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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano The degradation of fluoxetine (FLX) emerging pollutant and the formation of by-products, potentially present in
environmental ecosystems, was investigated from photocatalytic processes. Applying different synthesis
methods, nitrogen (TiN) or boron (TiB)-modified TiO, presented oxygen vacancies (V) responsible for gener-
ating intermediate energy levels, which acted as shallow traps to minimize the recombination processes and
maintain the efficient separation of charge carriers. All photocatalysts showed the potential to produce hydroxyl
radicals (*OH) from the oxidation of water in h'(VB), achieving 100% of RhB degradation under UV or visible
irradiation. For the degradation of FLX, an alternative mechanism mediated by one of the by-products was
confirmed after LC-MS-Q-TOF analysis. The protonation, dehalogenation and hydroxylation steps of FLX (m/z
[H'] =310.1419) produce the transformation products TP8 (m/z[H'] = 310.1430), TP6 (m/z[H'] = 286.1454),
and TP9 (m/z = 161.0221 (-ESD)), respectively. Other by-products have been identified after photodegradation,
and their presence in FLX-contaminated ecosystems cannot be ignored. Therefore, high-performance photo-
catalysts obtained in this study are real alternatives for the environmental remediation of organic pollutants in
aquatic ecosystems.

Keywords:
Emerging pollutants. Intermediary levels.
Photocatalysis. Degradation mechanism

1. Introduction reaction medium [8,9].

Titanium dioxide (TiO3) is one of the most investigated semi-

In recent decades, the inappropriate discard of pesticides and phar-
maceuticals has emerged as one of the biggest sources of environmental
pollution with potential damage to the environment and public health
[1-3]. The evident damage occurs because the conventional processes of
water treatment and effluents are inefficient in degrading these com-
pounds, classified as emerging contaminants [4,5]. Due to the potential
risks of this new class of pollutants, the world scientific community has
found, in semiconductor nanotechnology, efficient and sustainable
processes for the environmental remediation of these compounds [6,7].
In this technology, nanostructured semiconductors can be activated by
light to trigger a series of physicochemical processes that result in the
production of reactive species capable of oxidizing pollutants in the

conductors due to its diverse technological applications [10,11], espe-
cially for the degradation of emerging contaminants [12]. For this
semiconductor, its uses are directed according to the crystalline struc-
tures that TiO, can assume, where the three main phases are rutile,
anatase, and brookite, considered stable (rutile) and metastable (anatase
and brookite) [13,14]. The metastable phases, especially anatase, are
photoactive and widely used in water and effluent treatment processes
by heterogeneous photocatalysis [15,16]. However, the high efficiency
for environmental remediation depends on the capacity of the semi-
conductor to maintain the separation of charge carriers (h™ - ) after the
excitation of the e- from the valence band (VB) to the conduction band
(CB) through the light source [17,18]. The anatase phase in its pure form
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has a bandgap energy (Egap) of about 3.2 eV, allowing the absorption of
light radiation with A < 389 nm to be sufficient to promote the electron
from VB to CB [19]. However, the charge carriers generated can
recombine and make the semiconductor inefficient for photocatalytic
applications. [20,21].

The addition of co-catalysts has been a great strategy to minimize the
recombination processes in the TiO5 structure, in addition to allowing its
photoactivation with lower energy radiation, such as visible light [22,
23]. When added, co-catalysts can generate intermediate energy levels
in the semiconductor band structure that act as shallow or deep traps for
the excited e, preventing recombination [13,24]. Boron and nitrogen
are two candidates for non-metallic co-catalysts that have shown great
potential to obtain modified TiO, [25]. When inserted into the TiO,
structure, they can generate intermediate energy states that increase the
oxygen vacancies in the structure and, consequently, their ability to
absorb visible light is improved [26]. Nonmetals can also occupy
interstitial sites in the TiOy crystal structure in the form of NOx, BxHy,
and BxOy species, which also contribute to minimizing recombination
processes [26,27].

This increase in the potential for light absorption and the formation
of color centers that minimize recombination are sufficient to maintain
the flux of hole formation (h™") in the VB [28,29]. The holes formed are
the main responsible for promoting the oxidation of water to generate
hydroxyl radicals (*OH) with the high oxidizing potential of organic
pollutants [12,30]. However, in a recent review that deals with the
photocatalytic activity of N-modified TiO,, the proposed mechanisms
are confronted, and many doubts are raised [25]. Among the main
contradictions is the fact that even with the reduction of the bandgap of
the modified TiO, and the proven formation of *OH, its efficiency for the
degradation of some pollutants is not evidenced [25]. It is worth
mentioning, however, that the literature has shown that the same pho-
toactive material for a given pollutant is incipient in the presence of a
pollutant of another chemical class [8,13]. This is because *OH is
non-selective, and its action depends on the chemical and kinetic nature
of the reaction of the organic molecules that make up the reaction me-
dium [31,32]. Briefly, in the photocatalytic step, *OH can be directed to
degrade by-products formed from the original pollutants, and, in these
cases, the efficiency of removal of the original compound is impaired
[33].

As the quantitative study of by-products is ignored in many photo-
catalysis studies, the authors cannot explain the inefficiency of the
process even with the proven formation of *OH [25]. However, this
quantitative approach to the original pollutant and its transformation
products (TP) has been addressed in recent studies [8,31]. Atrazine, FLX,
and other compounds have shown that there is competition between the
original pollutant and the by-products in the degradation mechanism,
and this information should be considered [13,31]. FLX, also known as
Prozac®, is a widely used antidepressant, and its improper disposal has
resulted in environmental contamination of aquatic ecosystems.
Furthermore, some by-products have shown greater environmental
toxicity than the original pollutants, and further scientific discussion of
the photocatalytic process based on the by-products is necessary [31].
Therefore, the present study approaches the obtaining of B-or-N modi-
fied TiO, from three synthesis methods. Its physicochemical character-
istics were studied by different characterization techniques to explain its
photocatalytic activity. In this step, two organic pollutants were selected
to prove that the chemical nature of the molecule is an important
parameter for understanding photocatalytic efficiency. Especially for
the FLX emerging contaminant that was chosen in this study, a deep
investigation of the degradation mechanisms was investigated. Thus, it
was discussed that the original pollutant has its degradation efficiency
conditioned to the degradation of one of the formed by-products.
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2. Experimental
2.1. Nanoparticle synthesis

Details of the synthesis method for each material can be found in the
Supplementary Information. Table 1 presents the nomenclatures used to
identify each sample used in this work, where "Ti" is due to the metallic
precursor used (TiO,), "B" or "N" to the respective co-catalyst used in the
sample (B for boron and N for nitrogen) and “PP”, “MW"” and “US” refers
to the polymeric precursor (PP), microwave-assisted hydrothermal
(MW), and sonochemical (US) methods, respectively.

2.2. Characterization and photocatalytic assays

This information can be seen in Supplementary Information.
3. Results and discussion
3.1. Structural characterization

The XRD patterns are presented in Fig. 1. All the diffractograms were
indexed to their respective crystallographic phases utilizing the crys-
tallographic cards from the ICSD. The TiO, polymorphs anatase (I41/
amd, ICSD # 242104 [34]), rutile (P4o/mnm, ICSD n. 257864 [35]), and
brookite (Pbca, ICDS n. 121631 [16]) were observed in the diffracto-
grams. Only the peaks related to the TiO5 polymorphs were seen for
samples modified with nitrogen (Fig. 1a). This result indicated that this
element was solubilized into the TiO; structure independently of the
type of chemical synthesis used. On the other hand, samples modified
with boron remained with residues of H3BO3 (Fig. 1b), which was used
as the boron precursor (ICSD #61354) [36]. The oxygen anion (0%) has
a similar size to the nitrogen anion (N*) in the crystalline structure,
favoring the modification by substitution in the lattice, but it can also
occur interstitially [37,38]. On the other hand, the B-modifying will
form mainly the B** species, which are smaller and would probably be
included interstitially into the structure, its permanence being depen-
dent on other synthesis parameters [37]. Anyway, the insertion of N or B
in the TiO; network will occur along with crystal defects generation for
charge compensation.

The interstitial inclusions are more challenging and justify the partial
efficacy of doping. Importantly, the peaks’ intensities of H3BOs are
higher for TiB_PP and are visible for TiB_US. Nevertheless, they dis-
appeared for TiB_MW, indicating that the synthesis method used impacts
the efficacy of boron doping. The absence of boron acid, boron oxide, or
hydroxide peaks in the XRD patterns of the TIB_LMW sample indicates the
inclusion of this element in the TiO, structure. While the PP method uses
only temperature as the driving force to the crystallization, the com-
bined use of temperature and alternative forms of energy, such as
pressure, stimulates the boron doping more efficiently than in the US or
MW methods [23,33].

Raman spectroscopy was employed for an in-depth analysis of the
TiO; structure, and each phonon mode was characterized according to
our previous works [13,40]. For the N-modified samples (Fig. 1c), only
the phonon modes from anatase and rutile are seen. Therefore, this
result confirms that the TiO; polymorphs are the ones generated in this
system despite the method of synthesis used. Moreover, it also confirms
that no N-containing residue nor N-based secondary phase remains in
the samples after the completion of the synthesis. On the other hand, the

Table 1
Nomenclature of boron or nitrogen modified TiO, samples.

B-modified TiO5 N-modified TiOo

1 TiB_MW 4 TiN_MW
2 TiB PP 5 TiN_PP
3 TiB_US 6 TiN_US
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Fig. 1. XRD patterns of N-modified TiO, (a), B-modified TiO, (b), Raman spectra of N-modified TiO, (c), B-modified TiO, (d), and crystallographic representation of
the TiOo polymorphs (e) by using the erystallographic information from Refs. [16,34,35,39].

results for B-modified materials confirm the presence of the remaining
boric acid and other B-type hydroxides in the samples (Fig. 1d).
Regarding the TiO, assignments, they presented mainly the phonon
modes from the anatase polymorph, which is the dominant phase for
these samples. Further, they also present modes of boron-based hy-
droxides that are seen only for the sample prepared by the US and PP
methods but do not appear for the sample prepared by the MW method.
These results are, therefore, in perfect agreement with the ones from
XRD. They confirm that the B-doped sample prepared by the
solvothermal MW method is free of boron-based precursors, indicating
the doping success. This sample has only characteristic modes of anatase
and brookite polymorphs. On the other hand, the Raman spectroscopy
showed TiB_PP and TiB_US presented bands of hydrated-boron phases at
small intensity, which is not possible to see by X-ray Diffractometry due
to the limitation of the technique.

Also, the low-intensity modes observed in Raman spectra are related
not only to the H3BO3 precursor but also to other boron-type hydrated
species such as B(OH)z and [B4Os(OH)4]z [28,29]. In addition to the
attributions presented, other phonon modes of very small intensity
could be detected at 733, 340, and 193 em™', which are also attributed
to ByHy, BxOy, or ByOyH, species [41]. Regarding the TiO; poly-
morphism, the TiO, polymorph structures are represented in Fig. le.
Importantly, the photoactive and metastable-anatase phase is the
dominant polymorph in the diffractograms based on the relative in-
tensities of the peaks and Raman spectra. The similarly photoactive and
metastable-brookite phase also appears in TiB MW in small quantity,
while the poorly photoactive and the most stable phase (rutile) appears
in moderate quantity for a series of the other samples [42]. Thus, Riet-
veld Refinement was used for quantitative analysis of the weight

percentage (wt%) for each polymorph, and the results are presented in
Table 2. Furthermore, the lattice parameters a, b, and ¢ for each poly-
morph phase are presented as well, and the quality parameters obtained
indicate convergence and adequate crystallographic indexation.

In a previous study, we applied the same synthesis methods to obtain
pure TiO,, and the influence of temperature and pressure, as well as the
use of isopropanol, were reported as influencers of the phases formed
[33]. In the current study, the use of N or B to modify TiO, showed that
the presence of these elements was able to increase the amount of the
metastable-anatase phase by up to 57%, compared to the pure TiO,
reported in the previous study [33]. The erystalline structure of the pure
samples presented in the previous study and the modified current
samples confirmed differences in the phase composition. However, a
special highlight is observed for the samples obtained by the PP method.
For these, the presence of co-catalysts produced a semiconductor with
only 36% (TiN_PP) or 6% (TiB_PP) of the rutile phase, while pure TiO5
presented 93% of this same phase [33]. Even with the increase in
obtaining the phase of interest (anatase), higher contents of the equi-
librium phase, rutile, were obtained for TiN_PP and TiB_PP. The
inducing of crystallization through solvothermal conditions or sono-
chemistry may increase the metastable phase generation due to the
synergic effect of pressure and temperature [42,43]. Structurally, the
samples presented a good concordance of the refined patterns to those
crystallographic phases presented. This result confirms the adequate
crystallinity of the prepared samples.

3.2. Surface characterization

XPS analyses were performed to characterize the surface of
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Table 2
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Lattice parameters for each TiO; polymorph and weight percentage (wt%) of the crystallographic phases in the samples obtained by Rietveld refinement analyses. The
quality parameters goodness of fitting (%) and the weighted profile R factor (Ryp) are presented as well.

Samples a b(A) c(A) V(49 wt. (%) Phases 5 (%) w2
N-doped TiO, TiN PP 3.788 (1) 9.527 (6) 1367 64 Anatase 11.87 1.18
4.598 (2) 2.963 (2) 626 % Rutile
TiN_MW 3.786 (1) 9.513 (4) 136.4 100 Anatase 14.66 1.70
TiN_US 3.785 (7) 9.519 (3) 136.4 o Anatase 10.77 1.36
4.596 (2) 2,960 (2) 525 12 Rutile
B-doped TiO, TiB_PP 3.786 (9) 9.518 (4) 136.4 71 Anatase 12.49 1.22
4.542 (5) 2.958 (7) 500 s Rutile
- - - 2 H3BOs
TiB_MW 3.786 (2) 9.505(9) 136.3 %2 Anatase 13.75 1.41
9.050 (1)* 5.124 (5) 2618 8 Brookite
TiB_US 3.787(6) 9.514 (8) 1364 % Anatase 14.44 1.93
- - - > HzBO5

# For bookite, a # b # c. The value a is the one presented upward, while the refined b value is 5.643(7).

materials, and XPS survey spectra of TiN or TiB samples are shown in
Fig. 2a - b. For TiN, the Ti (2 s, 2p3/2, 3 5, and 3p), C1 s, and O 1 s core
levels were observed, and the average amount of N for TiN samples was
0.23 at%. The same elements and core levels were also found in the XPS
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Fig. 2. XPS survey spectra of TiN (a) and TiB (b).

survey spectra of TiB samples. Also, the B 1 s core level was observed,
confirming the presence of B in the TiB samples, with an average con-
centration of 0.13 at% [23,44]. To investigate the electronic structure of
each element in detail, high-resolution XPS spectra were collected for B,
N, Ti, and O (Figs. S1a and S1b). The Ti 2p core level presented two
peaks centered at 465.0 and 459 eV, which are characteristic of the Ti**
present in the Ti-O bond [40,45]. Any significant change in the peak
position was not noticed for the studied materials. The O 1 s spectrum of
TiN samples presents a high-intensity peak centered at 529.8 eV,
whereas for TiB samples, O 1 s level was also identified by a peak
centered around 530.4. In both cases, they were deconvoluted in three
components, one centered at 529.9 eV, one at 530.9, and one at 532.1.
The O 1 s component around 529.8 eV is due to O-Ti (TiN samples) and
O-Ti/O-B (TiB) samples. According to the literature, the other two
components of O 1 s spectra can be attributed to oxygen vacancies
and/or chemisorbed oxygen [46]. These vacancies could be formed due
to the insertion of B or N species in the TiO, structure in substitutional,
interstitial, or superficial positions [47,48].

Fig. S1a shows the High-resolution N 1 s XPS spectra, confirming the
presence of N-O bonds that represent the incorporation of N into the
TiO, lattice at interstitial sites, oxygen vacancies, or on the surface
[49-51]. For TiB (Fig. S1b), XPS results confirm the presence of B-O
bounds for TiB_samples, the binding energy of 193.0 eV could be
attributed to interstitial sites of TiO5 lattice (B-O-Ti, called interstitial B,
although the presence of B-O is also due the formation of H3zBOg
detected by XRD results [41,52].

3.3. Morphological characterization

Fig. 3a-b showed that the TEM images of the TiN.MW and TiB_MW
samples are formed by spherical nanoparticles with a mean size of 17.4
+7.5nm or 12.9 + 4.6 nm, respectively (Fig. 3c-d). The positive
skewness of 0.67 and 1.11 calculated for TiB.MW and TiN_MW,
respectively, confirms the heterogeneity of the nanoparticles and jus-
tifies the deviation of up to 43% found for the TiN_MW size. When the
same method was applied to obtain pure TiO,, spherical nanoparticles
containing anatase and brookite with a size of 25 nm were formed [33].
As the standard deviation for TIN_MW was high, the sizes of TIN_MW
and pure TiO, (25 nm) were statistically the same [33]. However, the
modification with boron promotes a reduction in the particle size of up
to 30%, considering the standard deviation of the measurement. The
reduction noted for TiB_MW contributed positively to the stabilization of
the brookite and anatase phases, which was found in higher quantities in
all the samples [53]. This reduction can be attributed to the contracting
capacity of the lattice in TiB_MW due to the presence of oxygen va-
cancies verified in the XPS analyses. TiB_PP, TiB_US, TiN_PP, and TiN_US
showed a tendency to a spherical shape (Fig. S2), however, the size and
count were not possible due to the greater agglomeration of these par-
ticles, which made it difficult to precisely define the contour regions.
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Fig. 3. TEM images (a-b), size distribution (c-d), and HR-TEM (e-f) of the TiB_ MW and TiN_MW samples.

HR-TEM images obtained for TiB.MW and TiN_.MW exhibited
network fringes or D-spacing for both samples. The D-spacing distances
were calculated by FFT analysis and its inverse in some network fringe
domains, and the values are shown in Fig. 3e-f. Typical lattice fringes of
anatase (0.170, 0.354, 0.355) and brookite (0.152, 0.210, 0.248, 0.277
and 0.344) were identified in TiB MW and TiN_ MW. Also, the larttice
fringes (0.188, 0.190, 0.237, 0.245, 0.345) are present in some of the
TiB_MW or TiN_MW samples that are confused between anatase and
brookite. That is, although the XRD analysis for TiN.MW only demon-
strates the presence of the anatase polymorph, small portions of brookite
are possible to be present. This occurs because the most intense
diffraction peak of anatase (related to the (101)-plane) overlaps the most
intense peak of brookite (related to the (210)-plane). The presence of
small portions of brookite is not expected to be detrimental to the
photocatalytic performance of the material, since they present similar
photocatalytic properties. Only a lattice fringe of 0.206 was found in the
TiN_MW sample, which indicates that rutile is possible to be present in
low quantity in this sample. That is, the absence of characteristic peaks
and phonon modes from rutile in the XRD and Raman spectroscopy
results, respectively, indicates that rutile is present at an exceptionally
low quantity, under the detection limit from these techniques. So small
quantity of rutile polymorph is not expected to be detrimental to the
photocatalytic performance of the material as well.

3.4. Optical and electronic characterization

Once the presence of B and N in the structure of the materials and the
contribution of different energy levels in the electronic movement for
each element (Fig. 2) were confirmed, the diffuse reflectance and PL
analyses were carried out to study the optical and electronic properties
(Fig. 4). The band gap energies (Egq) calculated by the Tauc plot
equation (Fig. 4a-b) showed a shift towards the visible region compared
to the pure materials presented in a previous study [33]. This shift is due
to the energy levels attributed to Ti-O-N or N-O bonds of TiN. For

TiN_US, the surface re.

The PL spectra show several peaks (Fig. 4¢ — d) which were associ-
ated with intermediate electronic transitions within the band structure
of TiO5 samples. The similarity of the energy profiles for TiB or TiN with
seven peaks of PL emission indicates that B or N are responsible for
inducing the formation of oxygen defects in the TiO structure [54-56].
Outstandingly, the contribution of the peaks centered at 1.921, 1.931,
2.098 and 2.201 eV for the 1 and 50 mW powers of the excitation
source, while an important reduction of PL intensity of the peaks
centered at 1.855, 2.012 and 2.250 eV was noticed with the increase of
laser power at 50 mW. This lower PL intensity confirms that the inter-
mediate energy levels centered at 1.855, 2.012 and 2.250 eV store a
limited amount of photoexcited electrons. On the other hand, the sig-
nificant increase in the intensity of the emission peaks centered at 1.921,
1.931, 2.098 and 2.250 eV shows the highest concentration of these
defects in the TiOy structure. The intermediate levels generated due to
oxygen vacancies act as intermediate levels that ease the photon ab-
sorption, increasing the density of photogenerated electrons. As a
practical consequence of this proximity, a more effective transfer of
electrons is expected to promote reduction reactions in the CB and
oxidation in the VB to maintain electron flow. As these defects are
associated with Vg [57,58], it was proven that N,B doping was effective
to obtain materials with potential for photocatalytic applications in the
UV-Vis region of the light spectrum. The PL spectrum of the pure TiO5
samples produced by the same synthesis methods [33] and applying the
same excitation conditions is shown in Fig. S3. The pure TiO5 showed PL
emission with broadband and greater intensity than that observed for
the TiB or TiN. Especially for the pure TiO5 excited with a power of
50 mW, the broadband profile confirms that the material presents many
defects responsible for increasing the recombination processes of charge
carriers. This characteristic can lead the pure samples to present a lower
performance than the TiB or TiN in photocatalytic applications.
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Fig. 4. Tauc plot of TiN(a) and TiB(b), Typical PL spectra for different TiO, samples for a laser excitation with a wavelength of 405 nm (3. 06 eV) and laser power of

1 mW(c) and 50 mW(d) at 300 K.

3.5. Photocatalytic activity

3.5.1. RhB photocatalysis

As the Egqy values calculated for the nanomaterials are located in the
transient region of UV_Vis radiation (—~ 2.9 — 3.2 eV), the photocatalytic
activity under UV or Vis light was initially evaluated from the degra-
dation of RhB (5 mgL™1). Compared to photolytic reaction, photo-
catalysis of RhB under UV light exhibited high performance for TiN and
TiB materials (Fig. 5a — b). Photalysis removed 28% of RhB within
60 min, while photocatalysis in the presence of TIN.MW and TiN_US
removed > 95% in the same time (Fig. 5a). However, the most expres-
sive results were the removal of 99% of RhB in just 15 min in the
presence of B-modified TiO, (Fig. 5b). It is worth remembering that the
TiB samples showed the highest amounts of Vg, as proved by the XPS
analysis. Degradation results under visible light also confirmed that TiN
or TiB materials actively respond to stimulus from this light source
(Fig. 5¢ — d). This occurs because the electrons photogenerated by the
lower energy (visible) radiation can be retained in the intermediate
levels, as identified by the PL analysis (Fig. 4). These, in turn, act as
shallow traps, and in the presence of the organic pollutant (RhB), the
oxidation reactions in the VB feed the flow of charges in the electronic
mechanism. Thus, the initially trapped electrons are conducted more
efficiently to the CB due to its proximity to the intermediate levels. The
RhB degradation under UV or visible light was also confronted by the
reactions with the pure materials (Fig. S4). The RhB removal values
applying the unmodified materials were lower than those obtained for

the modified materials. These results confirm that modifications with
nitrogen or boron were essential to producing materials with improved
photocatalytic activity.

The maximum RhB removal (%) for all processes is shown in Fig. Se.
Under UV light, photocatalysis was superior to photolysis, showing that
this excitation source is efficient to promote the processes of electronic
transition and separation of charge carriers in all synthesized materials.
The B-modified TiO5 samples showed greater photoactivity compared to
the N-modified TiO, samples. Still, when considering the synthesis
methods, the TiB. MW and TiN_MW obtained by microwave-assisted
hydrothermal method showed better results compared to the US or PP
methods, especially under visible light. For these two materials, it is
worth mentioning that the microwave-assisted hydrothermal method
was the most efficient in producing the largest amount of the metastable
and photoactive phases of TiO5 (anatase and brookite). Furthermore, the
highest BET area values, 67.0 m? g~! for TiB_.MW and 28.0 m? g! for
TiN_MW were obtained using this method. The first-order kinetic con-
stants were calculated and are shown in Table 3.

To unravel the main photocatalytic mechanisms mediated by
TiN_MW and TiB_MW, the reagents TBA, EDTA, and SN were added to
the dye solution as scavengers of *OH, h™ and e’, respectively [59,60],
and the mixture was irradiated for 60 min Fig. 5f shows that SN has no
inhibitory action in RhB degradation under UV or Vis light, except for
TiB_MW(Vis) which shows a slight decrease in removal efficiency. In the
presence of EDTA, all processes were affected, achieving inhibition of up
to 56% compared to conventional photocatalysis. However, in the
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Fig. 5. RhB degradation curve in the presence of TiN(a), TiB(b) under ultraviolet light and TiN(c), TiB(d) under visible light. Removal (%) of RhB under different
conditions and fixed time of 60 min (e), study with scavengers (f), and hydroxylation of coumarin (g).

those mediated by h" and *OH were evidenced. The photocatalytic
mechanisms mediated by h™ and *OH are directly correlated since the
*OH production occurs from the oxidation of water in h™ (VB). The *OH
-mediated mechanism is efficient due to the intermediate levels gener-

Table 3
Values of kinetic constant (k = min %) and linear correlation coefficient (R?) for
each process of RhB degradation.

Photocatalyst Visible Ultraviolet ated by Vg since by inhibiting recombination, the separation of charge
kx10~% (min~") R? kx10~% (min™") R carriers promotes the continuous transfer of photoexcited electrons be-
Photolysis 35404 0.9329 45+1 0.7373 tween the VB and CB. As a way of proving the *OH formation, probe
Ti. MW 18.4 +0.01 0.928 65.2 + 0.01 0.927 assays with coumarin were carried out in the presence of all materials.
TiN_PP 9.40+2 0.7618 31.8+2 0.9668 According to the reaction represented in Fig. 5g, the *OH presence
TiN_Mw 116+ 2 0.9585 54043 0.9702 converts coumarin to its hydroxylated species (umbelliferone) which
TiN_US 9.7 +2 0.8562 75.0 +2 0.9898 o . . .
TiB_PP 24644 0.8892 171 + 35 0.9352 exhibits a PL emission peak centered at 455 nm when excited with a
TiB_ MW 88.7 + 10 0.9386 160 + 20 0.9395 light source of 332 nm [9,23].
TiB_US 19.8+3 0.8677 176 + 22 0.8464 The PL spectra show that under UV light all materials are efficient to

produce *OH (Fig. §5), which explains the high efficiency observed in
dye removal. Under visible light, TIN_PP showed the poorest perfor-
mance, which is explained by the lower capacity to produce *OH.
Therefore, TiB_LMW was shown to be active by different photocatalytic
mechanisms, with emphasis on the *OH efficient production, revealing

presence of TBA, dye removal was inhibited by almost 100% for TiB_MW
(UV) and by more than 75% for the other processes. Therefore, the
degradation mechanisms mediated by e (CB) are not significant, while
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the contribution of each mechanism and the influence of V3 on the
efficient removal of the dye. Fig. 6 and the equations from 1 to 4 present
a proposal for a photocatalytic mechanism using TiB_MW as a model.

TiB_MW(Vp) + hy — h*(VB) + € (CB) ¢))
h"(VB) + H,O — "OH + ¢ + H" 2)
e(CB) + Vi — Vo (3)
*OH + H" + RhB — byproducts (4)

Table 4 shows comparative data found in the current literature for
the photocatalytic degradation of RhB under visible light. The results
show that TiB_MW really has high performance.

3.5.2. FLX photocatalysis

For presenting the highest amounts of the (photoactive) anatase
phase, high surface area, efficiency in generating *OH, and outstanding
performance in studies with RhB under UV and Vis light, the photo-
catalysts TiIN_.MW and TiB_MW were selected for photocatalysis of FLX.
Under visible light, the FLX degradation was at most 12% for photolysis,
41% for TIN_.MW and 54% for TiB_MW in 60 min (Fig. 7). This increase
in FLX degradation efficiency of up to 42% confirms the outstanding
photoactivity of TiB_.MW when exposed to the visible light source.
However, the degradation limited to 54% is due to the high stability of
this molecule. In a study developed by Kwon and Armbrust, 2006, the
photochemical degradability of FLX was neglected due to low efficiency
for 100 days of exposure to simulated sunlight [67].

Under UV light irradiation, FLX removal was > 90% for photolysis
and TiN_MW, while TiB_MW could promote efficient degradation within
up to 15 min of irradiation. However, it is worth noting that photo-
catalysis mediated by TiIN. MW or TiB_ MW was —5% or —12% superior
to photolysis in the initial 5- or 10-min time, respectively, showing no
significant improvement after 15 min. Given these results, it is note-
worthy that both materials are efficient in producing *OH, especially
when excited by UV light (Fig. S5). The literature shows that the
degradation of FLX mediated by photolysis or *OH is accompanied by
the formation of different TP from the first moment of degradation [31].
Once formed, these by-products are oxidized by the *OH produced in the
photocatalytic mechanism and, consequently, compete with FLX,
harming its degradation. [8,31]. Therefore, the smaller removal of FLX

mechanism
B-modified TiO,
e = Intermediary

e Direct

UVor ;s

ﬁ‘\' A «
g9

duct®

RhB

Fig. 6. Proposal of a TiB MW-mediated photocatalytic mechanism for RhB
degradation.
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Table 4
Comparative data of photocatalytic degradation of RhB under visible light using
different photocatalysts.

Photocatalyst Solution volume (mL) / Maximum Reference
catalyst dosage (g/L) / RhB  removal (%) /
concentration (mg L_l) Time (min)
CQDs/SbaWOg 100 /1 /10 99 /120 [61]
BiVO4-Ni/AgVOs 50 /06 /10 99 /30 [62]
TizCoTx MXene 30/03/20 100 /120 [63]
(TCM) with
Ag fons
g-C3Ns/Ag/Zn0O 50/1/10 ~ 72 /210 [64]
TiO2 (P25) 50/05/5 -~ 70 /60 [65]
TiO2 (P25) 100/1/8 40 / 80 [66]
TiN_MW 10/1/5 63 /60 This work
TiB_ MW 10/1/5 96 / 30
1.0 {4
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Fig. 7. FLX degradation curve mediated by different photochemistry processes.

after the first degradation times does not characterize the inefficiency of
the photocatalyst but exposes its potential to promote the degradation of
other compounds formed from the degradation of FLX through an
alternative photocatalytic mechanism, as already reported in other
studies [31].

To explore these alternative mechanisms, Fig. S6 and Fig. S7 /
Table S1 show the chromatograms and m/z[H'] fragments obtained
after LC-MS-Q-TOF analysis in scan mode (+) of FLX samples (standard),
photolysis, and photocatalysis with TiIN_MW or TiB_MW under UV light
for 60 min, respectively. Fig. S6a, which refers to the undegraded FLX
standard solution, identified a single peak at 5.31 min which was named
TP9 with fragment m/z[H'] =310.1418. After 60 min photolysis
(Fig. S6b), the degradation of TP9 was accompanied by the formation of
TP1, TP4, TP5, TP6, TP7, and especially, TP8, which was shown to be
the main degradation by-product of TP9 via photolysis. For the photo-
catalytic process with TiN_MW (Fig. S6¢) and TiB_ MW (Fig. S6d), the
degradation of TP9 was not accompanied by the preferential formation
of TP8, which reached a peak intensity comparable to TP6. These results
show that for the photocatalytic processes, TP8 may be degraded with
greater efficiency compared to photolysis. In addition, TP2 and TP3
were formed in greater amounts in the degradation process mediated by
TiB_MW.

The m/z[H+ ] fragments (Fig. S7) were used to propose the molec-
ular structure of each by-product. As TP8 is formed in large amounts by
photolysis and was found in the photocatalytic reaction medium, the
mechanism of TP9 protonation was suggested. This light-activated
mechanism justifies the presence of TP8 in all samples and
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corroborates the compatibility of the fragments m/z[+ ] = 310.1423
and m/z[H'] = 310.1425 that were assigned to TP8 and TP9, respec-
tively. The protonated species of TP9 in the acidic range of the pH have
already been reported in a previous study [68]. Likewise, the decrease in
pH of TP9 photodegraded solutions has also been reported [32,69],
which makes the proposal of the protonated structure for TP8 consistent.
Therefore, the higher amount of TP8 in the photolytic system shows that
the protonation of TP9 increases the persistence of the formed
by-product. However, in the presence of TiN. MW or TiB_MW, the *OH
formed by the photocatalytic mechanism oxidizes TP8 more efficiently,
which explains its lower amount in these systems. Detailing the reaction
mechanism, hydroxylation of the -CF3 group and deprotonation of the
amine group of TP8 to form a carboxylated structure can be mediated by
hydrolysis or *OH attack, giving rise to TP6. This, in turn, can undergo
demethylation of the amine group, also mediated by *OH, to give rise to
TP7.

In addition to these main mechanisms, TP4 and TP5 are also pro-
duced by the TP8 hydroxylation mechanism. The TP4 compound is
formed after the removal of the aromatic ring positioned on the chiral
carbon, hydroxylation at different positions of the carbon chain, and
mono-dehalogenation of the -CF3 group originally present in TP8. TP5,
on the other hand, is the result of demethylation of the amine group and
hydroxylation of the carbon neighboring the amine to form an amide
group due to the deprotonation of the hydroxyl group. The highest
amounts of TP2 and TP3 were noted for the TiB_MW process, showing
that this mechanism mediated by breaking the ether bond of TP8 can
give rise to TP1 + TP2 or TP3 -+ TP2. Therefore, as shown in the RhB
degradation steps, the photocatalytic degradation processes presented
for FLX removal are also mediated by the *OH formed by the exposure of
photocatalysts to UV light. For clarity, Eqs. 5 to 10 and Fig. 8 present a
proposal for the TP9 degradation mechanism. The arrow and blue
highlight indicate a preferential mechanism mediated by photolysis,
while the arrow and red highlight follow a preferential mechanism
mediated by photocatalysis with TiB_MW. The other mechanisms are
observed for both degradation processes.

Journal of Environmental Chemical Engineering 11 (2023) 109207

TP9 + Hp0 + hv — TP8 + OH (5
TiB_MW + hv — A7 (VB) + ¢(CB) (6)
hT(VB) + OH — *OH + ¢(CB) @)
e(CB) + Vo — Vo (8)
TP8 + *OH —by-products (main mechanism) (9)
TP9 + *OH — by-products (secondary mechanism) (10)

This proposed mechanism that shows greater potential for materials
to degrade TP8 instead of TP9 can also be attributed to the electrostatic
interaction between the photocatalyst and TP8. As shown in Fig. 1e, the
oxygen sites of the anatase crystal structure have greater surface expo-
sure, and together with the N or B co-catalysts obtain a more negative
character. Thus, the protonated structure of TP8 potentiates the elec-
trostatic photocatalyst-molecule interaction to promote efficient
degradation. As *OH is primarily responsible for oxidation reactions,
Fig. 9 illustrates the photocatalytic degradation mechanism of FLX to
form the main by-products.

4. Conclusion

The photocatalysts synthesized in this work are versatile for effi-
ciently producing *OH under UV or visible light, and photodegrading
organic pollutants by different mechanisms. By unraveling the by-
products formed in the FLX degradation step, important information
about the presence of potential new molecules in environmental eco-
systems is provided in this study. It has been shown in detail that an
efficient photocatalyst for the degradation of a given class of organic
pollutants may not show the same photocatalytic response for another
class. However, this behavior does not indicate that the photocatalyst is
inefficient, only that it can act by a different degradation mechanism in
which the by-product, when formed, limits the degradation of the

original pollutant. These strong indications of competition in
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Fig. 8. Proposed mechanism of FLX degradation after photolytic or photocatalytic degradation using as a basis the m/z fragments obtained by LC-MS-Q-TOF analysis.
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photolytic activation
UV radiation
[ ]

FLX = Fluoxetine
TP = Transformation products

Fig. 9. Illustrative image of the mechanisms involved in the formation of the
main by-products.

degradation mechanisms should be taken into account in future
research.
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