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Abstract: The development of photocatalystsor their modification to obtain new photocatalytic perfor-
mances for the removal of contaminants is a challenge. Hydroxyapatite (HAp), (Ca10(PO4)6(OH)2),
is an inorganic component with a high superficial area and low toxicity and the presence of metal
in its structure can be an interesting strategy for the photocatalytic approach. This work aimed to
synthesize gallium-containing HAp (Ga-HAp) as a promising material for photocatalytic perfor-
mance. The synthesis was performed by the suspension–precipitation method. The material was
characterized by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Morphological
analysis employed field emission scanning electron microscope (FESEM) and the elemental analysis
by energy-dispersive spectroscopy (EDS). To evaluate the photocatalytic activity, methylene blue
(MB) dye was used as a pollutant model under UV light for 120 min. The influence of Ga-HAp
concentration (0.25, 0.50, and 1.00 g·L−1) and kinetic reaction was also studied. The Ga-HAp was
successfully obtained by the suspension–precipitation method. The structural characterization by
XRD and FESEM-EDS elucidated the presence of gallium in the structure of hydroxyapatite. The XPS
results indicated the substitution of gallium in the crystal lattice of the material. The discoloration
rate of MB dye using Ga-Hap was calculated by pseudo first-order kinetics, and the best rate constant
was 7.5 × 10−3 min−1 using 1.00 g·L−1 of photocatalyst. The concentration of Ga-HAp influenced the
photocatalytic process, because the discoloration rate increased as a function of the concentration of
material. Therefore, Ga-HAp is a promising material for environmental remediation.

Keywords: hydroxyapatite; methylene blue; dye; discoloration; metal

1. Introduction

The provision of clean water is a challenging proposition around the world. Over
the years, intense human activity has been directly related to environmental problems.
For example, the industrial sector is responsible for releasing different organic pollutants
that are not easily removed by nature. In the case of the textile industry, an estimated
200,000 tons of synthetic dyes are released into the environment [1]. In addition to the risks
to various types of ecosystems, toxic wastewater from the textile industry is also related to
several types of health problems in humans [2].

Some methods suggested as strategies for removing organic pollutants from wastew-
ater include physical-chemical, biological, and chemical. Each of these methods has
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advantages and disadvantages [3]; however, complete mineralization of the pollutant
requires a potentially efficient strategy that is both low-cost and easy to handle. Advanced
oxidation processes (AOPs) can satisfactorily remove recalcitrant pollutants, including
synthetic dyes. The efficiency of this method is related to the formation of highly reactive
free radicals, such as the hydroxyl radical, which are capable of promoting the oxidation of
the organic molecule until total mineralization [4]. Photocatalytic oxidation is an example
of AOPs based on activation of a semiconductor by UV or visible radiation and has been
extensively investigated for the removal of different pollutants [5].

During photocatalysis, semiconductors, such as TiO2, ZnO, Al2O3, and CdS, ab-
sorb light and form electron/hole (e−/h+) charge carriers that promote the generation
of oxygenated radical species [6,7]. However, some materials, including the classic TiO2
photocatalyst, have disadvantages, such as low surface area and low selectivity, in the
adsorption of dye molecules, resulting in reduced photocatalytic efficiency [8,9]. There-
fore, some strategies have been developed to improve the photocatalytic activity of these
semiconductors. For example, the presence of metals or nonmetals and formation of het-
erojunctions can favor the formation of defect states and minimize the recombination effect
of the e−/h+ pair [10]. Furthermore, the photocatalytic support materials can enhance
photocatalytic performance, due to the surface area [11,12]. However, obtaining these ma-
terials requires the use of toxic reagents or the performance of additional heat treatments,
implying high energy demand.

Photocatalysis reactions occur at the solid–liquid interface of the photocatalyst. There-
fore, the material must have a high surface area to ensure that the pollutant molecules
are adsorbed and degraded. Hydroxyapatite (HAp), (Ca10(PO4)6(OH)2), is an inorganic
component of bone matrix found in the vertebrate skeletal [13]. This bioceramic is in-
expensive and has been used in applications that require biocompatibility, low toxicity,
and osteo conductivity, including biomedical application [14]. As it is considered an ele-
ment of the biological skeleton, HAp has been used in environmental remediation due to
its biocompatibility, stability, and high specific surface area, which exhibits potential for
immobilization on stable metal-HAp, ensuring the concept of green photocatalysts in pho-
tocatalytic reactions [15–17]. In addition, different forms and derived compounds in pure,
doped, supported, and hetero structured form are cited in the literature as improvements
in degradation processes [18–22].

HAp does not have photocatalytic activity, but metal can be an alternative for photo-
catalysis systems [23].However, due to the high surface area of this ceramic, it has been used
to assist in environmental remediation processes [8,24]. The substitution of the calcium ion
(Ca2+) in the HAp structure by other mono or divalent cations directly influence the physic-
ochemical and biological properties of this phosphate [25,26]. Modified hydroxyapatite
(HAp) photocatalysts have gradually emerged in photocatalysis as a series of promising
compounds, providing new opportunities in the field of pollutant remediation [27–30].
Al-Ahmed et al. (2020) observed that HAp doped with palladium ions demonstrated
effective dye removal capacity [24]. Similarly, Basfer et al. (2021) found that the doping of
HAp with vanadate ions favored the photocatalytic activity of the obtained material [26].

Currently, the doping of photocatalysts with metals represents an efficient strategy to
improve the performance of these materials in the removal of recalcitrant pollutants. How-
ever, some metals can exhibit toxicity and represent additional risks to the environment,
such as silver ions [31]. Gallium ions exhibit toxicity significantly less, and have already
been reported as doping ions of the HAp structure [32]. Tohelp obtain new materials for
removing pollutants, this work aimed to synthesize and characterize gallium-containing
HAp for photo discoloration of methylene blue dye as a model pollutant under UV light.
The synthesis was performed by the suspension–precipitation method. The material was
characterized by X-ray diffraction (XRD), emission scanning electron microscope (FESEM)
and the elemental analysis by energy-dispersive spectroscopy (EDS), diffuse reflectance,
and X-ray photoelectron spectroscopy (XPS). The techniques showed the crystallity of
material, the morphology and the substitution of the metal in its structure, and to correlate
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that these characteristics are important for the photocatalytic process. The discoloration
rate of MB dye using Ga-HAp was calculated by pseudo first-order kinetics, and the best
rate constant using 1.00 g·L−1 of photocatalyst. The concentration of Ga-HAp influenced
the photocatalytic process, because the discoloration rate increased as a function of the
concentration of material.

2. Materials and Methods
2.1. Reagents

To synthesize HAp particles doped with gallium (5% m/m), named Ga-HAp, the
reagents—calcium hydroxide (Vetec, Tai Po, Hong Kong, Ca(OH)2), dibasic ammonium
phosphate (Neon, New York City, NY, USA, (NH4)2HPO4), and gallium nitrate (Sigma–
Aldrich, St. Louis, MO, USA, Ga(NO3)3)—were used without previous purification pro-
cesses. The deionized water used for the synthesis processes was obtained by purification
in a Milli-Q® system (Millipore Corporation, Burlington, MA, USA).

2.2. Synthesis of Ga-Containing Hydroxyapatite

Ga-HAp was synthesized using the suspension–precipitation method (SPM) [33],
with Ca(OH)2, (NH4)2HPO4, and Ga(NO3)3 as the precursor reagents. The amounts were
stoichiometrically determined according to a molar ratio of Ca/P~1.67. The addition of
the gallium dopant (xmols Ga = 5.00% mol or 0.050 mol) occurred in a proportion to the
percentage of calcium hydroxyapatite (Ca10−xGax(PO4)6(OH)2) (Equation (1)):

Ca(OH)2(s) + 0.05Ga(NO3)3(aq) + 6(NH4)2HPO4(s) →
Ca9.95Ga0.05(PO4)6(OH)2↓ + 18H2O(l) + 12NH3(g)

(1)

The Ca(OH)2, (NH4)2HPO4, and Ga(NO3)3 were dissolved in 100 mL of deionized
water. The synthesis was carried out at room temperature under stirring for approximately
3 h at basic pH = 11 (the synthesis occurred with no need for pH adjustment). The resulting
colloidal dispersions were centrifuged and washed with deionized water, and the product
was dried in the oven at 110 ◦C for about 12 h. The obtained powders were milled with the
aid of the mortar and pestle and passed in a 35 VT sieve with an aperture of 425 µm) [33].

2.3. Characterization

The synthesized powders were characterized by X-ray diffraction (XRD). The diffrac-
tograms were collected from 5◦ to 75◦ at 2θ with a scan rate of 2◦/min and a data collection
time of 40 min. Monochromatic Cu–Kα radiation (λ = 1.5406 Å) was used on an LABX–XRD
600 by Shimadzu (Kyoto, Japan). Phase composition identification was performed by the
Rietveld method using GSAS EXPGUI 2012 software (2.0 version, Los Alamos, NM, USA).
The crystallinity degree (CDraio-X) was calculated according to Person et al. [34]. Height
was measured between the value at the top of a peak and the value of the minimum that
separates it from the peak. Precise values of the upper and minimum intensities were
obtained after the deconvolution of the spectra using standard routines and Voigt-type
profiles employing the PeakFit program. These values divided by the net intensity of the
highest peak obtained the value of the CDraio-X as shown in Equation (2):

CDraio-X = (H(202) + H(300) + H(112))/H(211) (2)

where H(202), H(300), H(112), and H(211) are the heights of the peaks corresponding to
there flections (202), (300), (112), and (211), respectively.

For the Rietveld refinement analysis [35], XRD data were collected in the 2θ range from
10◦ to 110◦ with a scanning rate of 0.02◦/min and exposure time of 90 min. Calibration
of the X-ray diffractometer was performed prior to XRD pattern acquisition. The NIST
standard reference material LaB6 (NIST-600b) was used in this calibration. The collected
XRD pattern of the reference material was then used to obtain the initial input parameters
for all the refinements. In addition, the crystallographic information on the Inorganic
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Crystal Structure Database (ICSD) (reference code: 1-072-1243) for hydroxyapatite [36],
was employed as the initial structural refinement model. X-ray photoelectron spectroscopy
(XPS) was used to identify chemical species on the surface of the materials. The XPS were
obtained using a spectrometer system (ESCA+, Scienta-Omicron, Taunusstein, Germany)
equipped with a hemispherical analyzer (EA125) and a monochromatic Al Kα X-ray
source (Xm 1000, 1486.7 eV). The X-ray source was used with a power of 280 W, as the
spectrometer worked in a constant pass energy mode of 50 eV. The morphological analyses
of the synthesized materials were investigated using a field emission scanning electron
microscope (FESEM) (QUANTA 250 FEI, FEI Company, Eindhoven, The Netherlands).
Elemental analysis by energy-dispersive spectroscopy (EDS) was performed using an
Apollo X EDAX (FEI Company, Eindhoven, The Netherlands) probe attached to an FESEM.
The bandgap energy was deduced from to transmittance spectra using the Kubelka–Munk
method through the Tauc relationship, as shown in Equation (3):

αhυ ∝ (hυ − Eg)
n (3)

where α is the absorption coefficient, h is Planck’s constant, ν corresponds to the frequency
of radiation, Eg is the band gap energy, and n can assume a value of 1

2 or 2, for the cases of
direct and for indirect transitions, respectively [37]. For HAp, the transition is assumed to
be indirectly [38].

2.4. Photocatalytic Experiments

The photocatalytic process tests were conducted using methylene blue dye(MB) so-
lution (1.5 × 10−5 mol·L−1) as the pollutant model under magnetic stirring at 700 rpm
in a borosilicate reactor under UV radiation (125 W Hg without bulb). The lamp was
15 cm of the reactor.The potency of the lamp was monitored by a radiometer (HANNA–HI
97550-Luxmeter). The reaction temperature was controlled at 25.0 ± 1.0 ◦C. As a typical
experiment, a certain amount of photocatalyst (0.25, 0.50, and 1.00 g·L−1) was added into
100.0 mL of the dye solution. The kinetic parameter is shown in Table S1. Before each
run, the suspensions were stirred in the dark at 600 rpm until reaching the adsorption
equilibrium (40 min). The dark experiment as displayed in Figure S1. During the ex-
periment, aliquots were collected at different times until 120 min. After irradiation, the
samples were centrifuged at 5000 rpm for 5 min. The band at 664 nm was monitored using
a spectrophotometer (Agilent Technologies, Cary 60 UV-Vis) in the range between 200 and
800 nm, and thepercentage of discoloration of the MB was estimated using Equation (4):

Discoloration (%) = [(C0 − C)/C0] × 100 (4)

where C0 and C correspond to the initial MB concentration and the final dye concentration
(t = 120 min), respectively.

The discoloration of MB in the presence of Ga-HAp was fitted based on Equation (5):

ln (C/C0) = −kt (5)

where C0 and C correspond to the initial MB concentration and the dye concentration in
time t, respectively; k is apparent rate constant (min−1); and t is the reaction time (min).

The reuse experiment was carried out using the concentration of 1.00 g·L−1 of material
in MB dye solution (1.5 × 10−5 mol·L−1). Photocatalysis followed the same procedure
described above. At the end of the photocatalytic process, the material was washed three
times with deionized water and dried for 24 h in an oven. After this time, the material
was weighed again and following the same photocatalytic procedure to determine the
percentage of discoloration of the MB was estimated using Equation (4).
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3. Results and Discussion
3.1. Structural Characterization

Ga-HAp were characterized by X-ray diffraction and analyzed by the Rietveld method
(Figure 1). From the results of the diffractogram (Figure 1a), the material obtained presented
good crystallinity, the apatite phase was confirmed, and other crystalline phases were not
observed in the composition of Ga-HAp. The average crystallite size was ~41.50 nm, which
was calculated by Equation (2). The specific crystallographic planes that characterize the
crystalline phase of hydroxy apatite were identified as (111), (002), (102), (210), (211), (202),
(310), (312), (213), and (511). The planes identified in the XRD indicate successful formation
of the hydroxyapatite phase. These planes are in accordance with the information available
in the ICSD catalog 1-072-1243 (hexagonal space group P63/m and Laue group 6/m), which
is in accordance the standard ISO BS 13779-3:2008 [39].
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Figure 1. (a) XRD pattern for the (a) Ga-HAp powders synthesized by the suspension–precipitation method (SPM) and
Rietveld refinement profiles (b) from XRD data for Ga-HAp.

Figure 2b shows the precise fit between the experimental diffractogram (Yobs) and
the diffraction pattern calculated by the Rietveld refinement (Ycal) after the Rietveld
refinement. The value of χ2 (convergence factor or Chi2) was 1.966. The parameter
qualified the refinement was satisfactory because the results obtained with the refinement
were acceptable. The Rwp must have values close to 10% for tetragonal, orthorhombic,
rhombohedral, or hexagonal structures [40]. The Rwp value for the Ga-HAp was 11.00%.
The cell parameters of Ga-HAp a = b = 9.43 Å, and c = 6.89 Å, and unit cell volume of
531.39 Å3. The unit cell parameter values for ICSD N0.01-072-1243 card are: a = b = 9.42 Å
and c = 6.88 Å and V = 529.09 Å3 and the unit cell parameters calculated by Oliveira
et al. [41] are: a = b = 9.43 Å and c = 6.88 Å and V = 528.85 Å3.

According to previous work [32], it is expected that the incorporation of Ga3+ in the
Hap structure causes a significant change in the lattice parameters, since the ionic radius
size of the cations occupying the same coordination site in the hydroxyapatite structure is
different. For example, Ga3+ e Ca2+ with a coordination number (CN) of 6 have an ionic
radius of rGa3+ = 0.62 Å and rCa2+ = 1.00 Å, respectively; while Ga3+ and P5+ with CN = 4
have an ionic radius of rGa3+ = 0.47 Å and rP5+ = 0.17 Å, respectively. In our work, a
small increase in the values of some lattice parameters was observed after incorporation
of Ga3+ in the hydroxyapatite structure. For example, adiscrete variation due to the low
concentration of gallium ions did not affect the parameters with an approximate decrease in
the volume (528.55 Å3 to 531.39 Å3) of the Ga-HAp unit cell when compared to the volume
unit cell of the ICSD card. Some works [42–44] reported the synthesis of HA containing
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gallium and most of them suggest that doping occurs by replacing Ca2+ ions by Ga3+.
However, these authors fail to affirm the Ga3+ replacement site in the network due to the
absence of appropriate experimental characterization.
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The small variation suggests that subtle changes in the crystal at tice occurred through
doping with Ga, confirming the XRD results. These parameters are very close when
compared with the literature [32]. The introduction of Ga into hydroxy apatite may be
located not only in the nanocrystalline core, but also in the hydrated surface layer of
the material, especially in the amorphous hydrated surface layer of hydroxyapatite. This
behavior may have occurred in the Ga-HAp as this material did not exhibit high crystallinity
as shown in the XRD results.

Figure 2 presents the XPS spectra of Ga-HAp. The spectra indicated the presence of
calcium (Ca 2p) (Figure 2a), oxygen (O 1s) (Figure 2b), phosphorus (P2p) (Figure 2c), and
gallium (Ga 3d) (Figure 2d) peaks. The main characteristic peaks of the chemical elements
that constitute the Ga-HAp (Ca9.95Ga0.05(PO4)6(OH)2) were identified: 531.79 eV (O 1s),
436.41 eV (Ca 2s), 345.83 eV (Ca 2p), 190.23 eV (P 2s), 132.68 eV (P 2p), 43.69 eV (Ca 3s),
and 23.98 eV (Ga 3d).

The Ca 2p XPS spectrum (Figure 2a) contains the doublet band, which is characteristic
of Ca–O compounds. The Ca 2p XPS line at 345.83 eV binding energy is attributed to
the following Ca–O bindings in hydroxyapatite: Ca–O, Ca–OH, and Ca–Ca. The O 1s
spectra can be observed from the intense peak that has binding energy around 531eV
corresponding to the hydroxyl (OH) ions, the P–O [26] bond, and the anionic oxygen of the
phosphate(PO4

3−) [45]. It is believed in the partial substitution of the phosphate group by
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gallium and the identification of the P-O bond associated with the O1s nucleus present in
the crystal structure of Ga-HAp, favoring the incorporation.

The P 2p line positioned at 132.68 eV (Figure 2c) indicates the bonding of phosphor to
oxygen in the (PO4)3− group in the Ga-HAp structure [46], and the Ga 3d peak positioned
at 23.98 eV (Figure 2d) and it can be attributed to the formation of the set O 2s(II) + Ga 3d,
which produces the connection of the type Ga–O [47]. In the case of the B.E value, Ga could
be substituting Ca in its unit cell parameters of Ga-HAp for the Ga 3d peak. Basfer et al. [26]
report in the P 2p spectrum a peak at 133.65 eV involving V-HAP. Furthermore, it shows the
importance of analyzing the high-resolution spectra of Se and confirms the encapsulation
of vanadium ions in the structural system.

FESEM/EDS was used for the morphological investigation and qualitative com-
position of Ga-HAp. Figure 3 presents the EDS micrograph sand spectra. Elementary
constituents of hydroxyapatite (Ca, P, and O) and Ga do pant were identified by EDS
(Figure 3a). This result corroborates with the XPS analysis. FESEM micrographs (Figure 3b)
showed that astrongtendency to form particles that organize in agglomerate. These parti-
cles did not have uniform morphology and present an irregular surface. It was also possible
to infer that the surface of the material tends to have an organization with an increase in
the size of the agglomerates.
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The bandgap energy was obtained from to the diffuse reflection data (Figure 4). The
estimated bandgap energy value using extrapolated linear portion of the curves was
5.35 eV. The energy band gap for pure hydroxyapatite was previously reported and the
range was 4.9–5.6 eV [38,48].

3.2. Photocatalytic Investigation

The electronic absorption spectra of the MB dye in the presence of Ga-HAp under UV
light as a function of irradiation time are shown in Figure 5a–c. The gradual decrease in the
concentration of the irradiated pollutant in the presence of catalyst for all concentrations
investigated suggests that the obtained materials are photoactive, because HAp does not
exhibit appreciable photocatalytic activity [23].
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The dependence of MB dye discoloration using Ga-HAp as a function of the C/C0 ratio
was studied, considering the main dye band at 664 nm (Figure 6a). The photolysis not
suffered changed in the photocatalytic process. The increase in the concentration of the
photocatalyst resulted in a decrease of the C/C0 ratio due to photodiscoloration of the MB
dye mediated by the presence of Ga-HAp.
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A brief kinetic study of the MB dye photodiscoloration using Ga-HAp was also
investigated in this work, and these results are shown in Figure 6b. The degradation
reaction of non-degradable azo-dyescan is described by a first-order kinetic mechanism,
as suggested in the literature [49,50]. The dark experiment (Figure S1) showed that it
did not have adsorption, because it isnot included in Figure 6a,b. The linear fit between
ln(C/C0) as a function of the irradiation time was observed in all photocatalytic systems.
This behavior is typical of a pseudo-first-order kinetic. The rate constants for discoloration
of MB dye using Ga-HAp were 2.40 × 10−3, 3.40 × 10−3, and 7.50 × 10−3 min−1 when
the concentration of photocatalyst used was 0.25, 0.50, and 1.00 g·L−1, respectively. This
behavior implied that the rate constant increased as a function of the concentration of
the photocatalyst.

The percentage of discoloration for each system was determined based on Equation (4),
and the results are provided in Figure 7. The MB discoloration was 30.12, 42.0, and 62.0%
for 0.25, 0.50, and 1.00 g·L−1 of photocatalyst concentration, respectively. The Ga-Hap
showed a percentage of discoloration almost 3.0 times lower in the third cycle, suggesting
a good stability (Figure S2). Similar results were previously described by [51], who used
the compound Ag3PO4 combined with HAp to analyze photocatalytic tests and achieved
60% degradation of the methylene blue dye under UV radiation [52].
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Sathiyavimal et al. [53] described the synthesis of HAp from fish bones for environ-
mental application (FB-HAp). In this study, the potential of FB-HAp was verified against
the degradation of Congo red and crystal violet dyes, exhibiting 77% and 87% degradation,
respectively. The degradations of dyes occurred based on the reaction from the valence
bond to the conducting band that produces electron-hole pairs generated under radiation.
Recently, Al-Ahmed et al. (2020) reported that Pd-HAp in different concentrations of
the doping ion reached MB dye degradation in the range between 26 and 86.4% after
120 min of irradiation [23]. Amdlous et al. (2021) observed an MB degradation rate above
70.0% using the hydroxyapatite/platinum catalyst, although only for large amounts of the
photocatalyst [50]. Furthermore, another study reported an efficiency of 75.0% of HAp
nanostructures to degrade MB after 4 h under continuous irradiation [54].

The effect ofthe Ga-HA pconcentration on MB discoloration can be explained by the
fact that increasing the catalyst amount leads to the generation of more active sites on the
catalyst surface and more hydroxyl radicals, leading to an increase of the degradation effi-
ciency [55,56]. According to Reddy et al. [57], the use of hydroxyapatite as a photocatalyst
under UV irradiation can be explained considering that the catalytic phenomenon in HAp is
due to photoinduced electronic excitation attributed to oxygen vacancies that contributes to
the formation of radicals capable of oxidizing pollutant molecules and reacting with water
and other ions, which through successive reactions form •OH and degrade the pollutant.

4. Conclusions

Ga-HAp was successfully obtained by the suspension–precipitation method. The
X-ray diffraction showed that the material has good crystallinity. The micrographs evi-
denced that the material had a strong tendency to form particles that organize in agglom-
erate. The X-ray photoelectron spectroscopy results indicated the substitution of gallium
in the crystal lattice of the material. The discoloration rate of MB dye using Ga-Hap was
calculated by pseudo first-order kinetic, and the best rate constant was 7.5 × 10−3 min−1

using 1.00 g·L−1 of the photocatalyst. The concentration of Ga-HAp influenced the photo-
catalytic process, because the discoloration rate increased as function of the concentration
of material. Therefore, Ga-HAp is a promising material for the photocatalytic performance
of pollutants.
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10.3390/min11121347/s1, Figure S1: Adsorption dark test: (a) spectral variation of MB in different
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Figure S2: Reuse of Ga-Hap (1 g·L−1) using MB dye (1.5 × 10−5 mol·L−1) under UV light.

Author Contributions: Conceptualization, R.L.P.R. and T.L.S.; methodology, R.L.P.R. and T.L.S.;
validation, F.P.A. and E.G.V.; formal analysis, L.M.H., F.P.A. and E.G.V.; investigation R.L.P.R. and
T.L.S.; writing—original draft preparation, L.M.H., F.P.A. and M.B.F.; writing—review and editing,
M.G.d.F.; visualization, M.G.d.F.; supervision, E.C.d.S.-F. and J.A.O.; project administration, J.A.O.;
funding acquisition, M.B.F. and E.C.d.S.-F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by CAPES, CNPq and FAPEPI for all the financial support and
study/research grants.

Acknowledgments: The authors would like to thank their institutions Federal University of Piauí,
Federal University of Paraíba and Federal Institute of Piauí.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Al-Mamun, M.R.; Kader, S.; Islam, M.S.; Khan, M.Z.H. Photocatalytic activity improvement and application of UV-TiO2

photocatalysis in textile wastewater treatment: A review. J. Environ. Chem. Eng. 2019, 7, 103248. [CrossRef]
2. Ge, M.; Hu, Z.; Wei, J.; He, Q.; He, Z. Recent advances in persulfate-assisted TiO2-based photocatalysis for wastewater treatment:

Performances, mechanism and perspectives. J. Alloys Compd. 2021, 888, 161625. [CrossRef]

https://www.mdpi.com/article/10.3390/min11121347/s1
https://www.mdpi.com/article/10.3390/min11121347/s1
http://doi.org/10.1016/j.jece.2019.103248
http://doi.org/10.1016/j.jallcom.2021.161625


Minerals 2021, 11, 1347 11 of 13

3. Malato, S.; Blanco, J.; Vidal, A.; Richter, C. Photocatalysis with solar energy at a pilot-plant scale: An overview. Appl. Catal. B
Environ. 2002, 37, 1–15. [CrossRef]

4. Wang, J.L.; Xu, L.J. Advanced oxidation processes for wastewater treatment: Formation of hydroxyl radical and application. Crit.
Rev. Environ. Sci. Technol. 2012, 42, 251–325. [CrossRef]

5. Araujo, F.P.; Trigueiro, P.; Honório, L.M.C.; Oliveira, D.M.; Almeida, L.C.; Garcia, R.P.; Lobo, A.O.; Cantanhêde, W.; Silva-Filho,
E.C.; Osajima, J.A. Eco-friendly synthesis and photocatalytic application of flowers-like ZnO structures using Arabic and Karaya
Gums. Int. J. Biol. Macromol. 2020, 165, 2813–2822. [CrossRef] [PubMed]

6. Qian, R.; Zong, H.; Schneider, J.; Zhou, G.; Zhao, T.; Li, Y.; Yang, J.; Bahnemann, D.W.; Pan, J.H. Charge carrier trapping,
recombination and transfer during TiO2 photocatalysis: An overview. Catal. Today 2018, 335, 78–90. [CrossRef]

7. Araujo, F.P.; Trigueiro, P.; Honório, L.M.C.; Furtini, M.B.; Oliveirab, D.M.; Almeidac, L.C.; Peña-Garcia, R.R.; Viana, B.C.; Silva-
Filho, E.C.; Osajima, J.A. Novel green approach based on ZnO nanoparticles and polysaccharides for photocatalytic performance.
Dalt. Trans. 2020, 49, 16394–16403. [CrossRef]

8. Mohseni-Salehi, M.S.; Taheri-Nassaj, E.; Hosseini-Zori, M. Effect of dopant (Co, Ni) concentration and hydroxyapatite compositing
on photocatalytic activity of titania towards dye degradation. J. Photochem. Photobiol. A Chem. 2018, 356, 57–70. [CrossRef]

9. De Oliveira, W.V.; Morais, A.I.S.; Honorio, L.M.C.; Almeida, L.C.; Viana, B.C.; Furtini, M.B.; Silva-filho, E.C.; Osajima, J.A. TiO2
Immobilized on Fibrous Clay as Strategies to Photocatalytic Activity. Mater. Res. 2020, 23, 1–10. [CrossRef]

10. Matos, J.; Ocares-Riquelme, J.; Poon, P.S.; Montaña, R.; García, X.; Campos, K.; Hernández-Garrido, J.C.; Titirici, M.M. C-doped
anatase TiO2: Adsorption kinetics and photocatalytic degradation of methylene blue and phenol, and correlations with DFT
estimations. J. Colloid Interface Sci. 2019, 547, 14–29. [CrossRef] [PubMed]

11. Honorio, L.M.C.; Trigueiro, P.A.; Viana, B.C.; Ribeiro, A.B.; Osajima, J.A. Nanostructured Materials for the Photocatalytic Degradation
of Organic Pollutants in Water; Springer: Cham, Switzerland, 2019. ISBN 9783030337445.

12. da Silva Lopes, J.; Rodrigues, W.V.; Oliveira, V.V.; Braga, A.D.; da Silva, R.T.; França, A.A.; da Paz, E.C.; Osajima, J.A.; da Silva
Filho, E.C. Modification of kaolinite from Pará/Brazil region applied in the anionic dye photocatalytic discoloration. Appl. Clay
Sci. 2019, 168, 295–303. [CrossRef]

13. da Silva, O.G.; da Silva Filho, E.C.; da Fonseca, M.G.; Arakaki, L.N.H.; Airoldi, C. Hydroxyapatite organofunctionalized with
silylating agents to heavy cation removal. J. Colloid Interface Sci. 2006, 302, 485–491. [CrossRef] [PubMed]
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