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Abstract

Various photocatalytic nanomaterials for environmental remediation have been promoted due to the pollution caused by different
organic pollutants. In this study, Nb,Os nanofibers were obtained by electrospinning technique, presenting controlled crystal-
linity and high specific surface area to improve the photoactivity response. The structural characterization indicated Nb,Os
nanofibers with orthorhombic phase formation. The photoluminescence measurements showed different energy levels contrib-
uting to the electronic transition events. The nanofibers with a bandgap up to 3.6 eV were applied to photocatalysis of dyes
(thodamine B (RhB) or methylene blue (MB)) and fluoxetine (FLX), listed as an emergent pollutant. In the optimized condition
(pH =9), the RhB and MB photocatalysis was 59% and 93% more efficient than photolysis due to (=—50 mV + 5 for EtOH_550
sample increased interaction with MB (cationic) compared to RhB unprotonated (pKa = 3.7). Therefore, FLX (pKa = 10.7) was
selected due to protonated form at pH = 9 and showed 68% =+ 1 adsorption in 30 min for EtOH_550. The FLX photocatalytic
degradation under UV light irradiation was up to 17% higher than the photolytic degradation. The formation of hydroxyl radicals
in the photocatalytic system (EtOH_550) was proven by the Coumarine probe assay, corroborating with the greater amount of
o-[2-(methylamino)ethyl]benzylalcohol (MAEB), a by-product obtained after FLX oxidation. Additionally, the material
achieved specific catalytic activity for the different organic compounds (RhB, MB, or FLX). Therefore, Nb,Os nanofibers were
efficient for degrading three different pollutants under UV light, proving a viable alternative for environmental remediation.
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countries (Petrie et al. 2015; Gorito et al. 2017). Watchful of
this new reality, the scientific community has found in nano-
technology the appropriate tools to minimize this type of pol-
lution (Khan and Tahir 2019; Paris et al. 2020). In this sense,
advanced oxidation technologies, especially heterogeneous
photocatalysis, have been the most efficient tools to remove
these emerging contaminants from environmental ecosystems
(Védrine 2019).

The photocatalytic mechanism responsible for the degrada-
tion of organic pollutants is widely known. It can be summa-
rized in the ability that materials with semiconductor proper-
ties exhibit to generate oxidizing (h™) and reducing (¢") sites
on their surface (Rauf and Ashraf 2009; Gurgel et al. 2011).
Therefore, when absorbing a photon, these materials promote
the electron from the valence band (VB) to the conduction
band (CB), giving rise to the electron/hole pair responsible
for triggering the redox reactions (Oliveira et al. 2013; Shen
etal. 2019). According to the literature, photocatalytic success
is associated with the electronic photoexcitation efficiency,
recombination processes decrease, active surface increase,
the interaction between molecule/catalyst, and catalyst homo-
geneity in the reaction system (Fang et al. 2017; Moreira et al.
2020a). Furthermore, this property is also broadly correlated
with the ceramic material crystalline structures (Paris et al.
2010), which can be influenced by the synthesis method
(Leite et al. 2000) and heat treatment temperature (Alves
et al. 2009). Therefore, TiO, application as a photocatalyst
has been extensively investigated for environmental remedia-
tion. Nowadays, its physical-chemical modification has been
proposed to optimize these processes (Shen et al. 2019).
However, the search for alternative materials to TiO, has pro-
moted significant advances in the field of heterogeneous
photocatalysis, where semiconductors based on niobium ox-
ide have been gaining prominence (Nico et al. 2016).

Nb,0Os as a photocatalyst for environmental remediation is
still little reported than other semiconductors such as TiO, and
ZnO. However, its photoactivity has shown to be promising
(Raba et al. 2015; Falk et al. 2017). The Nb,Os structural
properties favor chemical oxidation due to its ability to diffuse
surface oxygen to form the reactive species ‘O, and "OH
(Nico et al. 2016). Moreover, the Nb,Os surface characteris-
tics highlight its adsorptive properties, favoring chemical con-
versions (Zhuang et al. 2016). By comparing the TiO, and
Nb,Os photoactivity, the niobium oxide electronic structure
transitions are more varied, selecting its application in photo-
catalytic processes (Nb et al. 2018).

Thus, different synthesis methods have been investigated
to obtain Nb,Os (Nogueira et al. 2017; Falk et al. 2017; Silva
et al. 2019). The precipitation method by dissolution in an
aluminum reduction system supplied Nb,Os in rod forms
was evidenced for Hy(g) production in a photocatalytic pro-
cess (Zhao et al. 2016). Additionally, the evaporation-induced
self-assembly (EISA) (Hashemzadeh et al. 2014), oxidant
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peroxide (Lopes et al. 2014), microwave-assisted (Falk et al.
2017), and polymeric precursors (Raba et al. 2015) methods
were also applied to obtain Nb,Os as a photocatalyst. When
used for photocatalytic degradation of different organic pol-
lutants, the efficiency is in the order of 45% for atrazine in
30 min (Lopes et al. 2014), > 95% for MB in 50 min (Shao
etal. 2014), and > 45% for MB in 120 min (Falk et al. 2017).
As an unconventional synthesis method, the electrospinning
technique was applied to synthesize Nb,Os nanofibers,
exhibiting good performance to produce nanomaterials with
structural defects that favor electromigration (Grishin et al.
2013). This method also exhibited Nb,Os with small particle
diameters (21 to 37 nm) and a high specific surface area
(Leindecker et al. 2014). The Nb,O5 nanofiber photoactivity
response was evaluated to the methyl orange degradation,
reaching 62% in 3 h (Qi et al. 2013).

Under specific heat treatment conditions, the textural prop-
erties of Nb,Os fibers can be controlled to become efficient
adsorbents for organic molecules (Ferreira et al. 2019). The
adsorption process between nanomaterials and different com-
pounds is responsible for optimizing the interaction between
the nanomaterial and a specific molecule (Pi et al. 2018). The
literature has already shown the different compound chemical
nature influences in the photocatalytic process efficiency since
their protonated/deprotonated form guides the material/
molecule interaction (Bian et al. 2011). Thus, anionic/
cationic dyes or molecules with different lipophilicity degrees
can show distinct efficiency for the same catalyst during the
photocatalytic process (Wang et al. 2013, 2014). This aspect
implies that the material photoactivity cannot be discussed just
because of their physical-chemical properties but must be as-
sociated with the compound chemical nature to be degraded.

Materials that exhibit surfaces with a high density of neg-
ative charge can optimally disperse the reaction system, in-
creasing the active area and degradation efficiency (Pi et al.
2018). On the other hand, however, these same materials can
repel negatively charged molecules, decrease surface interac-
tion, and impair photocatalytic efficiency (Bian et al. 2011).
Therefore, in the photocatalysis field, deepening investiga-
tions about the pollutant chemical nature and its interaction
with nanomaterial can optimize photocatalytic processes.

In this study, Nb,Os nanofibers were efficiently obtained
after optimizing the electrospinning method proposed in the
literature (Leindecker et al. 2014). The nanofiber photocata-
lytic activities were monitored for the RhB and MB dyes and
the FLX drug (emerging pollutant) degradation, chosen for the
chemical nature (MB = cationic, RhB pKa = 3.7, and FLX
pKa = 10.7). Also, the FLX degradation and some of its by-
products were accompanied by high-performance liquid chro-
matography (HPLC), which provided important information
regarding the degradation mechanism mediated by Nb,Os
nanofibers. Details apropos the dye degradation mechanism
in this study show the importance of seeking a new statement
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on the Nb,Os ceramic fibers application for environmental
remediation. Thus, expanding studies on the material capacity
to form reactive oxygen species influenced by parameters
such as the reaction medium pH, the adsorption process con-
tribution, and the degradation of different organic contami-
nants are a novelty.

Experimental
Nb,O; ceramic nanofibers preparation

Nb,Os ceramic nanofibers were prepared by the
electrospinning technique (Leindecker et al. 2014). Briefly,
an alcoholic solution (10% w v ") of polyvinylpyrrolidone
(PVP) was prepared using ethanol (EtOH) and methanol
(MeOH). These organic solvents were selected to achieve
the PVP solubility and the appropriate viscosity of the poly-
meric precursor. Solution viscosity was maintained between
45 to 65 cP. Then, niobium ammonium oxalate (NAO) was
added to a polymeric solution in the ratio of 2:1 PVP/NAO
(w:w) in 1 mL of acetic acid with a viscosity of 45-65 cP.
After complete solubilization, 15 mL of polymeric blend so-
lution (PVP/alcohol/NAO) was kept under stirring for 12 h.
Then, 5 mL of blend solution was transferred into a 10-mL
glass syringe with a 0.7-mm diameter metal rod needle. A
metallic cylindrical collector was covered with aluminum foil
at a distance of 10 cm from the needle tip and kept under
rotation for ceramic blanket formation. Here, a metal needle
was connected to the electric system and submitted at a volt-
age of 26 kV. Simultaneously, the collector was grounded to
close the electrical circuit, and the solution flow rate was
maintained at 1.6 mL h™'. After 40 min, the blanket form
composite was collected and dried at 80 °C for 12 h in the
oven for solvent remotion. Finally, the blankets were calcined
at 550 °C for 4 h and 600 °C for 3 h in a traditional muffle
furnace with 2 °C min~' of heating/cooling rates. According
to solvent and the thermal treatment temperature, the obtained
Nb,O5 ceramic fibers were named EtOH_550, EtOH_600,
MeOH_550, and MeOH_ 600.

Characterization assays

The viscosity of the polymeric blend solution was measured
by Brook Field viscometer. The thermal behavior of compos-
ite fibers was evaluated using TA Instruments equipment
(model SDT 650). Approximately 20 mg of each sample
was transferred to the alumina crucible and heated from 30
to 1000 °C with a 10 °C min~" heating rate, under 100 mL
min "' synthetic airflow. Structural characterization was done
by X-ray diffraction (XRD), using a Shimadzu XRD 6000
diffractometer (Cu-Ko/\ = 1,5406 A), 30-kV operating volt-
age, 30-mA tube current, 10-85° angular scan (20 interval),

and 0.02° min' dislocation. Crystallite size was calculated
using the Scherrer equation (Hargreaves 2016), and the lattice
parameters obtained using Bragg’s law (Stern 1978). Raman
spectroscopy was applied to evaluate the nanofiber crystalline
structures in the short-range order. The assays were realized
by a Renishaw spectrophotometer (model RM 2000) with
backscattering in the region of 1004000 cm ™', an argon laser
of 1 um? area, and a wavelength spot 632.8 nm as the excita-
tion source. Nanofiber morphologies were characterized by
Field Emission Gun Scanning Electron Microscopy (FEG-
SEM) using a Jeol microscope (model JSM-6701F).
Moreover, the presence of functional groups on the material
surface was analyzed by Fourier transform infrared spectros-
copy (FTIR) using a Bruker Equinox 55 spectrometer. The
spectra were obtained between 4000 and 400 cm ', adjusted
in the transmittance module, 4 cm”! resolution, and 32 scans.
Zeta potential was obtained using a Zetasizer nano-ZS analyz-
er (Malvern Instruments, UK) with dropwise addition of
0.1 mol L™ HCI or NaOH solution for pH = 1 to 10 adjust-
ment. Nitrogen (N,) adsorption and desorption analyses were
performed by the Brunauer, Emmett, and Teller (BET) meth-
od on Micromeritcs equipment (ASAP 2000 model). A
160 mg of sample was oven-dried at 80 °C for 12 h under
vacuum and subsequently evacuated at a rate of 1.36 x 107
bar s ' for 60 min. The samples were analyzed by applying a
heating rate of 10 °C min ' up until 200 °C. The material
optical properties were investigated by diffuse reflectance
spectroscopy (DRS) in the UV-Vis region. The data were
obtained on a UV-Vis spectrophotometer (Shimadzu, UV-
2600) in the range of 200 to 800 nm. The Kubelca-Munk
equation was used to calculate the bandgap of the material
(Kumari et al. 2020). Additionally, photoluminescence (PL)
measurements on the solid samples were performed using a
spectrometer model QE65000 (Ocean Optics), with excitation
at A = 405 nm and 100 mW laser power. The emission was
collected in the 450- to 800-nm range. The PL band best
adjustments were obtained by the Voigt equation area
(McPhie 2000).

Photolytic and photocatalytic assays

The photolytic and photocatalytic assays under UV (254 nm,
0.94 mW cm ) light were performed in a reactor described in
the literature (Moreira et al. 2018), with temperature control at
18 °C. Photocatalytic assays evaluated catalytic activity for
MB and RhB dyes and the FLX.

Dyes photodegradation
Three milligrams per liter (9.4 pmol L™") MB or 5 mg L™
(10 umol L™") RhB solutions were prepared by dissolving the

reagent (98%, Synth) in ultrapure water. For the photocatalyt-
ic assay, 10 mg of the Nb,O5 nanofibers were added to a glass
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beaker and dispersed in 20 mL of the MB or RhB solution
under constant stirring. Samples were stirred for 0.5 h (MB) or
12 h (RhB) in the dark for prior adsorption. After that, samples
were irradiated for 5 h (RhB) and 90 min (MB). At each time
interval, an aliquot of the sample was collected and analyzed
by molecular absorption. After analysis, the samples were
returned to the beaker for the new irradiation interval to keep
the constant volume. Molecular absorption spectra of the dyes
were scanned in the 200- to 800-nm range using a Shimadzu -
1601PC spectrophotometer.

Also, areuse study of up to 4 cycles was applied to evaluate
the extended photoactivity of the catalyst that showed better
performance. Therefore, the material recovered after each cy-
cle was washed with distilled water (1 time), pure ethanol (2
times), and dried at 60 °C for 12 h, before a new application of
300 min for RhB and 90 min MB.

FLX photodegradation

N-Methyl-3-phenyl-3-[4-(trifluoromethyl)phenoxy [propan-1-
amine (FLX) (98%, Santa Cecilia pharmacy), 4-trifluoromethyl
phenol (TFMP), «-[2-(methylamino)ethyl]benzylalcohol
(MAEB), and 3-phenylpropyl methylamine (PPMA) solutions
were separately prepared by dissolving the pure reagents (all >
97%, Sigma-Aldrich) in ultrapure water. Then, 10 mg L™
(32 umol L™") of FLX solution was applied in the photocata-
lytic assays. At the same time, TFMP, MAEB, and PPMA were
used for calibration curve preparation by HPLC with UV-Vis
detection (205 nm). FLX, MAEB, PPMA, and TFMP were
monitored through retention times (min), previously calibrated
with standard solutions of the pure reagents. More details on the
analytical methodology and solution preparations can be ob-
tained from the literature (Moreira et al. 2020a). For the photo-
catalytic assay, in a 50-mL beaker and 4.2-cm top opening
diameter, 5 mg of the Nb,Os nanofibers was dispersed in 10
mL of FLX solution (10.0 mg L") under constant stirring and
kept in the dark for 30 min. Then, samples were irradiated in the
time interval of 3 to 120 min, filtered in the 0.22-pm membrane
for catalyst removal, and subjected to chemical analysis by
HPLC. Finally, dye or FLX solutions with pH-adjusted were
obtained by dropwise addition of 0.1 mol L™' HCI or NaOH
solution and monitored by a potentiometer coupled to a glass
membrane electrode. Hydroxyl radical probe assay was per-
formed following the literature method (Moreira et al. 2020b).

Results and discussion
Structural characterization
X-ray diffraction patterns of the Nb,Os ceramic fibers were

indexed according to JCPDS 30-0873 (Fig. 1). The highest
intensity peaks were observed at 20 = 22.7°, 28.5°, and 36.7°
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attributed to the orthorhombic phase (T-Nb,Os) (Zeng et al.
2017). The intense and well-defined lines (001), (180), and
(181) showed the crystalline nature of the materials that was
influenced neither by solvents (MeOH or EtOH) nor by heat
treatment temperature (550 or 600 °C). These results corrob-
orated the higher thermal stability of the ceramic material
above 550 °C (Fig. S1). Furthermore, due to a mass loss above
90% for the polymeric blanket by successive thermal events, a
complete elimination of organic matter according to the infra-
red spectra (Fig. S2) was observed. This study revealed that
the confirmation of Nb,Os ceramic fiber crystalline behavior
agrees with the literature (Nowak and Jaroniec 2008;
Leindecker et al. 2014).

Figure 1b shows the Raman shifts for Nb,Os ceramic ma-
terials. The angular vibrations Y(Nb-O-Nb) between peaks
227 and 316 cm ' were assigned to the NbO, tetrahedron.
Peaks at 697 cm ' were attributed to the °(Nb-O) symmetrical
stretches of the (NbOg '3 NbO; %; NbOg ') polyhedra, and
the peak at 803 cm™' was ascribed to the symmetrical
stretching of the *(Nb = O) surface group (Lopes et al. 2014;
Hossain et al. 2019). The Raman spectra corroborate to XRD,
showing the Nb,Os orthorhombic phase exclusively in all
samples. The unit cell parameters (a, b, and c) were calculated
for EtOH_550, EtOH_600, MeOH_550, and MeOH_600.
The average value of the four samples was (a) = 6.24 A =
0.01, (b) =28.94 A £0.04, and (c) = 3.93 A +0.01, showing
the similarity between them. When comparing the average
values of (a), (b) and (c) with those reported in JCPDS 30-
0873, the approximation was 99% (a), 101% (b), and 100%
(¢). Thus, the results of structural characterization confirm that
the orthorhombic phase with high crystallinity was obtained
for all samples, and therefore, the application in heteroge-
neous photocatalysis shows potential since the literature has
already confirmed the T-Nb,Os photoactivity (Lopes et al.
2014; Shao et al. 2014)

Morphological characterization

Figure 2 showed the FEG-SEM images of the EtOH 550,
EtOH_ 600, MeOH_550, and MeOH_ 600 samples,
confirming the Nb,Os nanometric fibers (< 90 nm). In the
current study, the fiber diameter was reduced by 40% com-
pared to the similar synthesis method used to produce Nb,Oj5
(Leindecker et al. 2014). This characteristic is preferred in
photocatalysis studies since materials with a smaller diameter
show a superior surface area.

According to Table 1, the average sample diameters treated
at 550 °C were 35% smaller than the treated at 600 °C.
However, the samples processed in EtOH (550 and 600 °C)
showed a fiber diameter of 15% smaller, concerning the sam-
ples processed in MeOH under the same temperature condi-
tions. These results indicated that the methanol (MeOH = 64
°C), the lowest boiling point solvent, is volatilized more
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Fig. 1 XRD patterns (a) and (a) (b)
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efficiently than ethanol (EtOH = 78 °C), favoring the Nb,Os Therefore, the Nb,O5 growth and particle organization oc-
crystal agglomeration. However, this same heat treatment  curred more homogeneously to form the ceramic fibers. On
temperature did not significantly influence the crystallites size ~ the other hand, as MeOH is the most volatile, the obtained
(Table 1). Thus, the fiber diameter increased due to the particle ~ fibers with these solvents showed superficial deformations
agglomeration degree obtained after the polymeric structure  (Fig. 2d) and small holes distributed heterogeneously along
decomposition. with the structure (inset). Consequently, ceramic fibers with

Samples processed with EtOH showed a surface with ho-  large SSA values were obtained, increasing the material po-
mogeneous roughness (inset) and without holes (Fig. 2b).  tential for heterogeneous photocatalysis.

Fig. 2 FEG-SEM images of the
Nb,O5 nanofibers obtained at
different solvents and calcined at
550 °C for 4 h or 600 °C for 3 h

a)EtOH. 550 b) EtoH 600

c) MeOH 550
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Table 1 Crystallite diameter

calculated according to the Sample Crystallite diameter* (nm) Fiber diameter (nm) Area BET (m* g')

Scherrer method, fiber diameter

obtained by measuring n counts (001) (180) (181)

(n = 100) of the FEG-SEM im-

ages and BET surface area EtOH_550 18.78 13.96 15.22 47.0+0.7 374+ 04
EtOH_600 24.00 15.14 16.04 72.0+0.5 37.8+04
MeOH_550 19.09 13.56 14.49 56.0£0.7 40.5+0.6
MeOH_600 22.79 14.16 1522 85.0+1.7 32.6+0.3

*Scherrer diameter

Optical characterization

The optical property of the Nb,Os fibers was investigated by
diffuse reflectance analysis. The direct bandgap energy was
calculated according to the literature (Lopes et al. 2014). For
all samples, the diffuse reflectance spectrum exhibited a ho-
mogeneity that corroborates with the XRD data, showing a
single crystalline phase (T-Nb,Os). Consequently, the average
bandgap energy was E, = 3.87 ¢V +0.04 for MeOH_550,
MeOH_600, and EtOH_600 samples. The EtOH_550 showed
an £, = 3.6 eV slightly shifted to the lower energy. Therefore,
the Nb,Ojs fiber photoactivity investigation viewing heteroge-
neous photocatalysis applications requires ultraviolet
wavelength.

Figure 3 shows the PL spectra with top emission centers.
The area percentage of each profile was adjusted using the
Voigt (area) function, as described in the “Characterization
assays” section. All PL profiles are broadband type, showing
an evident relationship between the contributions of various
energy levels to the electronic transition process. The Nb,Os
fiber bandgap values were higher than the maximum PL emis-
sion of each sample (~ 2.3 to 2.6 eV) at 477 to 545 nm,
respectively (Fig. 3a). Therefore, broad PL spectra cover part
of the visible electromagnetic spectrum, while band-to-band
electronic transitions slightly influence. This optical phenom-
enon may be related to the prohibited zone’s additional energy

(a)

Fig. 3 Variation of (ochv)2 versus

levels due to the surface, interface, and bulk defects (Paris
et al. 2007; Machado et al. 2017).

The differences observed in each PL spectra were treated
individually with the insertion from three to six Voigt peaks,
perfectly adjusted to the spectrum, as shown in Fig. 4. In all
cases, a broadband emission profile in which the maximum
emission, intensity, and amplitude were significantly depen-
dent on the heat treatment temperature and solvents used in
the fiber processing. Initially, there was a trend, with respect to
the heat treatment variation in relation to the PL intensity
(PLmeon_ss0 > PLeon_ss0 > PLeon_s00 > PLmeon_s00)-

The samples treated at 550 °C for 4 h showed higher PL
intensity than those treated at 600 °C for 3 h, which was
expected due to the higher particle ordination at a higher
temperature and consequent decrease in defects. For the
MeOH_550 sample (Fig. 4a), the PL spectrum showed
broadband and the highest intensity, with a maximum cen-
tered at 507 nm (E, = 2.44 eV) in the green color. The
broadband emission of the MeOH 600 sample (Fig. 4b)
showed a maximum at approximately 545 nm (£, = 2.27
eV), resulting in green color. This profile was the broadest
of the samples analyzed, covering the most extensive spec-
trum from 450 to 750 nm. This effect on the PL spectrum
may be due to a maximum amount of defects (surface,
interface, and bulk) induced by structural changes (Phase
TT-Nb205 to T-Nb205).

(b)

hv for direct bandgap transitions 50 _
(a) and PL spectra (b) of the Band Gap (eV) ; g EtOH 600
Nb,Os nanofibers ——EtOH_550 3.6 i — EtOH 550
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Fig. 4 PL spectra for samples
MeOH_550 (a), MeOH_600 (b), (a) MeOH 550 (b) MeOH 600

EtOH_550 (c), and EtOH_600
(@)
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450 500

Wavelength (nm)
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The Nb,Os orthorhombic phase begins to crystalize
at 500 °C (Nico et al. 2016). In this temperature vicin-
ity, defects from atomic diffusion, plane displacements,
and NbOg¢ octahedral distortion are susceptible. These
changes were possibly responsible for showing a greater
PL for the MeOH_550 than the MeOH_600 sample, in
whose temperature more significant structural ordering
was expected and consequent decrease in defects
(Zhou et al. 2008; Joya et al. 2017).

However, samples processed with ethanol showed PL
spectra with smaller intensity, following the same trend
as those processed with methanol. Although the
EtOH 550 (Fig. 4c) showed a PL minor intensity pro-
file than MeOH_550, the first one also showed a green
color broadband spectrum with a maximum of 535 nm
(Ey = 2.31 eV). This same profile was observed for
EtOH 600 (Fig. 4c). However, the PL intensity was
slightly lower than observed for EtOH 550. Therefore,
the PL spectra changes were evidenced by processing
changes in the precursors, solvents, or temperature.
Finally, Nb,Os fibers were evaluated to remove organic
pollutants (dye and pharmaceuticals) through heteroge-
neous photocatalysis under UV radiation (254 nm).

() A EtOH_550 (d)

EtOH_600

T il

550 600 650 700 750 800

Z

7:’>0 ' 80 450 500
Wavelength (nm)

Photocatalytic activity
Photocatalytic degradation of dyes

The adsorption assays (on dark) performed for RhB (12 h) and
MB (0.5 h) showed that while RhB adsorption was only 1%,
MB reached 18% efficacy for the different nanofibers.
According to the literature, these results were shown more
significant MB adsorption than RhB when other
nanomaterials were applied (Choi et al. 2015; Radon et al.
2019). Thus, after the adsorption equilibrium, the dyes were
subjected to photocatalytic assays under UV light. The degra-
dation curves were shown in Fig. 5.

The average RhB photocatalytic degradation was 47% =+ 2
for Nb,Os fibers in 5 h (Fig. 5a), highlighting that the
EtOH_550 showed the best performance (49%). Only 10%
of RhB was degraded in the photocatalyst absence,
confirming the tendency. The MB photocatalytic degradation
was up to 78% + 1 in 90 min for EtOH 550 (Fig. 5b), while
the photolysis removed only 2%. First-order kinetic constants
were calculated for all processes and depicted in Table 2.

The kinetic constants for all Nb,O5 fibers are shown in
Table 2, confirming photocatalytic activity against RhB and
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Fig. 5 Decay curves of the RhB (a) and MB (b) after photolytic or
photocatalytic degradation

MB degradation. EtOH 550 efficiency was highlighted due to
the highest kinetic constants for RhB (1.77 x 10> min ' +
0.06) and MB (12.9 x 10 min ' £ 0.7). The best perfor-
mance for EtOH_550 corroborates with the smaller fibers di-
ameter, large surface area, and reduced bandgap (Tables 1 and

Table 2  First-order kinetic constants for RhB and MB

Sample RhB MB

k x 1073 (min 'y/R?

k x 107 (min 'y/R?

Photolysis 0.17 £ 0.04/0.848 *

EtOH 550 1.77 £ 0.06/0.996 12.9 +0.7/0.987
EtOH 600 1.55 +0.12/0.983 6.7 +0.4/0.986
MeOH_550 1.61 £ 0.08/0.992 10.5 +0.8/0.974
MeOH_600 1.43 £0.07/0.992 10.7 +0.1/0.999

*Due to insignificant removal, the slope was not obtained
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2). When comparing the highest kinetic constants obtained for
RhB and MB, an average increase of 84% + 3 was confirmed.
Confirmed the best performance for EtOH 550 against the
RhB and MB degradation, this material was selected for the
study of reuse of up to 4 cycles. Figure 6 shows that the RhB
and MB removal after the 4 cycles were 45% + 3 and 74% £ 2,
respectively. Simultaneously, the slight variation observed in
the removal (%) after each cycle can be attributed to the minor
material loss after the successive transfers. Therefore, these
results indicate the maintenance of the EtOH_ 550 catalytic
activity even after 1200 min for RhB and 360 min for MB.

Notably, the EtOH 550 performance was very different for
the degradation of the different dyes in the investigated con-
dition (pH = 6), suggesting that its performance was not asso-
ciated with the material physicochemical properties. Thus, this
enhanced catalytic performance of the fibers associated with
the dye’s chemical nature may have been the factor responsi-
ble for influencing the process efficiency. As the RhB charge
can be changed by the -COOH group protonation/deproton-
ation, the influence of pH was investigated.

pH evaluation

RhB and MB are cationic dyes that negative charge nanopar-
ticle surfaces can attract to optimize the photocatalytic pro-
cesses. However, only RhB presents a carboxylic acid group
that can be deprotonated and increases the negative charge
density in this molecule at pH > pKa = 3.7 (Obregén and
Colon 2013; Aguilar et al. 2014). Then, the RhB (5 mg LY
and MB (3 mg L") solutions were evaluated respectively for
5 h and 1.5 h to investigate the photocatalytic response at
different pH conditions (pH = 3, 6, or 9), using EtOH_550
sample (Fig. 6).

100
1° Cycle
90 - 2° Cycle
g0 3° Cycle
x <0 4° Cycle I T
Z 70- . :
'g 60
o
= 50 - -
[e] T T
B 40 7 i
(@)
30 -
20 -
10 -

Rhodamine B Methyl Blue

Fig. 6 RhB and MB photocatalytic removal in 4 application cycles with
EtOH_550 recovered. Conditions: (pH = 6, degradation time: 300 min
(RhB), 90 min (MB))
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According to Fig. 7, the photocatalytic process was effi-
cient for RhB and MB degradation in all pH conditions. When
pH ~ pKa = 3.7, RhB molecules transit in their protonated or
neutral form, facilitating the interaction with oxidizing species
responsible for the dye degradation (Obregén and Colon
2013). In alkaline conditions, the -COOH group deproton-
ation increases the dye lipophilicity and significantly de-
creases the degradation rate (Aguilar et al. 2014). However,
catalyst presence showed the best response for RhB degrada-
tion results under very different pH conditions (Fig. 7a). The
RhB removal was 87% for pH = 3 and 72% for pH = 9. In
comparison, the photocatalytic process performance was in-
creased up to 28% and 59% concerning photolytic, respective-
ly. This performance observed for the RhB photocatalytic
degradation at alkaline pH was similar for MB degradation
under the same conditions (Fig. 7b).

On the other hand, MB photolytic degradation was insig-
nificant at 6 and 9 pH. Simultaneously, the addition of the
EtOH_550 catalyst showed performance up to 76% for pH =
6 and 93% for pH = 9 compared to the photolytic process.
Therefore, Nb,Os fibers were essential to MB efficient

degradation, confirming the effectiveness as a catalyst for
the dye degradation process.

In contrast to the RhB, the MB does not show the -COOH
group affected by the acid-base equilibrium reaction, present-
ing a strictly cationic molecular structure. This aspect draws
attention to the dissimilar performances, suggesting that the
different dye charge distribution was the parameter responsi-
ble for optimizing the degradation process in an alkaline pH.
Therefore, to better understand the pH influence in the photo-
catalytic process, the zeta potential of the EtOH 550 fibers
was measured in the pH = 1 to 10 range (Fig. 7c). The zero
charge point was identified at pH ~ 2, while the negative
charge surface was confirmed in all pH conditions > 2.

At pH = 3, RhB is protonated (pKa = 3.7), optimizing the
interaction with the EtOH 550 fiber which showed a slightly
negative charge (( =— 15 mV £1). At pH =9, the EtOH 550
fiber showed a significantly negative charge ((=—50 mV +5)
capable of repelling the deprotonated RhB (Merka et al.
2011). Even with the less interaction between RhB and
EtOH 550 at pH = 9, the photocatalysis efficiency was con-
firmed, showing that ¢ = — 50 mV +£5 could optimize the
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EtOH_550 fiber dispersion, increasing the active area. This
justification is applied to the efficient MB degradation at pH
=9, optimized due to the better fiber dispersion in the reaction
medium. The -COOH group absence in the MB allowed the
photocatalytic degradation to be 93% against the 59% ob-
served for RhB. These RhB and MB photocatalytic degrada-
tion results follow the literature, showing the organic pollutant
chemical nature is an important factor in understanding the
photodegradation mechanism (Merka et al. 2011; Obregén
and Colon 2013; Reeta Mary et al. 2018). Also, this increase
of the negative material charge in less acidic conditions oc-
curred due to the probable deprotonation of Nb-O groups
identified by Raman analyses (Fig. 1), corroborating with
the literature (Silva et al. 2019).

To clarify the Nb,Os photocatalytic mechanism for dye
degradation, the set of Egs. (1) to (7) summarizes the reactions
(Rtimi et al. 2018).

Nb205 + hv=»Nb205 (ht) + Nb205 (e7)
Nb205 (h+) + H20=*OH + H' + e — (aq) 2
*OH + RhB/MB=>degradation products 3

(1)
(2)
3)
NB205 (e-) + 02302+~ (4)
(5)
(6)
(7)

02— + RhB/MB=degradation products 5
H + +e—(aq) + O22HO2- 6
HO?2e + RhB/MB=>degradation products 7

Due to the best response for dye photocatalytic degrada-
tions using EtOH_550 at pH = 9, this catalyst and conditions
were applied to degrade FLX. This pharmaceutical product
choice was due to the high pKa =10.7 (Do et al. 2017), which
preferably shows its protonated form at pH = 9 and possibly a
better interaction with EtOH_550, which ledtoa {=—50 mV
+ 5. However, the -CF3 group presence in the FLX molecular
structure shows a negative charge density that can compete
with the contribute repulsion from catalyst even for the pro-
tonated system. Thus, the photocatalytic degradation of FLX
was investigated.

FLX photocatalytic degradation

A 10 mg L' FLX solution (pH = 9) was subjected to adsorp-
tion with EtOH_550 in 1- to 30-min range (Fig. 8a). The
results showed adsorption > 85% 42 in 1 min, indicating a
rapid interaction between EtOH_550 and FLX induced by ¢ =
— 50 mV = 5 from the catalyst’s interaction with protonated -
NH;* group in pH = 9 (Do et al. 2017). Then, a 32% FLX
desorption was confirmed, previously adsorbed, until 5 min,
suggesting that the -CF3 group promoted the molecule repul-
sions close to the EtOH_550 surface after the initial attraction.
After this desorption step, the adsorptive process was retaken,
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removing FLX 67% = 1 in 20 min. Finally, in 30 min, the
adsorption was 68% = 1, showing no variation and, therefore,
reaching equilibrium. Thus, before being irradiated, FLX so-
lutions (10 mg L—") were subjected to adsorption for 30 min.
Figure 8 b showed that up to 30 min, the C/Co ratio de-
creases considerably for both photochemical processes.
Compared with photolytic, the FLX photocatalytic removal
showed an average increase of 16% + 1 for 3, 5, and 10
min. These results corroborate those found during the degra-
dation of the dyes, confirming that EtOH_550 is a photoactive
catalyst capable of degrading the different organic pollutants.
The chromatographic analyses used to monitor FLX degrada-
tion also provided essential details regarding the quantitative
by-product formations. According to the literature, TFMP,
MAEB, and PPMA are the main by-products formed after
the FLX degradation (Moreira et al. 2020a). Therefore, they
were quantitatively monitored in the present study.
According to the literature, the conversion from FLX to
MAEB + TFMP preferably follows a radical oxidation mech-
anism. In contrast, the conversion from FLX to PPMA +
TFMP complies with the photolytic or hydrogenation
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mechanism (Moreira et al. 2020a). Figure 9 a shows the max-
imum conversion rate obtained during the FLX photolytic and
photocatalytic degradations calculated according to the litera-
ture (Moreira et al. 2020a). The results confirm that the con-
version to TFMP was more significant in both processes pre-
cisely because this is present in the two degradation mecha-
nisms. Furthermore, the EtOH 550 catalyst presence did not
influence the conversion rate to TFMP, which was similar to
that found for the photolytic process. Therefore, this result
suggests that the electrostatic repulsion between the -CF3
group (present in the TFMP structure) and the EtOH 550 (¢
= — 50 mV +5) prevents the interaction between both,
allowing the TFMP to be available in the aqueous phase for
a longer time.

The 1:1 stoichiometry is expected for conversion from
FLX to MAEB or PPMA (Moreira et al. 2020a). As different
routes obtain PPMA or MAEB, the molar ratio between these
by-products provides valuable information regarding the
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o
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Fig. 9 FLX maximum conversion to by-products (a) and PL spectrum of
the umbeliferrone formed in the ‘OH probe assay (b)

400

preferential FLX degradation mechanism. Therefore, the mo-
lar ratio (moelar = (MMaEB/PPMA)) Was calculated for the point
of greatest conversion rate, where 7,010 = 0.96 for photolytic
removal and 71 = 1.5 for EtOH_550. As the highest 7,01ar
value was obtained for EtOH_550, the FLX oxidation mech-
anism mediated by hydroxyl radicals to preferentially form the
MAEB was suggested. A 1.5 mg L™ coumarin solution was
irradiated in the absence and presence of the EtOH_550 cata-
lyst to support this idea. The reaction products were monitored
by photoluminescence (Fig. 8b). The PL spectra of the sam-
ples submitted to photolysis and EtOH_550 showed a peak
centered at 452 nm only for the EtOH 550 sample (Fig. 9b).

According to the literature, umbelliferone is the hydroxyl-
ation by-product of coumarin responsible at 452 nm PL emit-
ting. However, the emission is not verified in the hydroxyl
radical absence (Louit et al. 2005). When adding
dimethylsulfoxide (DMSO) as a radical scavenger in the reac-
tion medium, the PL spectra (EtOH_550 + DMSO) showed
the peak-centered suppression at 452 nm, confirming that the
radicals were not available to umbelliferone form. Therefore,
the photoactivity of EtOH_550 when exposed to UV radiation
was sufficient to promote electronic excitation and generate
thee” (CB)and h* (VB) pairs. These, in turn, were responsible
for forming the oxidizing species capable of optimizing the
FLX degradation for formed TFMP, PPMA, and MAEB. The
by-products formed suggest that the photocatalytic mecha-
nism proposed by Eq. (2) is the preferred one. When acting
on the FLX (C;7H;gF;NO) degradation, it can be summarized
by Egs. (8) and (9) to explain the TFMP (C,HsF50), MAEB
(C1oHsNO), and PPMA (C,oH;sN) formation.

Thus, the 'OH + H" + e (44, species present in the reaction
medium (see Eq. (2)) act in the FLX degradation according to
as follows:

C]7H18F3NO +'OH + H+ + ef(aq) - C7H5F3O + C10H15NO (8)

This mechanism explains the significant difficulty in
degrading FLX compared to RhB or MB, suggesting
that while O, or HO, ™ reactive species are effective
in degrading dyes, the same does not occur for the drug
degradation, which presents significant persistence to
oxidation by these reactive species. Finally, the FLX
photocatalytic degradation mechanism in the presence
of EtOH_550 can be represented in Fig. 10.

Conclusion
Nb,Os nanofibers were efficiently obtained through the

electrospinning technique. Their photocatalytic property was
investigated from the degradation of three organic pollutants.
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-

Fig. 10 FLX degradation mechanism mediated by EtOH_550 fiber under UV radiation

XRD and Raman analysis showed that the structure was con-
sistent with the high crystallinity orthorhombic phase (T-
Nb,Os). The FEG analysis confirmed the ceramic fibers form
with a diameter up to 47 nm £ 0.7, and BET results indicate an
area up to 85.0 m®> g ' + 1.7. The broadband PL spectra
showed that different energy levels contribute to electronic
transition events in the UV-vis region. When applied to RhB
or MB photocatalytic degradation, the highest efficiency was
obtained for EtOH 550, which degraded 47% =+ 2 of RhB in
5hand 78% + 1 MB in 1.5 h. The kinetic constant in MB
degradation was 86% higher than found for RhB, indicating
that the strictly cationic dye was removed with greater effi-
ciency by the catalyst. By investigating different pH condi-
tions during photocatalytic degradation, a removal up to 87%
atpH =3 for RhB (5 h) and 93% for MB at pH =9 (1.5 h) was
achieved, suggesting the chemical nature of the dyes was the
responsible factor for guiding photocatalytic efficiency. At pH
=9, the fibers with surface charge could be dispersed in the
reaction system with greater efficiency, reaching the opti-
mized condition to degrade the protonated molecules.
Besides, due to pKa = 10.7 and protonated at pH = 9, FLX
was subjected to photocatalytic degradation with EtOH_550.
For this compound, photocatalysis was up to 17% more effi-
cient than photolysis. From HPLC monitoring of the FLX by-
products (TFMP, MAEB, and PPMA), the higher forms of
MAEB in the photocatalytic process were consistent with

@ Springer

the formation of hydroxyl radicals in this system. Therefore,
Nb,O5 nanofibers can be efficiently obtained for application
in heterogeneous photocatalysis and can be an alternative ma-
terial to TiO,, which is still the most used semiconductor in
these systems.
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