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Nb2Os and Fe inserted NbyOs from 1 to 3 % were synthesized by the microwave-assisted hydrothermal method.
The XRD results confirm the presence of Nbo,Os with low crystallinity in all samples, which is characteristic of the
material that was not subjected to heat treatment. The SEM images show that the insertion of NbyOs with Fe
promotes the formation of pores on the surface of the material. The addition of Fe also led to a decrease in the
band gap to pure Nb,Os. The photocatalytic performance for the degradation of rhodamine B was evaluated. The
1 %Fe-NbyOs sample showed the best photocatalytic discoloration result, achieving 100 % discoloration of RhB
within 60 min. The increase in ion concentration leads to a decrease in photocatalytic performance. A 2* factorial
design experiment was performed for samples of Nb2Os and Nb2Os with 1 %Fe-Nb,Os. The study variables were
catalyst type (Nb2Os and 1 %Fe-NbyOs), catalyst dosage (25 and 50 mg), pH of the RhB solution (5 and 10), and
time of photocatalytic analysis (30 and 60 min) to check the effect on the RhB discoloration. The analysis showed
that the change in catalyst, catalyst dosage, pH and reaction time had a significant effect. Most of the interactions
between the variables also had a significant effect on the process, both positively and negatively. The diversi-
fication of the results of the factorial design, variables, and their interactions allowed us to identify the best
execution routes of heterogeneous photocatalysis for the removal of RhB, depending on the parameters used in
this work.

1. Introduction

One of the major problems in the environment is water pollution,
which is usually due to the disposal of industrial wastewater in inap-
propriate places, causing various consequences for the environment
[1-3]. Industrial wastewater contains a large number of dyes used in
various industries, such as paint, food, paper, textile, and others. [4,5].
Some methods aim to eliminate and/or reduce these types of conse-
quences. One of these methods is heterogeneous photocatalysis, which is
considered an advanced oxidative process (AOP) and aims to use cata-
lytic materials, usually semiconductors, capable of degrading chemicals
contained in wastewater upon irradiation [6-9]. For this purpose, the
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semiconductor material is excited, causing electrons to pass from the
valence band (VB) to the conduction band (CB), forming pairs of elec-
trons and holes that are used together with reactive species for photo-
chemical degradation of organic compounds [10-12].

Various semiconductors have been used for this purpose and have
been studied for several years. Modifications are often made to these
materials to improve them and thus enable them to degrade organic
compounds in a shorter time [13,14]. Niobium pentoxide (Nb2Os) is an
n-type semiconductor [7,10] that has been reported in the literature to
be a good catalyst for photocatalysis [7,8,15] as well as solar cells
[16,17], sensors [18,19], catalysis [20,21], and other applications. The
great feature of NbyOs is that it has very interesting chemical and
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physical properties. It has a large band gap and is thermally stable and
very corrosion resistant [7,22,23]. NbyOs is a material that can be ob-
tained in a versatile way by various synthesis methods [24]. Microwave-
assisted hydrothermal synthesis (MAH) enables the extraction of Nb,Os
at low temperatures in a relatively short time with uniform and volu-
metric heating [25,26]. This shows that this synthesis method proves to
be advantageous over other methods, which usually require a long re-
action time and higher temperatures [24]. The possibility of obtaining
Nb,Os at low temperatures makes it possible to find a material with low
crystallinity, which favors a much more detailed study, mainly con-
cerned with how the crystallinity of this material evolves as a function of
the influence of the heat treatment temperature, which has already been
studied in several works [25,27,28].

The photogenerated charges of NbyOs and TiO;, which are also
frequently used in these photocatalytic processes, have a very high
tendency to recombine, which is unfavorable for photocatalysis [14].
One of the ways to improve the properties of materials is to introduce
defects in the electronic structure of NbyOs [10]. Insertion with certain
ions can improve the ability of materials to absorb light, which conse-
quently favors charge transfer due to increased adsorption capacity on
the surface of the catalyst material, leading to a better photocatalytic
response [1,7,12]. Moreover, the incorporation of dopants or excess
dopants may contribute to the formation of a recombination center,
which affects the photocatalytic response. [14,29]. Various semi-
conductors modified with different ions can be found in the literature.
However, the insertion of dopants in NbyOs and the effect in photo-
catalytic activity, mainly iron, is still scarce. Iron insertion could be an
alternative to improve the photocatalytic activity of NbyOs by absorbing
light at a higher wavelength [30,31].

In photocatalysis, numerous factors can affect the performance of a
particular material. Experimental tests must be performed to identify
and understand the parameters that may affect the photocatalytic
response of a particular material [16]. The factorial design technique
helps to identify the variables that most affect the photocatalysis process
by determining the effect of each factor on the process response and the
interaction of different factors. As a result, the number of experiments
can be reduced, and thus better process optimization can be achieved
[15,16,32-34].

Thus, in this work, Nb,Os and Nb,Os with different concentrations of
Fe ions (1, 2, and 3 %) were synthesized by MAH synthesis and char-
acterized in different analyses to verify the properties of these materials
to be used later in heterogeneous photocatalysis tests against the dye
rhodamine B. Moreover, a statistical method was performed with a 2*
factorial design at two levels (—1 and +1), considering as process var-
iables the use of NbyOs and 1 % iron inserted with Nb,Os, the amount of
catalyst, the pH of the solution and finally the time of the process,
resulting in a total of 16 experiments.

2. Materials and methods
2.1. Synthesis

The materials used in the synthesis were ammonium niobium oxalate
(NH4[NbO(C204)2(H20)]. (H20)n supplied by Brazilian Company of
Mining and Metallurgy, CBMM, Brazil), hydrogen peroxide (H20O5, 30 %,
Synth), iron(III) nitrate nonahydrate (FeN3Oq-9H20, Sigma-Aldrich)
and distilled water.

The synthesis method used to obtain pure NbyOs and Fe-Nb,Os was
the microwave-assisted hydrothermal method. For the NbyOs synthesis,
0.1 mol of ammonium niobium oxalate was dissolved in 30 mL of
distilled water under constant stirring-H,O5 was added to the solution
(molar ratio Nb:Hz04 was 1:10) while stirring for 10 min. The resulting
solution was placed in a reactor coupled with a conventional micro-
wave, and the synthesis was carried out at a constant temperature of
140 °C for 15 min. The pressure and temperature were monitored
throughout the synthesis. The precipitate obtained was subjected to a
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washing and centrifugation process (repeated three times) to remove
impurities and neutralize the pH. The material was oven-dried for 3 h at
100 °C.

For the Fe-NbyOs, iron (III) nitrate nonahydrate was mixed into the
solution to obtain 1, 2, and 3 % wt of Fe. Afterward, the entire synthesis
procedure, as well as the operating conditions, were repeated as
explained in the pure Nb,Os synthesis.

2.2. Characterization

X-ray diffraction was performed using a Shimadzu 6000 XRD (XRD,
Shimadzu, Japan) with CuKa radiation (1.5418 /o\) at 30 kV and 30 mA,
scanning from 26 of 10°- 80°, with a 0.02° step and sweep speed of 2°/
min. The chemical analysis by energy dispersive X-ray analysis (EDAX)
was performed on a Shimadzu spectrometer model EDX-720. Micro-
Raman spectroscopy analysis was performed in an iHR550 spectrometer
(Horiba Jobin Yvon, Japan) coupled to a CCD detector and an Ag ion
laser (MellesGriot, USA) with an excitation wavelength of 514.5 nm, a
maximum power of 200 mW and a fiber microscope. Fourier transform
infrared spectra (FTIR) were obtained in an IR-Prestige (Model 21,
Shimadzu, Japan), and the sample was run at an infrared region between
4000 and 600 cm™!. SEM analyses were performed with a JEOL JSM
6510 LV electron microscope operating at 10 kV. The specific surface
areas of the powders were calculated by BET (Brunauer-Emmett-Teller)
method from the adsorption isotherms in Nova2200e (Quantachrome).
The transmission electron microscopy (TEM) analysis was performed in
an electron microscope (JEM- 1400, JEOL, Japan) with an acceleration
voltage of 120 kV.

The diffuse reflectance spectra were obtained by a UV-Vis spec-
trometer (HR2000 +, OCEAN OPTICS) in the wavelength range of
200-800 nm. The optical bandgap of the samples was estimated by the
Tauc method for an indirect semiconductor (ochv)o'5 versus hv. Zeta
potential analyses were prepared with a dispersion of 1 % catalyst in
ultrapure water and were performed in a Nanobrook 90plus Pals device
(Brookhaven). The photoluminescence (PL) measurements of the sam-
ples were excited by a 355 nm laser (Cobolt/Zouk) with the signal
dispersed and detected by a 19.3 cm spectrometer and a Si-CCD detector
(Andor Kymera/Idus), respectively.

The chemical surface analysis for the Nb,Os and Fe-Nb,Os samples
was performed by X-ray photoelectron spectroscopy (XPS) using a
conventional XPS spectrometer (ScientaOmicron ESCA + ) with a high-
performance hemispheric analyzer (EAC2000) with monochromatic Al
Ka (h v = 1486.6 eV) radiation as the excitation source. The operating
pressure in the ultra-high vacuum chamber (UHV) during the analysis
was around 10~° Pa. The XPS high-resolution spectra was recorded at a
constant pass energy of 20 eV with 0.05 eV per step for the high-
resolution spectra. A charge neutralizer (CN10) was used to exclude
the surface charging effects. The obtained spectra were corrected
assuming 284.8 eV for adventitious carbon and the analysis of the XPS
spectra was realized by using CASA XPS software.

2.3. Photocatalytic activity

The photocatalytic activity of the samples was determined using a
rhodamine B (RhB) dye solution (1x1 07> M). For the tests, 50 mg of each
sample was dissolved in 50 mL of RhB dye. The analysis was performed
in a closed box illuminated by 5 UVC lamps (15 W each lamp totaling the
power of 75 W - TUV Philips) with an intensity of 254 nm. First, all
samples were stirred in the dark for 20 min to achieve equilibrium be-
tween the dye and the semiconductor material. After 20 min, the light
was turned on, an aliquot was removed, referring to the starting point,
and the other aliquots were withdrawn at 10-minute intervals until
reaching a time of 60 min. All samples were centrifuged to separate the
powder from the solution and then analysed in a UV-Vis spectropho-
tometer. The wavelength used to read RhB was 554 nm [27,35].

To identify the active species in the photocatalytic process, isopropyl
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alcohol (C3HgO), p-benzoquinone (CgH4053), silver nitrate (AgNOg), and
disodium ethylenediaminetetraacetate (EDTA) were used as scavengers
for hydroxyl radicals (HO®), superoxide radical anion (O2*"), negative
charges (e~) and positive charges (h'), respectively [36-38].

In the catalyst reuse tests, each powder was separated by centrifu-
gation after the analysis and then dried. The powders were then
weighed, and the ratio between the catalyst (1 mg) and the RhB solution
(1 mL) was maintained. The reuse process was carried out in 4 cycles.
The leaching of Fe in the samples was analyzed using high-resolution
continuum-source atomic absorption spectrometry (HR-CS-AAS) Con-
trAA 700 (Analytik Jena).

2.4. Factorial experimental design

A statistical methodology was used to optimize the photocatalysis
process. For this, a 2 K factorial design experiment was carried out to
investigate the influence of some parameters on the performance of
photocatalysis. In a 2 K factorial design, k factors are varied on 2 levels,
called low and high (-1 and + 1). In this study, the influence of four main
variables was investigated: catalyst used (A) — Nb2Os and 1 % Fe-NbyOs,
amount of catalyst in mg (B) — 25 mg and 50 mg, pH of the solution (C) —
5 and 10, and the processing time in min (D) — 30 min and 60 min,
totaling 16 experiments. The discoloration value (in %) of RhB was
considered a response. Table 1 presents the relationship between the
variables studied and the levels.

3. Results and discussion

Fig. 1 shows the diffractogram of the pure NbyOs and Fe-NbyOs
samples. Both samples show the same behavior in the diffractogram,
which is related to the low crystallinity of the pseudohexagonal phase
(TT) according to the crystallographic card JCPDS No. 28-0317. The
samples showed this low crystallinity due to the synthesis method used
(MAH), which has the property of being carried out at low temperatures,
making it impossible to obtain the pure TT crystalline phase, which
requires a heat treatment temperature of 500 °C, as shown in other
works by the author [15,25,27]. Nb2Os has the property of changing the
crystalline phase when the heat treatment temperature increases.
Nevertheless, the presence of the nanocrystalline phase is detected in
both diffractograms of the samples, as shown in Fig. 1.

The chemical composition of the samples determined by EDXA is
shown in Table 2, and the EDXA spectra of each sample are shown in
Fig. S1 (Supplementary Material). The results of EDXA analysis confirm
that the concentrations of the impurity Fe are close to the nominal
concentration.

Raman spectroscopy, Fig. 2 (a), shows the presence of the vibrational
modes characteristic of NbyOs. As the amount of iron increases, the
intensity of the vibrational modes also increases. The mode at 678 cm ™!
is attributed to the symmetric stretching modes of the polyhedra of
NbOg, NbO7, and NbOg, which are characteristic of amorphous and low-
crystallinity NbyOs samples [39,40]. At 224 cm™!, the presence of
bending vibrations of Nb-O-Nb compounds is detected [39,41]. More-
over, the active mode at 102 cm™! is associated with the integral vi-
bration of octahedra [15,42].

Fig. 2 (b) shows the infrared spectroscopy of the samples. The peaks
in the regions of 3600 and 3000 cm ™" are related to the adsorption of

Table 1
Relationship between the studied variables and levels.
Variables Level
—1 (low) +1 (high)
Sample (A) Nb,Os5 1 % Fe-Nb,Os
Nb,Os dosage (mg) (B) 25 50
pH (O) 5 10

Time (min) (D) 30 60
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Fig. 1. Diffractogram of the samples for pure NbyOs, 1% Fe-Nb,Os, 2% Fe-
Nb,Os, and 3% Fe-Nb,Os.

Table 2
EDXA results.
Sample Analyte
Nb Fe
1 % Fe-Nb2Os 99.053 % 0.820 %
2 % Fe-Nb,0Os 98.251 % 1.749 %
3 % Fe-Nb,Os 97.054 % 2.817 %

water by the material [25,43]. The peaks at 1720 cm ! and 1662 cm ™!
correspond to the angular vibrations of water molecules [25,43-45].
The peaks at 1370 and 1220 cm™! can be attributed to the niobium
precursor used (NH4[NbO(C204)2(H20)]. (H20)n), which may contain a
residual organic component [43]. The peak at 903 cm™! indicates
stretching of the Nb = O bond [44]. The peak at 795 cm ™! is charac-
terized by the angular deformation vibration of Nb-O-Nb, and the peak
at 855 cm ™! corresponds to the asymmetric stretching of the O-Nb-O
bonds [44,45].

The SEM images of the samples are shown in Fig. 3. The NbyOs
sample, as shown in other works, is very characteristic of the synthesis
method and shows agglomerates of particles aggregated among them-
selves (Fig. 3 (a) and (b)). When 1 % Fe was inserted into NbyOs (Fig. 3
(c) and (d)), it was possible to detect the presence of pores between the
particles. However, it seems that for the pure NboOs sample, the particle
agglomerates increased and became denser. In Fig. 3 (e) and (f), based
on 2 % Fe-Nb,Os, the particles are more aggregated with each other and
form large particle agglomerates, and the distances between the ag-
glomerates are reduced to 1 % Fe-NbyOs. After inserting 3 % Fe, the
particles became more compact and larger than the others. This particle
aggregation is very characteristic of the MAH synthesis method for
Nb,Os, which uses a low temperature and a short synthesis time that do
not favor the growth of particle size, which in turn favors particle ag-
gregation and agglomeration. The property of the particles may affect
the photocatalytic response of the material, since smaller particles with
more pores favor the adsorption of the dye [46].

The TEM images are shown in Fig. 4. The pure NbyOs sample, Fig. 4
(a), shows blocky particles, which is characteristic of the sample syn-
thesized by this synthesis method [25,47]. In the sample with Fe im-
purity insertion, as shown in Fig. 4 (b), the particle size was not uniform,
and the samples showed a porous structure, which was consistent with
the SEM images, as shown in Fig. 3.

The specific surface area (Sggr) of the materials was evaluated, as it is
an important parameter in the photocatalytic process. For NbyOs, an
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Fig. 2. (a) Raman spectroscopy of the samples, where (1) is pure Nb,Os, (2) 1% Fe-NbyOs, (3) 2% Fe-Nb,Os, and (4) 3% Fe-Nb,Os; and (b) FTIR spectra of the
samples, where (1) is pure Nb,Os, (2) 1% Fe-Nb,Os, (3) 2% Fe-Nb,Os, and (4) 3% Fe-Nb,Os.

Sget of 1.453 ng’l was found. With the increase in impurity concen-
tration, there was an increase in Sggr, where 1 % Fe-Nb,Os presented
1.011 m%g™!, 2 % Fe-NbyOs 1.266 m?g™1 and 3 % Fe-NbyOs 1.396
m?g L. For samples with higher concentrations of Fe, such as 5 and 10
%, the values tend to increase more, being 3.402 m2g~! for 5 % Fe-
NbyOs and 4.171 ng’l for 10 % Fe-Nb,Os. This increase in the specific
surface area for an increase in the concentration of the impurity can be
explained by the fact that there is no partial blockage of the Nb,Os pores
[10,48].

The surface charge of the nanoparticles was determined using the
zeta potential. Material stability can be guaranteed when absolute
values are greater than 30 mV or less than —30 mV [49,50]. The pH used
in the solution to determine the zeta potential was 7. The zeta potential
values for pure NbyOs, 1 % Fe-NbyOs, 2 % Fe-NbyOs and 3 % Fe-NbyOs
were —61.04, —55.28, —64.26 and —45.18 mV, respectively. These
values seem to be in agreement with those reported in the literature for a
pH close to approximately 7 [51-53]. Normally NbyOs has the charac-
teristic of presenting zero charge point close to pH 2, and negative zeta
potential conditions are verified above pH 2 [52,53]. As the pH in-
creases, the zeta potential tends to decrease even further [51,54]. When
applied in photocatalytic processes involving cationic dyes, the nega-
tively charged zeta potential favors degradation efficiency due to the
high electrostatic interaction of the positively charged dye with the
negatively charged catalyst [55].

The band gap values of the samples, Fig. 5, were calculated according
to the Tauc model by the interception of the tangent line in a graph for an
indirect semiconductor of (ahv)®> versus hv, where a is the absorption
coefficient and hv is the photon energy in eV [56-58]. NbyOs exhibits a
band gap of 3.06 eV. When iron was inserted in NbyOs, it is possible to
visualize a decrease in the band gap values of the samples as the amount
of iron added to the system increases, i.e., 2.81 €V for 1 % Fe-Nb,Os,
2.48 eV for 2 % Fe-NbyOs and 2.41 eV for 3 % Fe-NbyOs. This behavior
of decreasing the band gap by visualizing the redshift is due to the in-
clusion of Fe®' in the crystalline structure of NbyOs, which allows
greater absorption of visible light. Moreover, with the increase in Fe
concentration in the lattice, it is proven that the color of the semi-
conductor material changes from white to light yellow. This is due to the
formation of trapping sites by the insertion of Fe ions in the NbyOs
structure.

The PL spectra of pure and Fe-inserted NbyOs samples were obtained
in the range of 365-800 nm, and the results are shown in Fig. 6. Two
main emission peaks (490 and 535 nm) were identified in Fig. 6 in both
samples, which are characteristic of the luminescence of this material.
These peaks indicate that recombination occurs through the energy
levels between the band gap of the material, resulting in a broadband
emission. The photoluminescent capacity of materials is directly related

to the recombination velocity of the e~ /h* pairs, indicating that the
facilitation of this recombination promotes higher PL intensities [59].
The impurity can affect the photoluminescence of the material since it
can promote the appearance of defects that can act as an impediment to
the recombination of e~ /ht pairs [60]. The Fe>* ions present in the
sample can result in the formation of Fe?* and Fe** ions by trapping the
photogenerated charge pairs. Fe>" and Fe** are more unstable than the
Fe3t ion, which has a half-filled 3d electron configuration (3d®). This
causes the e~ /h* pairs to be readily released from the Fe?* and Fe** ions
to the catalyst surface, which consequently favors photocatalysis
[61,62]. The 1 % Fe-NbyOs sample showed the lowest luminescent in-
tensity, indicating that insertion with 1 % Fe favored the creation of
traps in the recombination of the e~ /h* pairs. With this reduction in the
PL intensity, it is expected that the photocatalytic activity of the material
will be favored, with the availability of more e~. In the 3 % Fe-Nb2Os
sample, the PL intensity is higher, indicating that the higher concen-
tration of the impurity ion can help in the origin of defects that can favor
this distance in intensity. When the impurity ion concentration is higher,
Fe®" can act as efficient recombination centers, since the recombination
rate of the photogenerated pairs will be faster, which leads to a decrease
in the photocatalytic efficiency of the material [60,62-64].

XPS analysis for all samples was performed to verify the oxidation
state of the species. The survey spectra of the samples are shown in Fig. 7
(a). The binding energies of Nb 3d, C 1 sand O 1 s of all samples are very
similar, and the respective high-resolution XPS spectra of each sample
are shown in Fig. S2 in the supplementary material. Niobium 3d spectra
(figs. S2 a, d, g and j) is composed by two peaks related to spin orbitals
3ds,» and 3ds/,. This binding energy corresponds to Nb>' oxidation
state according to the literature [65,66]. Fig. S2 (b, e, h and k) shows the
C 1 s XPS spectra, revealing the presence of components corresponding
to C=C spz, C—0—C and C=0 bonds [66,67]. The O 1 s XPS spectra,
Fig. S2 (c, £, j and 1), showed the presence of two components associated
with O-Nb and probably with hydroxyl groups or carbonate species
[47,65,66].The XPS spectra of Fe 2p are shown on Fig. 7 and for the Fe-
Nb205 samples two peaks located around 710 eV and 725 eV are
observed, corresponding to the Fe 2p3/, and Fe 2p; /2 levels, respectively
[68,69]. For the three samples, the Fe 2ps,, level was deconvoluted in
two components, one of lower intensity located around 707.0 eV
attributed to Fe?™ and one of high intensity located around 711 eV,
attributed to Fe3" [68,69]. These data indicate that both Fe?" and Fe®"
ions are present in the NbyOs structure. In terms of iron concentration,
the 1 % Fe-NbyOs sample presents the highest amount of Fe?*
(approximately 7.1 %), while the 3 % Fe-NbyOs sample had the lowest
amount of Fe?" (approximately 2.0 %), which could explain the best
photocatalytic activity for the 1 % Fe-NbyOs sample attributed the
higher amount of Fe?' available, facilitating the release of
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Fig. 3. Scanning electron microscopy (SEM) images of the pure and Fe-Nb,Os samples, where (a) and (b) pure Nb,Os; (¢) and (d) 1% Fe-Nb,Os; (e) and (f) 2% Fe-
NbyOs; and (g) and (h) 3% Fe-Nb,Os.

Fig. 4. TEM images, where (a) is Nb,Os and (b) 1% Fe-NbyOs,



C.L. Ucker et al.

Journal of Photochemistry & Photobiology, A: Chemistry 435 (2023) 114294

40 40
——Nb,0O, (a) 1% Fe-Nb,O, (b)
Linear Fit Linear Fit
304 * * - Extrapolation Linear Fit 304 * - - Extrapolation Linear Fit
) 0
S ]
= 20+ 9; 20+
= =
C 3
10+ 10
- 3.06eV J281eV
0 T T — T T 0 T T T T T
26 2.8 3.0 3.2 3.4 3 1.6 2.0 24 2.8 3.2
Photon energy (eV) Photon energy (eV)
40
2% Fe-Nb,0, (c) 3% Fe-Nb,0, (d)
. . 40+ : .
Linear Fit Linear Fit
304 * -+ Extrapolation Linear Fit + - - Extrapolation Linear Fit
30+
©
S 20 =
> > 204
= =
C E)
10+ 101
. 248eV S 241ev
0 . . T T T 0 . . .' T T
1.6 2.0 24 2.8 3.2 1.6 2.0 2.4 2.8 3.2

Photon energy (eV)

Photon energy (eV)

Fig. 5. Tauc plots of the samples, where (a) pure Nb,Os, (b) 1% Fe-Nb,Os, (c) 2% Fe-Nb,Os and (d) 3% Fe-Nb,Os.
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Fig. 6. PL spectra of the samples.

photogenerated pairs on the catalyst surface and favoring the photo-
catalysis process.

3.1. Photocatalytic activity

The photocatalytic behavior of the samples against the RhB dye and
the time of 60 min under UVC irradiation is shown in Fig. 8. Fig. 8 (a)
shows the photocatalytic curve of the samples every 10 min, where Cy is
the initial concentration of the solution and C is the point concentration
over time. The RhB curve without a semiconductor is important to show
that the photocatalyst has an important effect on the process, as it only
shows a natural discoloration over time. Nb,Os has the property of being
a photocatalyst, as shown in other works [15,27]. It can be shown that
pure NbyOs exhibits approximately 92 % discoloration within 60 min
under these synthesis conditions. The samples with 1 and 2 % iron
showed better and similar results to Nb,Os, where 1 % Fe-NbyOs was
able to discolor RhB to 100 % in 60 min, while 2 % Fe-Nb,Os discolored
91 %. On the other hand, 3 % Fe-Nb,Os showed worse behavior than the

pure NbyOs sample, which was able to decolorize 61 % of RhB.

The reaction rate constant (k) of each sample was estimated using the
Langmuir-Hinshelwood kinetic model based on the linear relationship
between -In (C/Cp) and reaction time. Fig. 8 (b) follows the pseudofirst-
order reaction, expressed as -In (C/Cy) = kt, where t is the time in mi-
nutes. The k value of 1 % Fe-Nb,Os has the highest value of 0.06806,
followed by NbyOs with k of 0.04205, 2 % Fe-Nb2Os with k of 0.03908,
3 % Fe-Nb,Os with k of 0.01586, and finally RhB without catalyst with k
of 0.00276. This shows that 1 % Fe-NbyOs is 1.62 times more efficient
than Nb,Os, 1.74 times more efficient than 2 % Fe-Nb,Os, 4.29 times
more efficient than 3 % Fe-NbyOs and 24.66 times more efficient than
RhB without catalyst.

In this work, it was demonstrated that only a concentration of iron
ions of 1 % showed an increase in the photocatalytic discoloration of the
material. As the concentration of iron increases, the photocatalytic
performance decreases. This indicates that an inserted material does not
always show the best response in photocatalysis. Lower concentrations
of ion insertion generally improve the photocatalytic activity of a
semiconductor because the excited electrons can be trapped more effi-
ciently, in contrast to an excess of ion insertion, which leads to faster
recombination of the photogenerated electron-hole pairs and decreases
the photocatalytic behavior of a given material, which was visible in the
sample of 3 % Fe-NbyOs.

This result corroborates the SEM and PL analyses, as shown above in
Figs. 3 and 6. The 1 % Fe-NbyOs sample exhibited higher particle
porosity than the other samples, which favored the best photocatalytic
activity of this sample against RhB discoloration. Moreover, the same
sample exhibited a lower PL intensity, which inhibited the charge
recombination of the photogenerated charge pairs and consequently
favored the photocatalytic activity. Additionally, it is worth mentioning
that generally, the greater the surface area of the materials is, the better
the photocatalytic performance will be, since there is better contact
between the semiconductor surface and the dye. However, in this work,
it is verified that the 1 % Fe-Nb,Os sample presented the lowest Sggr and
the best photocatalytic result, showing that despite having a lower Sggr,
it has properties that favor the best efficiency, according to the results
described above, such as SEM, XPS and PL. Some works in the literature
also found this particularity of obtaining better photocatalytic perfor-
mance for smaller surface areas. Raba-Pdez et al. (2020) inserted



C.L. Ucker et al.

2 Survey spectrum

w @] )
2

()

o
N
(0}

3%Fe-Nb,0,

=-Nb 3d

2%Fe-Nb,0,

1%Fe-Nb,0,

WM'\J ‘ N
Nb,O,

600 500 400 300 200 100
Binding energy (eV)

Intensity (a.u.)

A

800 700

Fe2p 7248ev

Intensity (a.u.)

725 720 715 710 705

Binding energy (eV)

735 730 700

Journal of Photochemistry & Photobiology, A: Chemistry 435 (2023) 114294

(b)

Fe 2p 725.0 eV

710.8 eV

Intensity (a.u.)

725 720 715 710 705

Binding energy (eV)

735 730 700

711.6 eV

(d)

Fe2p 7250ev

723.9 eV

707.3 eV

Intensity (a.u.)

725 720 715 710 705 700
Binding energy (eV)

735 730

Fig. 7. XPS spectra: (a) survey, (b) HR-XPS spectra of Fe 2p for 1%Fe-Nb,Os, (c) HR-XPS spectra of Fe 2p for 2%Fe-Nb,0s, and (d) HR-XPS spectra of Fe 2p for 3%

Fe-Nb,Os.

Dark : i a b
104 - Lighton (a) 354 ® NbO, N (b)
® 1% Fe-Nb,0,
3 *—3 304 A 2%FeNb,O,
084 3 - Vv 3% Fe-Nb,0,
3 251 & RNB
0.6 204
g | S
S04 | ~~ | T %1
—m—Nb,0, N \\ 104
0.2 —@—1% Fe-Nb,0, o
—A—2% Fe-Nb,0, ~ 05
0.0 —v-3% Fe'NbQOs \.\. o e
——RhB | 00 &9 ¢ ¢
—— T f : . ‘ . : .
20 -0 0 10 20 30 40 5 60 0 10 20 30 40 50 60

Time (min)

Fig. 8. (a) Concentration variation of the RhB dye for the pure and Fe-inserted Nb,Os samples and (b)

constants (k) for the samples.

different concentrations of manganese in Nb,Os (1, 2.5, 5 and 10 %) and
found that with increasing Mn concentration, there was an increase in
surface area and a decrease in photocatalytic performance [10]. Wang
et al. (2019) subjected samples of NbyOs supported with manganese
oxide to different heat treatment temperatures and found that with
increasing temperature, the surface area decreased, and when applied in
photocatalysis processes, the authors found that the sample with a lower
Sger value showed better photocatalytic performance [48].

Tests were also performed with higher Fe concentrations in NbyOs,
such as 5 and 10 %, which are shown in Fig. S3 of the supplementary
material. As the iron concentration in the sample increases, the photo-
catalytic activity of the material gradually decreases, and even more so
than for the 3 % Fe-NbyOs sample. In addition to the likelihood of
greater recombination of charge carriers, an increased concentration of
iron ions may accumulate on the surface of the catalyst, resulting in a

Time (min)

-In (C/Cy) curve showing the values of pseudofirst-order rate

decrease in the penetration depth of light and consequently a decrease in
the performance of the material. MEV images of the 5 and 10 % mate-
rials can be seen in Fig. S4 of the supplementary material, showing an
excess of iron on the surface, which justifies the decrease in performance
of the materials with higher iron concentrations. In addition, the accu-
mulation of impurities on the surface of the material may reduce the
number of surface-active sites, leading to a decrease in the photo-
catalytic activity of the catalyst.

This behavior has been demonstrated in other works on semi-
conductors with various impurities. Recently, Mragui, Zegaoui, and
Silva (2021) [11] showed that TiO, samples doped with up to 1 % cobalt
exhibited better photocatalytic activity against discoloration by the dye
methyl orange; a decrease in photocatalytic performance was observed
at higher concentrations of the dopant. Ali et al. (2017) [70] showed the
photocatalytic behavior of TiO; inserted with different concentrations of
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iron (0, 3, 5, 7, and 10 %) against the discoloration of methylene blue in
an aqueous solution under visible light illumination; the sample inserted
with 3 % iron showed the best photocatalytic result, and larger amounts
tended to decrease the photocatalytic capacity of the material, indi-
cating greater charge recombination in these cases. Moradi et al. (2016)
[71] also found that iron-doped TiOy samples at lower concentrations,
such as 1 %, exhibited greater discoloration of the RR198 dye under UV
irradiation and that the photocatalytic activity decreased when the Fe
concentration was greater than 1 wt%.

Some studies demonstrate that the insertion of impurities in oxides
such as NbyOs and TiO; helps to increase the photocatalytic perfor-
mance. Table 3 compares the % of dye removal against these semi-
conductors doped with different materials. For the analysis, the best
result of the impurity addition approached with the respective pure
semiconductor was compared. There are few works that address the
insertion of Fe dopants in NbyOs for photocatalytic applications. The
efficiency obtained in this work was high, which is largely due to the use
of NbyOs with low crystallinity. The works by Oliveira et al [29] and
Zhang et al [72] approach the use of NbyOs with low crystallinity,
showing that both have better photocatalytic performance and in less
time when compared to the other crystalline phases of NbyOs.

This shows that the photocatalytic performance of a particular ma-
terial depends on the amount of impurity used and that a higher con-
centration of impurity ions does not always favor the heterogeneous
photocatalysis process.

The active species in the photocatalytic process were identified by
the scavenger method. Fig. 9 shows the change in RhB concentration
over time using different charge scavengers. Fig. 9 (a-c) shows the
performance of the pure NbyOs sample of 1 % Fe-NbyOs and 2 % Fe-
NbyOs. The use of EDTA, C3HgO and BQ as scavengers leads to a
decrease in the photocatalytic efficiency of RhB in both samples, indi-
cating that h*, HO®* and O,*~ play an important role in the desgradation
of RhB. The addition of AgNOs resulted in strong adsorption of the dye
in both samples but inhibited the photocatalysis of the samples. Since
AgNOj3 suppresses € in the system, more h' is available for the process,
avoiding the recombination of e~ with h*, which favors the discolor-
ation performance of RhB. Fig. 9 (d) shows that the addition of the EDTA
and BQ scavengers slightly decreased the photocatalytic efficiency of 3
% Fe-NbyOs. The addition of C3HgO improved the photocatalytic
degradation of the sample, showing that it had a negative effect on the
decolorization efficiency of the dye. This is consistent with the low
performance of 3 % Fe-Nb2Os in decolorizing RhB in the process (Fig. 8)
to the other samples, indicating that only h* and O, help in the
photocatalytic process.
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3.2. Catalyst reusability

The reusability of the samples is shown in Fig. 10. The reusability test
is important to determine the chemical stability of the material for
different photocatalytic cycles. After four consecutive cycles, the sam-
ples showed a slight decrease in photocatalytic performance, which may
have been related to the adsorption capacity of the dye, since reactive
sites on the surface of the semiconductor material may be occupied by
degradation products [74,75]. The discoloration reduction for both
samples was approximately 10 %. In Table 4, it is possible to visualize
the data of % RhB discoloration after 60 min of analysis, as well as the
concentration of iron leaching, for cycle 1 and cycle 4 of each of the
samples. These data show that the % of leaching of iron increased
slightly in the fourth cycle in relation to the first for both concentrations
of iron; however, even so, the value of leached Fe for the solution was
relatively low, showing that the catalyst presents stability and can be
used in different cycles.

3.3. Factorial design of experiments

Based on the photocatalysis data, a factorial design of experimental
analysis was performed considering the pure NbyOs and the 1 % Fe-
Nb,Os sample to analyze the importance of ion insertion, as the 1 % Fe-
NbyOs sample showed the best photocatalytic result among the ion-
inserted samples. Thus, considering the use of the 2* factorial, Table 5
shows the data of the average of % RhB discoloration, where the com-
bination of two levels with four variables totals 16 experiments. All
experiments were performed in triplicate, and the respective results are
displayed in the supplementary material, Table S1.

The individual analysis of each independent variable, as well as the
combination of two, three and four variables, are important to under-
stand the behavior and influence of each parameter on the heteroge-
neous photocatalysis response through the RhB discoloration. Among
the 16 experiments of the factorial design of experiments, one is used as
a basis for changing levels, and the other experiments are effects of the
four variables existing in the process (A, B, C and D), in addition to the
combination of two (AB, AC, AD, BC, BD and CD), three (ABC, ABD, ACD
and BCD), and four variables (ABCD), totaling 15 different effects.

A table is provided in the supplementary material (Table S2) that
shows the signs (positive and negative) for the effects in planning 2*. To
estimate the effects of interest in a factorial design, the high (+1) and
low (-1) levels of each column must be taken into account, as already
demonstrated in other works [15,16].

Table 6 presents the data from the ANOVA, which is used to visualize
the effect of each parameter. The F test is a tabulated value of 7.50
(f0.01,1,32) for this work, considering a confidence interval of 99 %. To

Table 3
Comparison of the % dye degradation over samples doped with different materials.
Sample Phase Dye Light Time (min) % RhB removal Ref.
Nb,Os Low crystallinity RhB uvc 60 90 This work

1 %Fe-Nb,Os 100
Nb,Os5 Orthorhombic RhB Vis 150 ~70 [64]

3 %Fe- NbyOs 98.4
Nb,Os Orthorhombic RhB uv 120 ~15 [10]

2.5 %Mn-Nb,Os ~13
Nb>Os Low crystallinity RhB uv 180 ~50 [29]

0.1 %Zn-Nb,Os ~90
Nb,Os Pseudohexagonal RhB Vis 40 ~27 [73]

C-Nb,05-200 100
Nb,Os5 Low crystallinity Triclosan Vis 15 100 [72]
TiO, Anatase MB Vis 90 ~35 [70]

3 %Fe-TiO, ~75
TiOy Anatase MO Vis 360 ~15 [11]

1 %Co-TiO ~35
g-C3Ny Hexagonal RhB Vis 60 ~60 [9]

3 %Fe-g-C3Ny ~85

RhB: rhodamine B; MB: methylene blue; MO: methyl orange.
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Fig. 9. Variation curves of RhB dye using the scavengers p-benzoquinone (BQ), isopropyl alcohol (C3HgO), silver nitrate (AgNO3), and EDTA compared to the curves
without scavengers for (a) NbyOs, (b) 1% Fe-Nb,Os, (c) 2% Fe-NbyOs and (d) 3% Fe-NbyOs.
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Fig. 10. Reusability of samples for 4 cycles.

evaluate the effects, a comparison was made between the values of fy
found and with the tabulated value of the F test (7.50). The values of f,
that exceeded the value of the F test are significant for the process,

meaning that they have an influence on the variation analysed, while the
values of fy smaller than 7.50 are not considered significant in the
process. Based on the values of fy, it is possible to analyze which vari-
ables and their interactions influenced the photocatalytic degradation
process.

The calculated effect, as shown in Table 6, is used to verify whether
the photocatalytic discoloration of RhB was positively significant or
negatively significant, according to each parameter and interaction. All
values that have a positive sign effect are positively relevant in the
photocatalysis process, indicating that changing this parameter helps to
obtain better photocatalytic results. The responses that showed an effect
with a negative sign indicate that the alteration of this parameter
somehow impairs the response of the photocatalytic process, indicating
that they are negatively relevant to the photocatalysis process. A rela-
tionship between the interactions of the parameters with the value of fj,
already considering the sign of the effect, is shown in Fig. 11. Fig. 11 (a)
is an overview of the values of fy, while Fig. 11 (b) approximates Fig. 11
(a), where it is possible to verify that all fy values that exceeded the blue
color line were significant for the photocatalytic process. From Fig. 11, it
is noted that of 16 independent experiments, at a confidence interval of
99 %, 12 had a significant influence on the process due to the values of fp
being greater than the F test (7.50).

Variable A, which indicates the change from the sample of NbyOs to
the sample of 1 % Fe-NbyOs, presented the most expressive value of f,

Table 4
Summary of RhB discoloration results, AAS and Fe leached values for cycle 1 and cycle 4 of the photocatalytic analysis.
Sample RhB removal 1st (%) RhB removal 4th (%) “Fe 1st “Fe 4th " Fe leaching 1st (%) " Fe leaching 4th (%)
(mg/L) (mg/L)
1 %Fe Nb,Os 100 90.10 0.414 0.465 0.828 0.93
2 %Fe-NbyOs 90.12 81.11 0.580 0.599 0.58 0.6
3 %Fe-NbyOs 61.06 50.36 0.764 1.008 0.51 0.672

* Fe determined in the aqueous phase by atomic absorption spectrometry.
" Fe leached after the 1st and 4th photocatalytic cycles in relation to the initial Fe composition in the catalysts.
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Table 5
Average RhB removal (%) for a factorial design 2# with variable values for 16
experiments.

Experiment A B C D Parameter Average Effects
interaction RhB
removal (%)
1 -1 -1 -1 -1 1 51.36 39.02
2 1 -1 -1 -1 A 84.81 —2.44
3 -1 1 -1 -1 B 54.52 —3.28
4 1 1 -1 -1 AB 80.12 -23.91
5 -1 -1 1 -1 C 21.02 19.57
6 1 -1 1 -1 AC 84.71 —4.37
7 -1 1 1 -1 BC 18.48 —0.09
8 1 1 1 -1 ABC 71.92 20.97
9 -1 -1 -1 1 D 85.67 —5.02
10 1 -1 -1 1 AD 97.51 1.78
11 -1 1 -1 1 BD 92.76 1.24
12 1 1 -1 1 ABD 99.69 -5.23
13 -1 -1 1 1 CD 37.63 5.05
14 1 -1 1 1 ACD 97.86 —0.92
15 -1 1 1 1 BCD 33.29 0.51
16 1 1 1 1 ABCD 90.28 39.02
Table 6
ANOVA table for the model obtained for % RhB discoloration.
Source of Sum of Degrees Mean fo F test
Variation Squares of Square
Freedom
A 18271.36 1 18271.364 7513.4 7.50
B 71.53 1 71.526135 29.4124 7.50
9 6857.66 1 6857.6642 2819.95 7.50
D 5275.77 1 5275.7744 2169.46 7.50
AB 129.36 1 129.36117 53.1948 7.50
AC 4594.63 1 4594.6333 1889.37 7.50
AD 302.75 1 302.7549 124.496 7.50
BC 229.49 1 229.49268 94.37 7.50
BD 37.95 1 37.953119 15.6068 7.50
CD 328.64 1 328.64098 135.141 7.50
ABC 0.10 1 0.1019677 0.04193 7.50
ABD 18.56 1 18.560332 7.63222 7.50
ACD 305.46 1 305.46365 125.61 7.50
BCD 10.23 1 10.228761 4.20618 7.50
ABCD 3.07 1 3.0744158 1.26424 7.50
Error 77.82 32 2.43
Total 36514.41 47

with a positive effect, indicating that the sample with 1 % Fe greatly
improves the photocatalytic response. This is very clear in Fig. 8, where
the Fe-inserted sample shows a discoloration of 82 % in 30 min of
analysis, while the pure Nb,Os sample discolored 55 % in 30 min. All
level changes for parameter A shows better efficiencies. This has been
explained before, where small amounts of ions added to the system
improve electron capture.

Variable B also presented a fy greater than 7.50, but with a negative
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effect, indicating that the change in the amount of catalyst, from 25 mg
to 50 mg, impairs the photocatalytic process, decreasing the discolor-
ation response of RhB. This show that the use of a smaller amount of
catalyst in the process, in addition to presenting better results of RhB
discoloration, generates savings in the process, since it is possible to use
half the amount of sample. Generally, a greater amount of catalyst
contributes to the presence of more active sites on the surface, which
favors the photocatalytic process [76,77]. However, under the condi-
tions of this work, it was found that a smaller amount of material can
decolorize RhB more effectively than larger amounts. This can be
explained by saturation of the amount, causing the solution to become
cloudy and consequently lose its ability to decolorize RhB.

Changing only the variable C greatly impairs the photocatalytic
performance, since the change in this variable presented a much higher
fo than the F test and had a negative effect. This variable refers to the pH
change of the sample. This indicates that the acidic RhB solution (pH 5)
has a greater decolorization capacity under the conditions of this work,
indicating that H' present in the solution helps to improve photo-
catalytic degradation through the interaction with the oxidizing species
that are responsible for the oxidation of the cationic dye, that is, RhB
[78]. Under alkaline conditions, where there is deprotonation of the
—COOH group, photocatalytic degradation tends to decrease. Addition-
ally, the point of zero charge of NbyOs is in acidic conditions, thus
making the values of zeta potentials that are closer to the point of zero
charge tend to present better photoactivity [54].

The variable D has a positive effect and a much higher fj than the F
test. This shows that the time of the photocatalytic process influences the
discoloration response of RhB. This significant improvement in the
process is clearly confirmed by the results found, as shown in Table 5,
where the change in variable D reached higher percentages of RhB
discoloration. The increase in time tends to increase the adsorption of a
material through processes of mass transfer and diffusion in solution
[79]. For the conditions of this work, this variable showed an
improvement in photocatalysis for the time of 60 min, indicating that
there was no saturation of the photocatalyst, indicating that there are
still active sites in the material that help this condition of photocatalytic
performance.

In the interactions between two parameters, different results were
visualized. The AB interaction presented a fy greater than 7.50 and had a
negative effect. In this experiment, even with a very significant variable
A, the interaction of A with B had a negative effect on the process,
indicating that when there was a simultaneous change in the catalyst
and the amount of the respective catalyst, the photocatalytic response
tends to decrease.

The AC interaction has a positive effect, with fyp much higher than
7.50, as shown in Table 6, indicating that the sample inserted with Fe
together with pH 10 favors an increase in the photocatalytic activity of
the process. Even though the variable C alone has a negative effect, the
interaction between AC proved to be positive for the process.

The interaction between AD is negatively significant to the process.
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This result is interesting, where even though variables A and D indi-
vidually show a significant improvement in photocatalysis, the inter-
action between these two parameters has a negative influence. This
result could be explained by the excellent degradation result obtained in
A, where more than 80 % of degradation has already been reached;
logically, the degradation index in the last 30 min was lower.

Additionally, considering the two interactions, the BC interactions
(catalyst dosage and pH) and CD (pH and time) negatively influence the
process, while the BD interaction (dosage and time) positively influences
the photocatalytic performance. The interaction between three vari-
ables, ABD and ACD, also had a significant positive influence on the
photocatalytic process. The ABC, BCD and ABCD interactions had no
significant influence on the photocatalytic discoloration of RhB in this
work.

Response surface analysis was performed to evaluate the interaction
between the variables on the results obtained in a more effective way, as
shown in Fig. 12. Response surface graphs were plotted for each of the
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catalysts (NboOs and 1 % Fe-Nb,Os), fixing at each moment a variable.
Through ANOVA, the variables that presented greater significance in the
process were considered, with variable B fixed at 25 mg, variable C fixed
at pH 5 and variable D at 60 min. Fig. 10 (a), for the sample of NbyOs
fixing the variable B, verifies that the use of pH 10 drastically decreases
the photocatalytic performance, and with the increase in the reaction
time, there is an increase in the response of % of discoloration of
rhodamine B. With fixed variable C (Fig. 12 (b)) considering the Nb,Os5
sample, it is verified that there is a performance gain with the increase in
the analysis time and that with the catalyst dosage, there are no major
changes. Fixing the time parameter (variable D), Fig. 12 (c) shows that
the use of pH 10 greatly decreases the % discoloration of RhB but
increasing the dosage does not provide major changes in the photo-
catalytic process.

When the catalyst material changes from NbyOs to 1 % Fe-NbyOs
(Fig. 12 (d-)), the first check is in relation to the amount of rhodamine B
discolored in the process over time, according to % values. In Fig. 12 (d),
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the change in pH alone does not significantly change the result, while
the change in time greatly increases the photocatalytic performance of
the material. The fixation of variable C, as shown in Fig. 12 (e), also
shows that increasing the process time increases the photocatalytic
response of the material. Fig. 12 (f) shows the 1 % Fe-Nb,Os5 sample with
the fixed time variable, where increasing the dosage from 25 to 50 mg
decreases the % discoloration of RhB at both pH values. Additionally,
the increase in the pH value of the solution, considering the same
catalyst dosage, decreases for the highest dosage and remains at 25 mg.

4. Conclusion

Obtaining Nb2Os by the MAH method is easy, fast and requires low
temperatures. Iron ion insertion was performed effectively, showing a
strong effect on the microscopic, surface, and optical properties of
Nb,Os. XRD showed the presence of Nb,Os with low crystallinity of the
pseudohexagonal phase, which is characteristic, due to the low synthesis
temperature. The SEM images showed that the incorporation of Fe into
the niobium structure causes porosity in Nb,Os and that as the con-
centration of the Fe ion increases, Fe saturation is observed on the sur-
face of the material. The band gap of the inserted samples decreases in
relation to pure Nb,Os as the Fe concentration increases.

In the heterogeneous photocatalysis, the 1 % Fe-NbyOs sample
showed a better result of discoloration of RhB compared with the other
samples, being able to decolor 100 % of the RhB dye in 60 min of
analysis. As the Fe concentration increases, a decrease in the photo-
catalytic performance is noticed due to the increase in charge recom-
bination. In the 2* factorial design, performed for the pure sample
compared to the sample with the best performance (1 % Fe-NbyOs), 4
different variables were evaluated, as well as their interactions. The
catalyst (A), catalyst dosage (B), pH (C) and reaction time (D) had a
significant effect on the process, with A and D being positive and B and C
being negative, as well as the interactions between the variables. Often,
the variables alone present a positive performance, and when they
interact with other variables, there may be a drop in the efficiency of the
process, or vice versa, showing the importance of carrying out a statis-
tical study to evaluate all the variables that influence or can influence
the photocatalytic activity. These results help in choosing the photo-
catalytic routes to be followed, making it possible to discard analyses
that show a drop in photocatalytic efficiency, generating savings in
analysis time and materials to be used.
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