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In this work, catalysts based on niobium oxide modified with iron oxide were developed for the photocatalytic
treatment of effluents contaminated with dyes. The catalysts were prepared, in different proportions of
niobium and iron, using niobium ammonium oxalate salts, iron nitrate and ammonium acetate and calcination
at 400 °C. The solids were characterized by X-ray diffraction, infrared spectroscopy with Fourier transform,
measured at zero point charge and evaluated in adsorption, Fenton reaction type advanced oxidation and
methylene blue heterogeneous photocatalysis. It was observed that the increase in niobium concentration
increased the values of point of zero charge and decreased the reaction system final pH. The solid with Fe/Nb2
ratio showed the best performance as an adsorbent and in oxidation reaction, followed by the one with Fe /
Nb1.5 ratio. The solids showed practically the same result (1.8 eV), in addition, the presence of iron niobite

(Fe/Nb1) favored the photocatalytic system.
Keywords: Fenton, photocatalysis, niobium oxide

Neste trabalho foram desenvolvidos catalisadores com base em éxido de niébio modificado com dxido de
ferro, para o tratamento fotocatalitico de efluentes contaminados com corantes. Os catalisadores foram
preparados, em diferentes proporcdes de nidbio e ferro, utilizando-se sais oxalato amoniacal de niébio, nitrato
de ferro e acetato de amonio, e calcinagdo a 400 °C. Os solidos foram caracterizados por difragdo de raios X,
espectroscopia na regido do infravermelho com transformada de Fourier, medida do ponto de carga zero e
avaliadas na adsorgdo, oxidacdo avangada do tipo reacdo Fenton e fotocatélise heterogénea do azul de
metileno. Foi observado que o aumento da concentracao de nidbio elevou os valores de ponto de carga zero
e diminuiu o pH final do sistema reacional. O s6lido com razdo Fe/Nb 2 apresentou 0 melhor desempenho
como adsorvente, seguido do sélido com razdo Fe/Nb 1.5. Os s6lidos apresentaram praticamente 0 mesmo

resultado (1,8 eV), sendo que a presenca de niobato de ferro (Fe/Nb1) favoreceu o sistema fotocatalitico.
Palavras chave: Fenton, fotocatalise, 6xido de ni6bio

1. INTRODUCTION

Industrial effluents, rich in toxic organic compounds, have generated high pollution to the
environment. In addition, the increase in water consumption reinforces the importance of efficient
treatments for the degradation of various organic pollutants which are characterized by resistance
to conventional treatments and long residence time in the environment. This promotes a constant
search for physical-chemical processes that can remove these contaminants efficiently and at a low
cost [1].

A variety of processes have been proposed, some of which are widely used industrially, such as
the flotation / sedimentation system and activated carbon adsorption [1]. These ones have the
disadvantage of not being destructive [2, 3]. The treatment by biological processes, on the other
hand, decomposes the pollutant; however, it is limited, not being efficient in the degradation of
organochlorines and phenols, for example [4].

The so-called Advanced Oxidative Processes (AOP) have gained prominence as an alternative
for the effluents treatment contaminated by toxic organic compounds. These processes are based
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on the formation of highly oxidizing species. In this sense, the formation of hydroxyl-type radicals
is desirable. Such contaminant elimination processes stand out for their efficiency since they are
not selective, being able to eliminate a wide variety of organic compounds, transforming them into
carbon dioxide, water and inorganic anions [5].

Among the AOPs, the following can be highlighted: heterogeneous photocatalysis, processes
based on Fenton and photo-Fenton reactions and processes based on ozone reaction. Photocatalysis
stands out for using fewer reagents and being efficient. Heterogeneous photocatalysis uses
semiconductors which are activated by ultraviolet radiation in order to promote valence band
electrons for conduction band [6], thus generating a positive gap in the first one. Titanium oxide is
the main semiconductor, but other semiconductors, such as zinc oxide and iron oxides, perform
well [5].

In the case of iron oxide, it is worth mentioning the fact that phases, such as goethite and
hematite, which have low activity in other AOP systems, such as Fenton, are very active in
photocatalysis [1, 7].

A material that has also excelled in photocatalysis is niobium oxide. It has semiconductor
properties, redox capability and is active in hydrogen peroxide decomposition reactions [8]. In
addition, Brazil is the world's largest producer of niobium and since 2010 the Brazilian government
has recommended expanding the use of niobium in industries and fostering its research [9]. In
addition, catalysts based on iron and niobium have stood out in several processes, not only due to
their natural occurrences and abundances, but also due to their different physical-chemical
characteristics that have high applicability in oxidative processes [5]. Thus, in this work, niobium
catalysts were developed, modified with iron, for heterogeneous photocatalysis.

2. MATERIALS AND METHODS

Synthesis

The catalysts were prepared from the mixture and solubilization of niobium ammonium oxalate
salts (NH4NbO(C204)2(H20)2]JnH20) and nonahydrate ferric nitrate (Fe(NOs)3.9H,0). Then,
ammonium acetate was added (C2H;NOy), in 2 mol molar ratio acetate for every 1 mol iron. The
mixture was heated to 60 °C, under constant stirring, until excess moisture was removed. Then, the
samples were dried at 120 ° C in an oven for 24 h. Finally, the solids were calcined at 400 °C for 2
h and heating rate of 2 °Cmin. Solids with different concentrations of iron were prepared. The
samples were named FeNb0.1, FeNb0.5, FeNb1.0, FeNb1.5, FeNb2.0, according to the ratio (in
mol) Nb/ Fe0.1, 0.5; 1.0; 1.5; 2.0, respectively.

Characterization

The solids were characterized by X-ray diffraction (XRD), spectroscopy in the infrared region
with Fourier transform infrared spectroscopy (FTIR), point zero charge measurement (pHpzc)
and evaluated in adsorption, Fenton reaction type advanced oxidation and methylene blue
heterogeneous photocatalysis.

XRD measurements were performed using a Shimadzu XRD600 diffractometer with a nickel
filter. The sample was exposed to CuK a radiation (A = 1.5406 A), generated at 30 kV and 20 mA.
The scan was performed at 26 range from 10 ° to 80 °. The samples structural characterization was
carried out through crystalline phases identification with automatic search in the crystallographic
database Inorganic Crystal Structure Database (ICSD) through Match3 software.

FTIR spectra were generated in the range between 4000 to 400 cm™ by means of infrared
analyzer with Fourier-PERKIN ELMER transform using Spectrum100-FT-IR model. The solids
were analyzed in the form of tablets from the sample diluted in potassium bromide, in the proportion
200:1, using 4 cm™ resolution and 32-sweep accumulation.

The point zero charge measurement was carried out at pH range 4 to 11. The solid (0.1 g) was
mixed with 7 mL solution whose pH was controlled with the use of hydrochloric acid solutions and
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/ or sodium hydroxide (0.1 molL™). The mixtures were centrifuged at 100 rpm for 24 h. After
centrifugation, the final pH of each suspension was measured with the aid of a pH electrode
(TECNOPON brand, resolution 0.01). To measure the pHpzc, the final pH versus initial pH curve
was used.

Catalytic evaluation

Catalytic tests for the removal of methylene blue, by adsorption and oxidation, were carried out
according to some authors [10] at 22 °C + 1 ° C and evaluated by methylene blue absorbance
decrease (MB) at 10 mg.L* as a function of the solid exposure time in solution. The evaluation
took place with 663nm maximum wavelength, corresponding to the instrumental response
sensitivity of UV-vis spectrophotometric (Kasuaki model I1L-226-Bl, with 0.5 cm glass cuvettes)
at 3.5 mg. L of the methylene blue dye concentration, verified by its spectral scanning.

The adsorption tests were carried out in a batch system. 100 mg solid and 50 ml methylene blue
dye solution at 10 mg.L™* were used. The adsorption was evaluated as a function of time, in which
aliquots were removed at different times and centrifuged before measuring their absorbance. The
amount of methylene blue adsorbed by the solid was determined from Equation 01.

_ U(C—Co)
=25 (01)

Where q is the amount of methylene blue adsorbed by mass of catalyst (mg.g™), v solution
volume (L), C and Co the final and initial concentrations (mg.L™?) respectively and w is the mass of
solid (g). To convert the amount of dye in milligram to percentage, Equation 02 was used.

Ads (%) = %xlOO (02)

Where 10 is the methylene blue concentration used in milligrams per liter (10 mg.L™).
The oxidation tests were carried out under the same conditions, but with the addition of 1mL
30% (v / v) hydrogen peroxide to the reactor. Removal was determined using Equation 03.

(40—4)
Ag

R (%) = X 100 (03)

Where R is the removal of methylene blue in percentage, Ao the absorbance at time zero and A
the absorbance at time t. Methylene blue oxidation by hydrogen peroxide was determined by the
difference between the removal processes and the adsorption according to Equation 04.

Oxi (%) = Rem (%) — Ads (%) (04)

Effect of the adsorbent amount on adsorption

To find the appropriate amount of mass in the adsorptive system, the influence of the amount of
adsorbent on the adsorption was analyzed. The Catalytic Evaluation procedure was carried out
using different masses of solids (0.1; 0.2 and 0.3 g).

Photocatalytic evaluation

In the photocatalysis tests, 250 mL methylene blue solution at 70 umolL* and 0.3 mg catalyst
were added to a handcrafted reactor. The reactor outside was in contact with water circulation at 15
° C, in order to maintain its internal temperature at 30 ° C. The system was kept under magnetic
stirring in the dark for 30 minutes, in order to reach the adsorption equilibrium. After this period,
the solution was subjected to U. V. light irradiation by means of mercury steam lamp. The aliquots



J. S. Ferreira et al., Scientia Plena 16(12), 127201 (2020) 4

were collected at 0.5, 10, 15, 20, 25, 30, 45 and 60, 75 and 90 minutes, centrifuged at 2500 rpm
and analyzed using UV-Vis spectrophotometer at 663 nm wavelength.

3. RESULTS AND DISCUSSIONS

XRD results (Figure 1) show amorphous halos in the samples with the highest niobium
concentration (Fe / Nb 0.5 and 0.1) while the presence of iron favors the crystalline structure. The
sample with equimolar Fe/Nb ratio (FeNb1.0) showed the hematite phase and evidence of the
formation of a non-stoichiometric iron niobate species (g-FeNb11029) with orthorhombic phase [6].
The hematite phase is found predominantly in solids with Fe / Nb 1.5 and 2.0 ratios. From the
equimolar concentration there is no evidence of secreted niobium oxide. Therefore, there seems to
be an isomorphic substitution of iron for niobium in hematite, which may occur due to iron Il and
niobium IV ionic rays proximity (0.0069 nm and 0.069 nm, respectively). In addition, the reduction
and dispersion of niobium oxide particles may have occurred, contributing for the predominant
evidence of iron oxide crystalline structure shown by the technique [11].
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Figure 1. Catalysts diffractograms according to Nb / Fe ratios, with phase identification: hematite (8), iron
tetraoxyniobate 11 (9), goethite (7).

FTIR spectra (Figure 2), used to evaluate the bonds vibrations present in the materials, showed
similar profiles for most samples. In all cases, there is a band centered at approximately 3600 cm?,
attributed to hydroxyl groups (-OH) stretching of the water present on its surface, with little
significant intensity in the FeNb1.0 sample, though, which can be related to the presence of non-
stoichiometric iron niobate species in the sample. In addition, there was hydroxyl groups stretching
by approximately 3140 cm™, commonly observed in solids containing goethite phase (FeOOH)
[11].
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Figure 2. FTIR spectra of calcined samples.

With the exception of FeNb1.0 sample, the materials presented a band centered at 1700 cm™,
commonly attributed to the -C = O stretch, which may be the result of residual oxalate and acetate
species. In all solids, stretches were observed in the region of 1400 cmt, with greater intensity for
FeNb0.1 and FeNDb0.5 samples, though, related to nitrate residues as well as oxalate, demonstrating
that the calcination temperature used (400 ° C) was not enough for the precursors residues complete
elimination (iron nitrate 111 and ammoniacal niobium oxalate). Finally, bands between 1000 and
400 cm™ point to metal-oxygen bonds with bands at 840 and 680 cm™ regions commonly attributed
to the -Nb = O and Nb-O-Nb stretch, respectively [12]. The changes observed in bands at lower
wave numbers in the samples spectra suggest interactions between the iron and niobium phases
present. The Fe / Nb ratio influenced the bands intensity increase at 1700 cm regarding the oxalate
ions, due to the higher niobium content, so there was a greater presence of oxalate ions that can be
strongly complexed with both metals [13, 14]. Shoulders between 900-500 cm™ were identified in
the sample with the highest niobium content (FeNb0.5) characteristic of amorphous niobium, phase
already identified in the diffractogram for this reason [15, 16].

According to the test to assess the influence of adsorbent amount on adsorption (Figure 3), there
was a decrease in the system absorptive capacity with an increase of the adsorbent mass. This
behaviour was well evidenced, mainly in the sample with Fe / Nb 2.0 ratio.
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Figure 3. Adsorption curves as a function of time, with different masses.

Dosages above 0.1 g cause materials aggregation, contributing to active sites reduction,
significantly decreasing the solids adsorptive capacity. The best performance of materials with 0.1
g mass indicates that the mass decrease favoured a greater dispersion of the solid in solution, and,
consequently, a greater charges and pores exposure, responsible for adsorbent-adsorbate
interactions. Therefore, the subsequent processes were carried out standardizing 0.1 g mass [17-
19].

Figure 4 shows the adsorption curves of methylene blue as a function of time. It was found that
the increase in the iron content favoured dye adsorption. Solids with Fe/Nb 2.0 and 1.5 showed
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similar behaviour. It can indicate that this concentration range, concerning iron and niobium, is not
enough to change the behaviour of solids such as methylene blue adsorbents. However, Fe/Nb 1.0
and Fe/Nb 0.5 ratios showed different behaviour. Therefore, the change in solids behaviour depends
on the concentration range.
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Figure 4. Adsorption curves of solids as function of time.

The increase of niobium content in the materials increases the specific area and reduces the pore
diameter; however, it also decreases the materials adsorption capacity, which may justify the lower
adsorptive capacity of lower Fe / Nb ratio samples [20, 21].

For weak interactions, as there is no activation energy, this system quickly reaches equilibrium,
thus, the interactions present occurred through physisorption. The phenomenon speed can indicate
the materials pore size, the presence of small pores favors slow processes of physisorption. Larger
pores favor faster and more efficient processes. Thus, the material pore size is reflected in how
quickly the system balance is reached, indicating that the material has large pores for this adsorbate
[22].

The similarity in solids behavior as adsorbent may be related to the zero point charge, that is,
the pH where the charge balance on the material surface is zero (Table 1). Solids with higher iron
content (Fe/Nb 1.5 and 2.0) presented pHpzc values below the pH of the dye solution (pH 5.4). The
adsorption of a cationic adsorbate is favored when the solution pH is higher than the material
PHprzc, such as methylene blue dye solution, due to negative charges increase on the solid surface,
which may have influenced the better performance of FeNb1.5 and FeNb2.0 samples as adsorbents.
The solids with 0.1, 0.5 and 1.0 Fe / Nb ratio showed pHezc higher than the solution pH. In this
case, the solid surface will acquire a positive charge, causing an electrostatic repulsion and reducing
the adsorption capacity of these materials [10, 23]. It can be seen that there was pHpzc increase
along with Nb concentration increase, indicating that niobium decreased the materials acidity,
possibly due to residual anionic groups, such as nitrates and mainly oxalates, as already reported
for FTIR spectra and with greater intensity for FeNDb0.1 and 0.5 ratio samples.
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Table 1. Zero point of zero charge values (pHezc), pH of removal process solutions at 180 minutes,
bandgap, apparent speed constants (kap) and solids yield coefficient.

Sample pHezc pH final Bandgap (eV) kap (10°min?) R2
FeNb2.0 3.9 4.3 1.8 13.7 0.9989
FeNbl5 4.3 4.3 1.7 10.2 0.98112
FeNb1.0 6.4 4.2 1.8 19.5 0.9955
FeNb0.5 7.4 4.0 1.8 6.8 0.9787
FeNb0.1 7.2 3.9 . - -

The removal curves (Figure 5) show that all solids showed catalytic activity. Fe / Nb2.0 and Fe
/ Nb1.5 solids showed the best results, with stable curves, reaching equilibrium after 30 min
reaction. The other solids, containing iron and niobium, showed constant activity growth during

the 180 min reaction.
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Figure 5. Methylene blue dye removal curve as function of time.

Methylene blue dye removal system picture is shown in Figure 6. In this case, it is possible to
observe the liquid mixture turbidity in solids with higher iron concentration due to the formation
of iron complexes with water.
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Figure 6. Pictures of the methylene blue removal system. From right to left: methylene blue solution, and
solutions containing Fe / Nb solids in diets 0.1, 0.5, 1.0, 1.5 and 2.0, respectively.

The dye solution pH was determined at the beginning (pH 5.4) and at the end (Table 1) of the
removal process, in which a decrease in pH was observed in all systems, resulting from iron
hydroxides formation, characterized by dark green color (Figure 7). For iron hydroxides formation,
H* ions are released in solution, which may be related to the decrease in the catalytic system pH
(Table 1). After a few minutes of reaction the solution showed brown color; it is possible to observe
the liquid mixture turbidity in solids with higher iron concentration due to the formation of iron
complexes with water, from particles of hydrated iron oxides (Fe203.H20y) [24, 25].

Figure 7. Picture of the removal system at the beginning of the reaction.

Figure 8 shows the oxidation curves attributed to the solids catalytic behavior. Fe / Nb2 sample
showed approximately 60% oxidation throughout the reaction time, being, therefore, the most
active and stable catalyst, demonstrating that the increase in iron concentration favored the material
catalytic activity. The other samples showed an increase in oxidation capacity over time, especially
the Fe/Nb0.1 ratio sample. The catalytic results demonstrate that the combined materials of iron
oxides and niobium have high potential in organic compounds oxidation reactions, mainly materials
with small niobium concentration. Other works have also reported the efficiency of these materials
and the importance of niobium for their catalytic activity [26].

Fe3*ions (Eq. 5) can generate intermediate radicals receiving an electron from H,O and through
electron donation, Fe?* ions producing *OH radicals (Eq. 6). Both *OH and intermediate radicals
(HO2¢) are responsible for dye oxidation. However, *OH radicals have greater oxidative potential,
so they are more effective in the system [27, 28].

Fe** + H,0, > Fe?* + HOp + H 5)

Fe?"+ H,0, > "OH + «OH (6)
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Figure 8. Catalytic curves of methylene blue dye oxidation.

Materials bandgap values (Table 1) suggest that all solids have semiconductors electronic
properties [29-31].The solids showed practically the same result (1.8 eV) and sample FeNb1.5
favored a little more the reduction of the prohibited band (1.7 eV), demonstrating that this ratio can
potentiate photocatalytic reactions even more [32].This factor generates advantages in the use of
mixed oxides based on iron and niobium, since pure niobium oxide absorbs light in the ultraviolet
region (bandgap from 3.1 to 4.0 eV) and mixed oxides have spectral photosensitivity in the visible
range, being possible to use sunlight as energy source [30, 33, 34].

Photocatalytic test results for FeNb samples are shown in Figure 9 and in Table 1. It is observed
that the sample with twice the niobium content (FeNb0.5) showed the worst performance leading
to a 44% methylene blue discoloration after 90-minute testing. On the other hand, samples with
higher iron concentration led to an improvement in photocatalytic performance reaching 81% for
FeNbl1.0 sample and 70% for FeNb 2.0 system, after 90 minutes. The best photocatalytic
performance of FeNb1.0 sample may be associated with the presence of iron niobate phase (e-

FeNb11029) once this phase can improve the optical absorption in U.V and visible light region
significantly [6, 35].

—e— FeNDb2.0
FeNb0.5
—w— FeNb1.0

Discoloration (%)
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Figure 9. Discoloration of methylene blue solution in photocatalysis.
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For a better comparison of different solids effect regarding process kinetics, the data were
adjusted to Langmuir-Hinshelwood model (Eq. 7). According to the literature, organic pollutants
oxidation in aqueous suspension follows the aforementioned model [25].

_dC_ _KC (7)
dt 1+K,C

a

Considering a very small C value, K,C product can be neglected in the denominator. Using the
pseudo first order model, and being: C = Co and t= 0, Equation 8 is obtained.

_m[é}kt @®)

Since k is the apparent constant of pseudo first order that can be determined by plotting In (C/
Co) as function of time. In general, the fit of data to the model was satisfactory, considering R
values. k values are shown in Table 1.

The comparison between the apparent velocity constants values further evidence the materials
different behaviour towards the process kinetics, with the k value obtained by using Fe/Nb 1 sample
being higher than the others, followed by Fe/Nb 0.5 sample. This effect cannot be associated with
the bandgap, once there is no significant difference between them.

4. CONCLUSIONS

In this work, solids based on iron oxide and niobium oxide were developed in different Fe / Nb
ratios, using complexing precursor salts and heat treatment at 400 °C, characterized and evaluated
in the Fenton reaction and photocatalysis. It was observed that only solids with Fe/Nb ratio equal
to or greater than the equimolar one showed crystalline structure at X-rays. Fe/Nb 2 ratio solid
showed predominantly hematite phase and goethite evidence. Fe/Nb2 ratio solid also showed the
best result as a catalyst, but there was no linear relationship between the Fe/Nb ratio and the
catalytic performance of the solids.

On the other hand, the increase in niobium concentration increased the zero point charge values
and decreased the reaction system final pH. Fe/NDb2 ratio solid also showed the best performance
as an adsorbent and in oxidation reaction, followed by the Fe/Nb1.5 ratio one. The solids showed
practically the same result (1.8 eV), It is observed that the presence of iron niobate (FeNb1.0)
favours the photocatalytic system.
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