there is no report in the literature about the spe-
cific photocatalysts Cu—Mo/TiO, and Co—-Mo/TiO,. However,
due to the promising effects reported and previously described,
the use of the metals Cu, Co, and Mo was considered for the
synthesis of two photocatalytic systems. The synergetic strategy
of co-doping TiO, with the high-valence Mo ions and the Cu or
Co ions with low valence can be used to address the shortcom-
ings of individual doping systems to optimize charge transfer
and reduce recombination. Metal/metal co-doping has not
received much attention; however, it is a promising alternative
since the doping of TiO; can be done during its synthesis or
through an impregnation technique, which is a very simple
method that does not require high energy consumption. In addi-
tion, the transition metal precursors are relatively inexpensive,
which makes these materials more attractive to be used in envi-
ronmental remediation processes. This research project reports
the synthesis and characterization of two photocatalyst systems
not reported before for water remediation, namely, co-doped
photocatalysts Cu—Mo/TiO, and Co-Mo/TiO; synthesized by
the sol-gel method. The structural, optical, and morphological
properties were determined. Finally, the photocatalytic behav-
ior of the materials was studied in the photocatalytic oxidation
of ketoprofen (KTP) under UV irradiation, with the aim of
studying the charge-transfer improvement. Ketoprofen degrada-
tion, adsorption, kinetics, and reaction pathways have been pre-
viously studied and reported [23,24]. We chose this medicine as
a model molecule since this non-steroidal anti-inflammatory
drug is of great environmental relevance as it has been detected

in several aquatic bodies.

Results and Discussion

Structural characterization

Figure 1a shows the diffraction patterns of TiO, and the
co-doped TiO, materials prepared by the sol-gel method. The
sample TiO, shows the crystalline structures anatase and rutile
according to the crystallographic cards CPDS 121 and 4031
[25,26], respectively. The composition of each phase was deter-
mined using the MAUD software, resulting in 53% and 47% for
the anatase and rutile phases, respectively. Figure 1a also shows
the diffraction pattern of the 0.5 Mo/TiO; material, which
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Figure 1: (a) XRD patterns of TiO» and co-doped TiO2 materials and (b) diffraction peak shift in TiO> materials.

revealed that the Mo in-situ incorporation into the TiO; stabi-
lizes the anatase phase. All co-doped TiO, materials exhibit
diffraction peaks corresponding only to the anatase phase, with
a preferential orientation along the (101) plane. The photocata-
lytic activity of both anatase and rutile crystalline phases has
been widely discussed in the literature, and it is generally
accepted that anatase exhibits higher photocatalytic activity due
to its higher oxidation potential and better surface properties
[27]. It is expected that the structural properties of the co-doped
materials will promote the photocatalytic oxidation reaction.

A decrease in the intensity of the diffraction peaks and the ap-

pearance of wider peaks were observed with increasing Cu and

Co content. No evidence of diffraction peaks attributable to
molybdenum, copper, or cobalt oxides was observed. If metal
oxides are present in the material, they are small, highly
dispersed crystals that the technique cannot detect. Figure 1b
shows the materials’ diffractogram in the range of 26 = 21-31°.
It can be observed that, upon incorporation of metallic ions, the
signal at 25.2° shows a slight shift towards higher 26 values in
all the co-doped materials. This indicates the distortion of the
anatase crystalline network due to the addition of dopants.

Table 1 reports the cell parameters and cell volumes deter-

mined from the anatase diffraction peaks using the MAUD soft-

ware. A slight increase in the cell volume is observed for the
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Table 1: Cell parameters and crystallite sizes calculated for the co-doped TiOp materials using the TiO» anatase phase.

Material Cell parameters

a (A) b (A) c (A)
TiO2 3.784 3.784 9.521
0.5 Cu/TiO2 3.789 3.789 9.512
0.2 Cu-0.5 Mo/TiO» 3.786 3.786 9.524
0.5 Cu-0.5 Mo/TiO» 3.787 3.787 9.521
0.2 Co—-0.5 Mo/TiO» 3.787 3.787 9.523
0.5 Co—-0.5 Mo/TiO» 3.788 3.788 9.520

modified titanium oxides. Since molybdenum can be present in
the oxidation state Mo®*, presenting an ionic radius of 0.62 A,
whereas, Ti** presents an ionic radius of 0.74 A [5), the distor-
tion of the crystal lattice may be a consequence of the insertion
of the Mo with a smaller ionic radius. The increase of the unit
cell volume could be attributed to the electronegativity differ-
ences between Mo and Ti, reflected in the larger Ti—-Mo dis-
tance, compared to the Ti-Ti distance of undoped TiO, [28].
Mo®* can substitute the Ti** atom into the crystalline network.
Another possibility is the Mo**" or Mo%* interstitial doping.
However, due to energy issues, substitution doping is the most
common and likely [29]. Further, the presence of Mo as a
dopant is evident since it causes the inhibition of crystalline
phase transformation from anatase to rutile, which is an ex-
pected behavior for cationic dopants of valence higher than 4.
The change in lattice parameters may also indicate the presence
of oxygen vacancies created by the incorporation of impurities
as Mo. The charge compensation could be mainly achieved by
the ionized vacancies, especially by doubly ionized oxygen
vacancies [29]. In addition, the volume cell increase was ob-
served not only in the material Mo/TiO,, but also in the materi-
als with the content of the two metal ions, which may indicate a
slight contribution from these to the lattice distortion. Addition-
ally, the crystallite size of the materials was determined using
the Debye—Scherrer equation and the results are reported in
Table 1. The presence of Mo, Cu, and Co metal ions decreases
the crystallite size. The inhibition of grain growth in the crystal
lattices of the materials may be due to the decrease in the num-
ber of intergranular contacts between neighboring grains of
titania as the amount of dopant in TiO, increases [5].

To confirm the presence of copper, cobalt, and molybdenum in
the TiO, materials, XPS analysis was performed. For the
0.5 Cu—0.5 Mo/TiO, and 0.5 Co-0.5 Mo/TiO, samples, Ti 2p3/,
and Ti 2py/, peaks are observed at 459.1 and 464.9 eV, respec-
tively (Supporting Information File 1), indicating that Ti exists
predominantly in the Ti** oxidation state [30]. The samples also
show the Mo 2ds/, and 2d3, peaks at 232.6 and 235.9 eV, re-
spectively, indicating the Mo®* state [14]. In addition, the sam-

Crystallite size (nm)

v (A3 Rwp/Rexp

136.332 1.67 32.965
136.559 1.88 26.972
136.570 1.55 25.939
136.566 1.40 19.974
136.591 1.52 22.254
136.680 1.39 13.405

ple 0.5 Cu-0.5 Mo/TiO, presents the Cu 2p peaks at 932.5 and
952.4 eV, which indicate the presence of reduced copper
species that can be attributed to either Cu—O-Ti bonds, or the
presence of Cul* species [18]. Finally, the sample 0.5 Co-0.5
Mo/TiO, shows the Co 2p3/; and Co 2p;,, peaks at 781.4 and
797.2 eV, respectively [31]. The in situ incorporation of molyb-
denum during sol—gel synthesis results in the stabilization of the
anatase crystalline phase and network distortion, indicating that
Mo acts as a lattice dopant. In contrast, the addition of Cu and
Co to the TiO, material by the impregnation technique, as well
as the identification of the metallic species by the surface ana-
lytical technique, XPS, suggests that the TiO, surface is modi-
fied by these species.

Morphological and textural characterization

The morphological analysis results of co-doped TiO, materials
are shown in Figure 2. The titanium oxide prepared by the
sol-gel method exhibits a poorly defined spherical morphology.
With the incorporation of 0.2 wt % of copper and 0.5 wt % of
molybdenum, a morphology quite similar to that of the pure

oxide is observed.

The increase in copper concentration (0.5 wt %) resulted in a
decrease in particle size and their agglomeration, leading to par-
ticles of undefined shape. In contrast, the incorporation of
0.2 wt % of cobalt resulted in smaller particles forming agglom-
erations. When the cobalt content is increased, particles with a
better-defined spherical morphology and apparently smaller size
than that of the pure oxide particles are observed.

The photocatalysts TiO,, Cu—Mo/TiO;, and Co—Mo/TiO, were
characterized through nitrogen physisorption analysis using the
BET technique. Pure titanium oxide has a specific surface area
of 34.4 m?/g; with the incorporation of 0.5 wt % Mo and
0.2 wt % Cu, the surface area decreases substantially to
16.4 m%/g. This result can be related to changes in the morphol-
ogy and crystalline structure of the TiO, after doping. The de-
crease in surface area after Cu doping is a behavior previously
reported [17,32]. In contrast, with the addition of 0.5 wt % Mo
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Figure 2: SEM images of TiO, and co-doped TiO» materials.

and 0.2 wt % Co into TiO,, the area increases to 80.9 mz/g.
These results are consistent with the morphological characteri-
zation, which showed a decrease in particle size in the cobalt-
containing materials, which may have influenced the increase in

specific surface area in these materials.

Optical characterization

The photocatalysts’ bandgap energy (Eg) was measured by
UV-vis diffuse reflectance spectroscopy. Figure 3 shows the
absorption spectra of all the materials. Pure TiO, absorbs light
in the UV range. With the incorporation of 0.5 wt % of molyb-
denum, the photocatalyst’s absorption slightly increases toward
the visible spectrum. Likewise, the incorporation of both copper
and cobalt increases the absorption in the visible spectrum,
which may be a consequence of the interaction of Mo-TiO,
with the copper and cobalt species. The bandgap energy values
of the photocatalysts are reported in Figure 3. The improve-
ment of light absorption by the photocatalysts can increase the
production of photogenerated charges, which subsequently
migrate to the catalyst’s surface, contributing to the efficient
degradation of organic pollutants. The significant reduction in
the bandgap energy as a result of copper incorporation is an
effect previously reported in the literature as the introduction of
Cu ions generates d orbitals below the conduction band, which
reduces the bandgap energy [33,34].

To assess the efficiency of the separation of photogenerated

charges in the photocatalysts, a photoluminescence analysis was
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Figure 3: Diffuse reflectance UV—vis spectra of TiO» and co-doped
TiOo materials.

performed. Figure 4 shows the photoluminescence spectra of
pure titanium oxide and oxides containing Cu—Mo or Co—Mo
obtained with an excitation wavelength of 310 nm. A broad
signal centered at 392 nm is observed in the TiO, spectrum,
which can be assigned to band-to-band recombination [35],
which may be caused by the interaction of electrons and holes
present in the valence and conduction bands of TiO, [36]. The
photoluminescence spectra of co-doped materials show broad
signals centered at 385 and 382 nm for materials with 0.2 and
0.5 wt % of copper, respectively, and at 383 and 378 nm, re-
spectively, for materials with 0.2 and 0.5 wt % of cobalt. The
signals generated by these photocatalysts were of higher intensi-
ty and showed a slight shift, which can be attributed to the for-
mation of new energy levels within the bandgap of TiO; [36].

The new energy levels can act as recombination centers for
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electrons and holes, affecting the emission and absorption of
photons [37]. Doping metal ions such as Fe, Ni, Co, and Cu into
TiO; introduces mid-gap or surface states and defects, such as
oxygen vacancies [38]. The deconvoluted spectrum of the
0.2 Cu-0.5 Mo/TiO, material shows a new signal, which could
indicate the generation of defects, which are generally related to
the ability to capture electrons [36]. The PL intensity increase
suggests a poor e /h™ pair separation. So, it is possible that in-
creased defect-related emission may coexist with trapping

states. The relationships between PL intensity and photocatalyt-
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ic activity are very complicated and depend on dopant species
[39]. The inhibition of TiO, phase transformation from anatase
to rutile can increase surface oxygen vacancy and defect content
[39]. Then, the inhibition of the rutile phase upon doping with
Mo, as it was corroborated by XRD analysis, could affect the
PL spectra. During the PL process, oxygen vacancies and
defects can bind photoinduced electrons to form excitons so that
PL can occur; the higher the content of surface oxygen vacan-
cies and defects, the stronger the PL intensity [39]. Additional-
ly, a signal was observed in the wavelength interval of 650-850
nm for all analyzed photocatalysts. The signals generated in the
visible spectrum region (400—-800 nm) are associated with
oxygen vacancies, surface defects, and oxygen defects in TiO,
[36].

Point of zero charge

The point of zero charge (PZC) of the TiO;, 0.5 Cu-0.5 Mo/
TiOj, and 0.5 Co-0.5 Mo/TiO; photocatalysts was determined
by the acid-base titration method [40]. Information on the sur-
face properties of the catalysts is highly relevant as adsorption
plays a vital role in photocatalytic activity. Figure 5 shows the
titration curves for the analyzed samples. The PZC was deter-
mined at the intersection of the titration curve for the catalyst
suspension and the reference curve. For pure titanium oxide, a
PZC value of 7.3 was obtained. In contrast, for the materials
containing copper and cobalt, the point of zero charge de-
creased, resulting in values of 6.2 and 6.8 for the catalysts
0.5 Cu-0.5 Mo/TiO; and 0.5 Co—-0.5 Mo/TiO,, respectively.
The PZC value can be used to determine the optimal pH value
of the ketoprofen aqueous solution for the photocatalytic reac-
tion experiments. Since the photocatalysts are positively
charged at pH < PZC, the electrostatic forces between the nega-
tively charged organic molecules, such as the carboxylate
groups of nonsteroidal anti-inflammatory drug molecules, and
the positive charge of the catalyst surface, favor the interaction
between both chemical species, which in turn may improve the
subsequent photocatalytic reaction [41].

Photocatalytic activity

Figure 6 shows the results of the ketoprofen degradation profile
obtained by high-performance liquid chromatography (HPLC).
The results indicate that ketoprofen is completely converted to
its intermediate products within 90 min of reaction when pure
TiO, is used, whereas the conversion is achieved in 60 min with
the most efficient photocatalyst, 0.2 Cu—0.5 Mo/TiO;. Numer-
ous investigations have demonstrated that the photodegradation
of organic pollutants follows a pseudo-first-order kinetic model
[42,43]. The correlation between In(C/C) and irradiation time
is shown in Figure 6, where the slope of the straight line for a
pseudo-first-order process corresponds to &, the rate constant,

which can be determined using the equation In(Cy/C) = kt. The
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apparent rate constants for each photocatalyst are reported in
Table 2. These results indicate that the 0.2 Cu-0.5 Mo/TiO,
phototocatalyst with an kup, = 0.06974 min~! is the most active,
whereas 0.5 Cu-0.5 Mo/TiO; with an ky,, = 0.01574 min~! is
the least active. Figure 6 also shows that the Co—-Mo/TiO; mate-
rials degrade the drug more quickly than the pure oxide. How-
ever, although the 0.5 Cu—0.5 Mo/TiO; photocatalyst promotes
a significant reduction in ketoprofen concentration, complete
degradation is not observed within 120 min of reaction. It has
been reported that metal/metal co-doped photocatalysts can ex-
hibit considerable selectivity in their catalytic efficiency
towards different organic contaminant molecules [5]. The pho-
tochemical degradation of ketoprofen was previously reported
[23] to result in a small decrease in the total organic carbon
(TOC) content. TOC content remained almost constant for
several hours, and only 12% of mineralization was achieved for
an initial concentration of 100 ppm. During the photolysis ex-
periments, ketoprofen is transformed into other aromatic com-
pounds with similar structures. Table 2 shows the amount of
ketoprofen adsorbed by the catalyst, g5, which is obtained by
the mass balance: g5 = V/IW(Cq — Ceq), where Cy is the initial
ketoprofen concentration, Ceq is the concentration at equilib-
rium, V is the volume of ketoprofen solution, and W is the
weight of catalyst. The results indicate that the Cu—Mo/TiO,
photocatalyst adsorbs more ketoprofen, which could favor deg-
radation. The nitrogen physisorption analysis previously de-
scribed revealed a lower surface area for this material. Howev-
er, the different surface charge properties obtained by the sur-
face copper content, and confirmed by the evaluation of PZC
could enhance the adsorption ability, improving the subsequent
oxidation reaction.

Table 2 shows the percentage of ketoprofen mineralization ob-
tained after 6 h of reaction. The results indicate that the
0.2 Cu-0.5 Mo/TiO, photocatalyst was the most efficient, not
only in degrading but also in mineralizing the contaminant,
achieving 90% conversion of ketoprofen to CO; and water. The
efficiency of the 0.5 Cu-0.5 Mo/TiO, catalyst was consider-

ably lower. The cobalt-molybdenum co-doped materials

Table 2: Photocatalytic oxidation of ketoprofen.2

Beilstein J. Nanotechnol. 2026, 17, 559-570.

showed similar results; the material containing less cobalt was

more efficient in mineralizing ketoprofen.

In a previous work, the ketoprofen degradation pathway using a
TiO, catalyst was reported [24]. According to intermediate
organic products detected and the reaction route, it was deter-
mined that hydroxyl radicals, HO', play the major role in the ox-
idation mechanism during the photodegradation reaction. To
obtain more information about the photocatalytic oxidation
mechanism of ketoprofen in this work, the importance of the
presence of hydroxyl radicals generated by TiO,, Cu—Mo/TiO,,
and Co—Mo/TiO, catalysts was evaluated. Aliphatic alcohols
(ROH) can be used as HO' radical scavengers, to determine
their effect on a photocatalytic process. The photocatalytic deg-
radation reactions of ketoprofen solutions with an initial con-
centration of 10 ppm were carried out under the conditions as
described in the Experimental section, but adding 0.1 M
isopropanol (iPrOH). Figure 7 show the UV-vis spectra of keto-
profen obtained during the molecule’s oxidation reaction with
and without the addition of alcohol, using pure TiO»,
0.2 Cu—Mo/TiOj,, and 0.2 Co-Mo/TiO;. The results indicate
that the presence of alcohol inhibited the photocatalytic oxida-
tion of ketoprofen. Unlike the photocatalytic reaction carried
out in the absence of the inhibitor, where the absorption bands
of ketoprofen disappear after 90—180 min, when isopropanol is
added, the intensity of the characteristic signals of the organic
molecule persists for 240 min. The results of the photocatalytic
activity evaluation of materials in the presence of alcohol
confirm that in this research work hydroxyl radicals also play an
important role in the oxidation of ketoprofen by the photocata-
lytic system; this effect is more pronounced with the Cu—Mo/
TiO, system.

Conclusion

The synthesis of co-doped TiO, materials with the combination
of the metal ions Cu—Mo and Co—Mo was successfully carried
out through the sol-gel method. Mo-doping stabilizes the ana-
tase crystalline phase and distorts the TiO, lattice structure. The

introduction of the metallic ions Cu and Co was confirmed.

Photocatalyst gs (MMkTP/Gcat) kapp (min~1) R? ketoprofen mineralization (%)
TiOo 0.00083 0.03868 0.994 49
0.2 Cu—0.5 Mo/TiOo 0.00141 0.06974 0.984 90
0.5 Cu—0.5 Mo/TiOo 0.00466 0.01574 0.878 18
0.2 Co—0.5 Mo/TiOo 0.00065 0.05668 0.970 79
0.5 Co—0.5 Mo/TiOo 0.00091 0.04828 0.956 70

a8Analysis of reaction samples by HPLC and TOC.
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Figure 7: Ketoprofen degradation using (a) TiOy, (b) 0.2 Cu—0.5 Mo/
TiOp, and (c) 0.2 Co—0.5 Mo/TiO, as photocatalysts. KTP = without the
addition of isopropanol and KTP/iPrOH = with added isopropanol.
(KTP initial concentration = 10 ppm, isopropanol = 0.1 M, catalyst
weight = 2 g-L=1, V = 200 mL, four UV lamps Amax = 365 nm, Oy flow =
100 mL-min~", analysis of reaction samples by UV-vis spectroscopy).
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Cu-Mo/TiO, materials exhibited higher crystallinity, larger par-
ticle size, and lower surface area. However, the material
0.2 Cu-0.5 Mo/TiO, was the most efficient in the photocatalyt-
ic oxidation reaction of ketoprofen, indicating that the composi-
tion, the light absorption improvement, the generation of sur-
face oxygen vacancy and defects by the dopants, and the sur-
face charge properties in this material enhance the photocatalyt-
ic oxidation of ketoprofen. Degradation of ketoprofen was com-
plete after 60 min of reaction, and 90% of the total carbon was
mineralized. In addition, it was determined that hydroxyl radi-
cals play an important role in the photocatalytic reaction mecha-
nism.

Experimental

Material synthesis

The synthesis of co-doped TiO, was carried out through the
sol-gel method. The reagents used were titanium butoxide
(CAS: 5593-70-4, reagent grade 97%), ethanol (CAS: 64-17-5,
reagent grade), ammonium molybdate tetrahydrate (CAS:
13106-76-8), copper nitrate (CAS: 10031-43-3), cobalt nitrate
(CAS: 10026-22-9), cetyltrimethylammonium bromide (CTAB,
CAS: 57-09-0), and acetic acid (CAS: 64-19-7)

TiO, synthesis was carried out using a stoichiometric amount of
the reactive CTAB dissolved in ethanol, then titanium butoxide
was added dropwise. The solution was homogenized for 1 h.
After that, in the hydrolysis step, a mixture of acetic acid, water,
and ethanol was added dropwise, using a 1:10 molar ratio of Ti
alkoxide/H,O to obtain the sol. The sol was kept under agita-
tion for 2 h at 65 °C. The resulting gel was aged at room tem-
perature for 24 h and dried at 60 °C for 12 h. Finally, the pure
material was thermally treated following a heating program to
600 °C for 6 h. The synthesis of co-doped materials was carried

out in a similar way.

For the Mo/Ti0O; synthesis, a stoichiometric amount of the reac-
tive CTAB was dissolved in ethanol, and then titanium butoxide
was added dropwise. The solution was homogenized for 1 h.
After that, ammonium molybdate tetrahydrate (0.5 wt %) and
0.5 mL of acetic acid were added to a mixture of deionized
water and ethanol dropwise, using a 1:10 molar ratio of Ti alk-
oxide/H;O to obtain the sol. After the hydrolysis step, the sol
was kept under agitation for 2 h at 65 °C. The resulting gel was
aged at room temperature for 24 h and dried at 60 °C for 12 h.
The incorporation of Cu and Co was achieved by impregnating
titanium hydroxide. For this purpose, the dried titanium hydrox-
ide powder was suspended in deionized water, and stoichio-
metric amounts of copper nitrate or cobalt nitrate were added to
the suspension to obtain 0.2 wt % and 0.5 wt % of each dopant.
The materials were kept under vigorous agitation for 2 h and

then were recovered by filtration and dried at 60 °C. Finally, the
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material was thermally treated following a heating program to
600 °C over 6 h, with a controlled temperature increment. The
photocatalysts obtained were labeled as 0.2 Cu—Mo/TiO»,
0.5 Cu-Mo/TiO3, 0.2 Co-Mo/TiO,, and 0.5 Co—Mo/TiO,.

Characterization

The structural characterization was carried out using a Panalyt-
ical Empyrean diffractometer with Cu Ka radiation (A =
1.5406 A), scanning from 10° to 70°. The morphology was ob-
served with a scanning electron microscope JEOL 6490LV
equipped with an energy dispersive X-ray (EDX) spectroscopy
analyzer for chemical microanalysis using 20 kV of voltage.
The samples were placed on a carbon slab and covered with
gold to improve the conductivity. The surface area was
measured by N, physisorption through the BET method using a
NOVA 2000e Quantachrome Instrument. The XPS analysis was
performed on a SPECS instrument with an energy analyzer,
PHOIBOS 150 WAL. A UV-vis diffuse reflectance spectropho-
tometer, Thermo Scientific Evolution 600, was used to measure
the photocatalyst bandgap energy (Eg). All samples were
analyzed in the range of 200-800 nm. The photoluminescence
analysis was performed at room temperature with a fluores-
cence spectrophotometer Agilent Cary Eclipse, using an excita-
tion wavelength of 320 nm. Peak deconvolution in the PL spec-
trum was done using the software XPSPEAK41 for deconvolu-
tion and extraction of data, using Gaussian peak fitting, and the
software Origin Pro 8 to obtain the figures. The point of zero
charge (PZC) of TiO,, Cu—Mo/ TiO,, and Co-Mo/ TiO, was
determined by the acid—base titration method [40]. For this
purpose, 25 mL of a 0.1 M NacCl solution adjusted to pH 2.5
with 0.1 M HCI solution was placed in a 100 mL Pyrex glass
flask and mixed with 0.3 g of the catalyst. The slurry was left
agitating for 18 h. Then, the mixture containing the catalyst was
titrated by adding 100 pL aliquots of a 0.1 M NaOH solution.
The pH as a function of the volume of the NaOH solution added
to the slurry was recorded. Separately, the same procedure was
carried out without adding any catalyst.

Photocatalytic activity

The photocatalytic activity of the Cu—Mo/TiO, and Co—-Mo/
TiO, materials was evaluated in a custom-made reactor,
equipped with a 400 mL Pyrex glass tube reactor and four long-
wave UV-A lamps (15 W nominal power, Vilbert-Lourmat).
The emission spectra extend from 300 to 600 nm, with three
UV maxima at 352, 365, and 405 nm, and three additional
peaks in the visible region at 436, 546, and 579 nm. This reactor
system has previously been used to study the photocatalytic
degradation of several aromatic organic compounds, such as
phenol, acetaminophen, metoprolol, and diclofenac, using TiO»
Evonik P25 illuminated with UV light under a continuous flow
of oxygen [41,44,45]. For each experiment, 200 mL of the keto-
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profen aqueous solution was placed inside the Pyrex glass
reactor and mixed with 2 g-L ™! of catalyst under dark condi-
tions for 30 min to reach the adsorption—desorption equilibrium.
At this time, the amount of ketoprofen adsorbed by each cata-
lyst was evaluated by a mass balance. Then, the UV light lamps
were turned on to induce the simultaneous formation of elec-
tron holes (hy,*) and electrons (e, ) on the photocatalyst sur-
face. The photocatalytic activity of the prepared materials was
determined by the degradation of the ketoprofen aqueous solu-
tion with an initial concentration of 10 ppm. Samples were
taken at different reaction times and analyzed by UV-vis spec-
troscopy, HPLC, and TOC measurements. Before analysis, all
reaction samples were filtered through a 0.22 ym GV cellulose
acetate membrane (Millipore Corp. Bedford, MA, USA).
Chemical analysis of the reaction samples was carried out by
UV-vis spectroscopy in a Shimadzu UV-2600 spectropho-
tometer. HPLC analysis of the reaction samples was carried out
with a Thermo Scientific Surveyor instrument equipped with a
photodiode array UV-vis detector. An Agilent Eclipse XDB-C-
18 column (4.6 mm X 150 mm, 3.5 pm) was used to separate
unreacted ketoprofen and intermediate organic reaction prod-
ucts. The mobile phase consisted of a mixture of acetonitrile
and water 60:40 (v/v) acidified with 1% of acetic acid. The
TOC content in these samples was measured with a Shimadzu
carbon analyzer model S000A. Photolysis experiments and deg-
radation pathways were studied in previous works and already
reported [23,24].
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