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Nanoparticles of FeNbO4 Produced by Microwave Assisted Combustion Reaction: a 
Potential Technology for the Treatment of Wastewater
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Iron(III) niobate, FeNbO4, was synthesized for the first time by microwave-assisted combustion 
reaction between Fe(NO3)3.9H2O and NH4[NbO(C2O4)2(H2O)2](H2O) in the presence of NH4NO3 and 
Urea {O=C(NH2)2}. Experiments of X-ray powder diffraction revealed a small crystallite size for this 
material, 16 nm, and the results of MEV showed that it forms agglomerates with diameters between 
80 and 180 nm with spherical shapes. HRTEM images revealed that the material is formed by clusters 
of particles with a diameter near 20 nm. A surface area of 40 m2g-1 was determined by experiments of 
specific surface area (SSA). The FeNbO4 induced the decomposition of H2O2, forming radicals that, 
in turn, discoloured Indigo dye Carmine (IC) a solution. The results showed that this niobate was 
able to degrade 55% of the initial solution in the presence of H2O2 after 360 minutes of reaction time.

Keywords: iron(III) niobate, synthesis by microwave-assisted combustion, advanced oxidative 
processes, environmental remediation, organic contaminants.

1. Introduction
In the last decades the incorrect disposal of pharmaceuticals, 

dyes, hazard substances or the misuse of pesticides, among 
others, have transformed these chemicals in a major 
environmental problem due to their growing presence in 
groundwaters. These organic water contaminants normally 
display slow kinetics of decomposition or biodegradation 
owing to their chemical and structural stability1,2. Midst 
the most popular textile colouring agent, stands indigo 
carmine (IC) or acid blue 74, a well-known anionic dye 
whose annual production is about millions of tons. Most 
dyes are carcinogenic and mutagenic, therefore, displays 
potential toxicity, demanding correct disposal of the industrial 
wastewaters3-7. The scientific literature mentions different 
methodologies studied to remove dyes from wastewater. 
The so-called advanced oxidative processes (AOP) appears 
as one of the most promising approaches, especially the 
catalytic wet hydrogen peroxide oxidation8,9, where H2O2 is 
used as the oxidant for organic contaminants. In recent years, 
we have developed different catalytic systems to remove 
organic contaminants in aqueous media4-7.

Recently, there has been an increasing interest in some types 
of ABO4 oxides as catalysts, including iron niobate, FeNbO4. 
This compound has also been investigated for the applications 

as a photodetector, in solar energy conversion, as gas sensor, as 
photocatalyst and as electrode material for Li-ion batteries10-14. 
These compound have three crystalline forms: a wolframite-
type (space group p2/c) with a monoclinic symmetry which 
exists below 1085°C. In a range of 1085 and 1380°C persists 
the α-PbO2-type (space group Pbcn) with an orthorhombic 
symmetry, finally above 1380°C a rutile-type (space group 
P42/mnm) with a tetragonal symmetry is formed. It is also 
reported a fourth phase that crystallizes in the AlNbO4-type 
structure (space group C2/m) with a monoclinic symmetry, 
stable at 700°C. The degree of the cation order depends on 
the specific conditions of synthesis10,11,13,15,16. The preparation 
of the FeNbO4 powders in most reported works involves 
solid-state reactions, which generally required long periods 
of mechanical mixing and high heat treatment temperature 
to obtain the desired phase, however with low surface 
area13. Among the various approaches, chemical-based 
methods provide a convenient and simple technique for 
the synthesis of nanoscale materials. Devesa et al. prepared 
FeNbO4 powders using the sol-gel method, being observed 
the formation of the monoclinic phase in the sintered pellets. 
Fe2O3 was detected as an impurity in the range of temperature 
of 100-500°C, while at 1200°C, single-phase sample was 
obtained11. Nanospheres of an orthorhombic structure 
were synthesized by Shim  et  al.12 using a hydrothermal 
process at 250°C, obtained with uniform size, in the range 
of 5-10 nm and a large specific surface area (82.72 m2g-1). *e-mail: fvqandrade@yahoo.com.br
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Cho et al.13 synthesized orthorhombic FeNbO4 nanoparticles 
by a hydrothermal process followed by calcination at 600°C 
with an average size of 10-20 nm. In the present study, we 
report the synthesis and characterization of FeNbO4 (Fe-
Nb) nanoparticles, using for the first time, synthesis by 
combustion reaction assisted by microwave, to prepare this 
material. The combustion method is self-sustaining because 
the high temperatures reached after the beginning of the 
reaction ensure a rapid formation and crystallization of the 
powder and the release of a large quantity of gas, which in 
turn tends to minimize particle agglomeration. This process 
offers advantages over others, because, it has no subsequent 
heat treatment steps, obtaining the material directly after 
the combustion reaction. Another advantage is that the 
fast microwave preparation of the products consumes less 
quantity of energy17-20.

A relevant aspect of the present work is the original one-
pot synthetic method for the preparation of FeNbO4. Also, the 
performance of the material in the catalytic decomposition 
of aqueous solutions of IC in the presence of H2O2 was 
investigated. It is the first time that FeNbO4 is used in the 
literature as a catalyst in the presence of H2O2 to remove 
organic contaminants in an aqueous medium. The results 
show that the material (Fe-Nb) acts as an activator of H2O2, 
providing an efficient and suitable medium for the degradation 
of IC in solution.

2. Experimental

2.1 Materials and reagents
NH4NO3 (purity ≥ 98%), Fe(NO3)3.9H2O (purity ≥ 

98%), and O=C(NH2)2 (purity ≥ 99%) were purchased 
from Sigma-Aldrich and used without further purification. 
NH4[NbO(C2O4)2(H2O)2](H2O) was kindly donated by the 
CBMM company and used without further purification. 
Ultrapure water (Millipore Corporation) was used to prepare 
all aqueous solutions.

2.2 Synthesis
The chemistry of propellants and explosives was explored 

in the synthesis, where the iron(III) niobate was obtained from 
the reaction of oxidants and reducing reagents, the latter used 
as fuel21. Urea and NH4NO3 were employed as reducing and 
oxidant agents, respectively, while NH4[NbO(C2O4)2(H2O)2]
(H2O) and [Fe(NO3)3.9H2O)] were employed as cation 
source. The nitrate present in the iron salt has also acted as 
an oxidant. The stoichiometry for the combustion reaction 
with more than two components was calculated by the ratio 
among total valence of the oxidants and fuel (reducing agent), 
which make it possible to figure out the stoichiometric 
mixture when the ratio is about 122,23. The precursors 
NH4NO3 (12.8 g, 160 mmol), (NH4[NbO(C2O4)2(H2O)2]
(H2O) (3.40 g, 10 mmol), [Fe(NO3)3.9H2O] (4.00 g, 10 mmol) 
and O=C(NH2)2 (4.00 g, 66 mmol) were dissolved in 20 mL 
of distilled water and then transferred to a vitreous silica 
crucible. The crucible containing the solution was heated in 
a microwave oven (maximum power 700W) at a frequency 
of 2.45 GHz. As the solution boils, it dehydrates and the 
subsequent decomposition produces large amount of gases. 

The mixture begins to burn when it reaches the point of 
spontaneous combustion, releasing heat, liberating vapours 
and forming the desired phase. After 10 min of reaction, the 
resulting product was cooled at room temperature, washed 
with hot water, to remove some residue, and then it was 
centrifuged and dried at 100 degrees. After these steps, the 
material was characterized.

2.3 Characterization
The phases of FeNbO4 were determined by powder 

X-ray diffraction (PXRD) patterns, collected in a Shimadzu 
Diffractometer model XRD-7000, with a current of 30 mA 
and a voltage of 30 kV, using the CuKα radiation (λ = 
1.541838 A°). The analysis was conducted in the 2θ range 
from 10° to 70° with a scanning rate of 1°/min. The obtained 
patterns were compared to those data deposited at JCPDS 
(International Centre for Diffraction Data®). The 57Fe-Mössbauer 
experiments were carried out in a spectrometer CMTE model 
MA250 with a 57Co/Rh source at room temperature using α-Fe 
as reference. The nanometric particle size and the morphology 
were analyzed using a VEGA3 TESCAN-scanning electron 
microscope, and transmission electron microscope Tecnai 
G2-20 - SuperTwin FEI - 200 kV) in the image and electron 
diffraction mode. For SEM experiments, the samples were 
dispersed in acetone in an ultrasonic bath, with the aid of a 
Pasteur pipette. The formed suspension was subsequently 
dripped on the aluminium support. The size distribution 
of particle was determined using dynamic light scattering 
and phase analysis light scattering in a Zetasizer Nano–ZS 
equipped with 40 mW, 633 nm laser (Model ZEN 360, 
Malvern Instruments Ltd, Malvern, UK). The specific 
surface area was determined by the gas adsorption method 
developed by Brunauer, Emmett and Teller (BET), using 
a Micromeritics ASAP 2020 surface area and a pore size 
analyzer. Before measurements, the sample was degassed 
at 130 °C for up to 48 h under vacuum. The approximate 
particle size was estimated based on the specific surface 
area, using Equation 124:

  . BET
t BET

6D
D S

= 	 (1)

where: DBET is the equivalent spherical diameter (nm), Dt 
is the theoretical density (g/cm3) and SBET is the surface 
area (m2/g).

2.4 Catalytic tests
The catalytic tests were performed in a batch reactor 

equipped with reaction flask and a magnetic stirrer, operating 
at 1050 rpm, rotation necessary to keep the solid suspended 
and dispersed throughout the solution. For the tests, 45 mg 
of catalyst was used for 50 mL of Indigo Carmine dye 
solution with a concentration of 50 mg.L-1. Moreover, 500 μL 
of hydrogen peroxide (H2O2, 30% w/v) was added to the 
system. Adsorption tests were done with an experimental 
design similar to the catalyst tests, however, in the absence 
of H2O2. Experiments in the absence of the catalyst and 
the presence of H2O2 were also conducted to evaluate the 
degradation of IC with peroxide. All experiments were carried 
out in dark to avoid the influence of photolytic processes. 
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The catalytic experiments were conducted for 6 hours, and 
every 60 minutes an aliquot of 3 mL was collected, and 
immediately centrifuged to remove the catalyst and for 
subsequent analyses. Spectrophotometric measurements 
were performed on Shimadzu equipment UV-vis model 
UV 2700, using as a parameter the absorbance value of the 
maximum absorption wavelength of the dye, which for the 
IC is 610 nm.

2.5 Decomposition of H2O2

The catalytic potential of the H2O2 decomposition material 
was also tested. The system consists of the displacement of 
the water column in an inverted burette, originating from 
the formation of gaseous oxygen by the reaction between 
H2O2 and the catalyst. A volume of 7.00 mL of a solution, 30% 
of H2O2 and 45.0 mg of catalyst were used in the experiment.

2.6 Catalyst Reuse
To reuse and recycle the catalytic system, the used Fe-Nb 

catalyst was collected by centrifugation, washed with water, 
dried at 100°C and reused in five cycles of degradation.

3. Results and Discussion
The reaction of [Fe(NO3)3.9H2O] with NH4[NbO(C2O4)2(H2O)2]

(H2O) was performed in the presence of NH4NO3 and urea. 
The FeNbO4 was obtained after 10 minutes of reaction in 
a microwave oven.

3.1 Diffraction of X-rays (XRD)
The crystalline structure of prepared FeNbO4 powder 

was evaluated by XRD analysis. Figure 1 shows the XRD 
patterns of this material, revealing its crystalline nature, 
without further treatment. This result indicates that the 
diffraction peaks were indexed to the FeNbO4, belonging 
to the monoclinic symmetry with a space group of P2/c, a 
typical structure of the wolframite10, following the ICDD 
file number 70-2275. This phase indicates that the reaction 
occurred in a temperature lower than 1085 °C10,11,13,15,16. 
Moreover, some additional weak reflections were found in 
the XRD patterns (marked by *), which correlated with the 
tetragonal structure of Fe2O3 (ICDD file no. 89-598)10,11. 
The XRD results also suggest a small crystallite size of 
the material, due to the line broadening of the peaks25,26. 
The average crystallite size was calculated from the full-
width at half-maximum (FWHM) of the (111) reflection 
peak (strongest reflection) by applying Scherrer’s equation26. 
The average crystallite size was around 16 nm.

3.2 Mossbauer spectroscopy
The 57Fe Mossbauer Spectroscopic results at room 

temperature showed the presence of Fe(III) (Figure 2 and 

Table 1). Figure 2 displayed a central doublet and a sextet. 
From the hyperfine parameters (Table  1), the sextet can 
be associated with the presence of Fe(III) and α-Fe2O3 as 
impurities27. According to Silva et al.28, a magnetic hyperfine 
field (Bhf) distribution with maximum probability value 
at 50.5 T, as shown in Table 1, is characteristic of hematite. 
The doublet can be assigned to a Fe (III) with octahedral 
coordination (δ = 0.39 mms-1) as in the wolframite29. This 
solid is formed by a series of zigzag chains of edge-sharing 
NbO6 and FeO6 octahedral along the [001] direction, with the 
ordering of Fe(III) and Nb(V), accommodated in the chains29.

3.3 Scanning electron microscopy (SEM)
SEM images of the sample are given in Figure  3. 

The micrographs show that the prepared material has no 
preferred morphology. It is also observed that Fe-Nb is 
composed of micrometric and nanometric agglomerates. 

Table 1. 57Fe Mossbauer parameters for Fe-Nb at room temperature.

Sample
Hiperfine parameters

Iron site Compound
δ (mm.s-1) Δ ou ε (mm.s-1) Bhf (T)

Fe-Nb 0.39 0.58 - Fe3+ FeNbO4

Fe2O3 0.39 -0.24 50.51 Fe3+ α-Fe2O3

δ = isomer shift relative to αFe. Δ = quadrupole splitting. Bhf = magnetic hyperfine field.

Figure 1. X-ray diffraction pattern of Fe-Nb powder synthesized 
from combustion reaction.

Figure 2. Mössbauer Spectroscopy for the Fe-Nb at room temperature.
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The observed agglomeration is a characteristic of materials 
with nanometric dimensions24,25. Some spherical agglomeration 
is apparent at high magnification (Figure 3b), with a diameter 
in the range of 80-180 nm. This result shows the potential 
of this new approach to produce nanometric structures at 
high temperatures (around 1085 °C) and at low reaction 
time18. The material displays a high crystallinity, a relevant 
characteristic necessary in catalytic processes since the 
crystalline phase of some oxides affects catalytic activity30.

3.4 Nitrogen adsorption
The nitrogen adsorption measurements showed a 

specific surface area (SSA) of 40 m2 g-1, characteristic of 
similar materials obtained by other chemical methods27. 
Also, using the data obtained by nitrogen adsorption and 
the BET method, together with Equation 1, it was possible 
to calculate the average particle size, which is estimated at 
approximately 42 nm.

3.5 Particle size distribution (DLS)
The dynamic light scattering analysis, confirmed the high 

degree of agglomeration of the nanoparticles, as revealed 
by SEM. A particle size distribution near 1000 nm was 

obtained. It is worth mentioning that particle agglomeration 
in nanometric materials is a common phenomenon31.

3.6 Transmission electron microscopy (TEM)
High-resolution transmission electron microscopy 

(HRTEM) was used to better estimate the size of the formed 
particles. Figure 4, shows the spherical shape and uniform 
particle size of the material, consisting only of nanoparticle 
agglomerates, relatively common for nanostructured materials 
possible induced by high surface energy. It is known that 
the smaller the particle size the greater the surface tension, 
which generates a driven force that increases agglomeration. 
With some of these particles, it was possible to estimate their 
approximate diameter, their values were between 13 and 20 nm. 
This leads to the conclusion that the values found, corroborate 
with the value by calculating Scherrer’s equation, for the 
average crystallite size.

The fast Fourier transform (FFT) was calculated to provide 
a better view of the inter-planar distances in the material 
in the HRTEM images. The dots in the graph indicates the 
periodicity of elements in the MET images, which in this 
case are the crystalline planes. The dots were isolated from 
the noise, and the inverse Fourier transform (Inverse FFT) 

Figure 3. SEM micrographs of the Fe-Nb powder prepared.

Figure 4. High-resolution transmission electron microscopy (HRTEM) images and the result of the treatment of the Fourier transform for Fe-Nb.
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was used to recompose the microscopy image. With this 
process a cleaner image was obtained, which evidences 
the crystallographic planes, allowing the measurement of 
inter-planar distances from HRTEM images. This process 
is shown in Figure 4, on the right side. The distance found 
(0.29 nm) refers to the 111 planes of the wolframite type 
structure of FeNbO4, which corresponds to the most intense 
peak in the diffractogram (Figure 1).

Figure 5 shows the image obtained by electron diffraction 
for the material, where it is evident the interplanar distance 
of the 111 plan family of FeNbO4, among the other inter-
planar distances of iron niobate32.

3.7 Catalytic tests
The aim of this tests was to determine the efficiency of 

the FeNbO4 in the transformation of H2O2 into radicals that 
in turn would degrade indigo carmine (IC). The experiments 
were monitored using UV-Vis Spectroscopy measurements 
in λmax of the dye (610 nm). Before catalytic tests, the Fe-Nb/
dye system was left under stirring in the absence of peroxide 
to investigate the adsorption process. The results revealed 
insignificant adsorption. According to Subbulekshmi and 
Subramanian9, this is an advantageous catalytic feature 
because excessive adsorption sometimes hinders the dye 
degradation or reduce the catalytic efficiency. Figure 6 shows 
the percentage of removal of the dye IC by the two systems: 
H2O2, and H2O2/Fe-Nb.

It is observed in Figure 6, that the H2O2/Fe-Nb system 
is more efficient than H2O2 to degrade the IC. A significant 
increase in the speed of the process is obtained at 150 minutes 
of reaction as a function of the presence of the catalyst. 
After 360 min, the H2O2/Fe-Nb system causes a reduction 
of 50% in the concentration of the dye, while a maximum 
efficiency of 20% was reached by H2O2 alone. This higher 
efficiency is clearly due to the presence of the catalyst in the 
reaction medium since no other process is acting in parallel 
to consume IC. It is worth mentioning that FeNbO4 do not 
adsorb the dye, therefore the removal of colour from the 
solution does not relate to a surface phenomenon, but to a 
chemical oxidation that occurs in the liquid phase, promoted 
by the systems H2O2 and H2O2/Fe-Nb. The decomposition 
of H2O2 into radicals, and subsequent decomposition of IC, 
is little influenced by the hematite, present in the material 
as a contaminant. Some works reported in the literature 
show that the presence of Nb(V), sharing the structure in 
materials with Fe(III) the structure in materials enhances 
the formation of radicals from hydrogen peroxide, in this 
cases monitored by the discoloration of methylene blue27,28. 
In these works, it is clear that the hematite/H2O2 system does 
not generate radicals capable of promoting the degradation 
of organic molecules in an aqueous medium27,28. Given the 
above, it is evident that the system responsible for generating 
radicals, which subsequently degrade the IC is H2O2/Fe-Nb. 
Photolytic events are also disregarded in this case, since the 
experiments were conducted in the absence of light. It is 
important to emphasize that it is the first time the literature 
reports the catalytic oxidation of an organic molecule effected 
by FeNbO4 in the presence of H2O2.

Finally, it was also possible to investigate the kinetics 
of the two systems with the degradation data, which fits 
well with first-order kinetics. Correlation coefficients 
of 0.97 and 0.99 for the H2O2/Fe-Nb and H2O2 systems were 
obtained, respectively. Linear regression provided a constant 
rate of 2.86 X 10-3 min-1 for the H2O2/Fe-Nb system with a 
standard error of 2.31 X 10-4, and 7.51 X 10-4 min-1, with an 
error of 2.72 x 10-5 for the system containing the peroxide, 
only. It reveals that the reaction catalyzed by FeNbO4 has a 
constant almost 4 times greater than the non-catalyzed one, 
showing the influence of the catalyst and the efficiency in 
the degradation of the IC in solution.

3.8 Catalyst reuse
The material had its catalytic potential measured in 

successive reaction cycles. The results were normalized, 
therefore the activity equal to 100%, corresponds to the 
maximum removal efficiency obtained in the first catalysis 
experiment, that is, where the catalyst degrades about 50% of 
the dye solution. Figure 7 shows that the material maintained 
more than 60% of its efficiency even after four catalytic cycles, 
which corresponds to a degradation of approximately 30% 
of the IC solution, still superior to the degradation promoted 
by peroxide alone.

According to Klimov et al.33 and Budroni et al.34, the loss 
of activity can occur by several different factors33,34. Among 
them the loss of catalyst during the process of separation and 
the deactivation of active sites as a function of the adsorption 
of some species present in solution.

Figure 5. Electron diffraction for Fe-Nb material.

Figure 6. Percent of color removal of IC solutions by the H2O2/
Fe-Nb and H2O2 systems.



Andrade et al.6 Materials Research

Considering the characteristics of this reaction, both loss 
of material and deactivation of sites may have happened. 
The nanoscale nature of the material prevents efficient 
decantation even by when the solution is centrifuged. On the 
other hand, it is likely possible the adsorption of chemical 
species on the surface of the catalyst.

3.9 Decomposition reactions of H2O2

The H2O2 decomposition experiments demonstrated 
indirectly the potential of a material to generate hydroxyl 
radicals in solution35. The decomposition of the peroxide is 
measured by the displacement of water inside the burette, 
which occurs as a function of the O2 generated in the reaction.

The results show (Figure 8) that the presence of the 
material accelerates the H2O2 disproportionation, making 
it an essential material for a successful catalytic process 
based on radical HO. or HOO..

As mentioned before other Nb(V)-containing materials 
and iron oxides have already been investigated in advanced 
oxidation processes in the presence of hydrogen peroxide26,35,36. 
In these works, the authors promote the oxidation of organic 
molecules with doped oxides or a mixture of oxides of these 
two metals {Nb(V) and Fe(III)}, synthesized mainly by 
the co-precipitation method. In the present work, we are 
showing the unprecedented synthesis of the FeNbO4 by 
microwave-assisted combustion reaction. Additionally, it 
shows the potential of the obtained material to generate 
radicals in solution in the presence of H2O2 and to promote 
the oxidation of organic contaminants.

Although the mechanism is still unclear, it is possible to 
say that it is not by the interaction of the molecule with the 
surface of the material, since the adsorption is insignificant. 
Therefore, the discolouration of the solution is probably 
promoted by radical species formed in the interaction 
between the peroxide and the material. According to the 
literature, peroxo-metal and hydroperoxy-systems are 
important classes of oxidants36. Peroxo-metal complexes 
are formed rapidly in water over a wide pH range from a 
variety of metal compounds, mainly of groups IV, V and 
VI, notably titanium (IV), vanadium (V), molybdenum (VI) 
and tungsten (VI)37. Although these systems are promising, 
they are still little explored in wastewater decontamination.

4. Conclusions
FeNbO4 nanoparticles with wolframite structure were 

synthesized by microwave-assisted combustion reaction 
for the first time and their catalytic properties were 
investigated. This novel combustion method provides a 
rapid and reproducible route for the preparation of crystalline 
iron niobate powders. The route was efficient to obtain 
FeNbO4 in a single crystalline system since this material 
has polymorphism15,16. A secondary phase of hematite was 
observed, which according to the literature is common due 
to the complex phase diagram of the Fe2O3-Nb2O5 system. 
In this phase diagram, the isomorphic replacement of Nb(V) 
by Fe(III) tends to cause significant structural changes for 
the formation of iron(III) niobate, with three modifications 
in the formal composition of this compound being known. 
Also, in some cases, part of the precursor Fe2O3 used in the 
synthesis process may remain in the system as a second 
phase due to the need of long thermal treatments to obtain 
the FeNbO4

10,15,16. Although this phase occurred, it was not 
an impediment to assess the catalytic properties of iron 
niobate. The crystallite size was estimated at ~13 to 20 nm. 
This one-pot procedure offered a quicker reaction time 
to prepare iron(III) niobate, as well as a shorter heating 
time, provided by the microwave (approximately 10 min), 
preventing, this way, excessive particle growth. The results 
demonstrated that Fe-Nb has good catalytic activity, removing 
twice more dye in solution than the non-catalyzed reaction. 
Applicability of the developed heterogeneous catalyst for 
repeated use was also confirmed by the sustainability of the 
efficiency of the catalyst, even on 4th catalytic run. Reactions 
of H2O2 decomposition in the presence of the catalyst and 
also in its absence indirectly shown that the material is 
capable of generating more radicals in solution than the 
non-catalyzed reaction. Finally, the present work shows 
that H2O2/FeNbO4 system may be a potential technology for 
the removal of organic contaminants in aqueous solution.
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