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Abstract

In this work, niobium pentoxide (Nb,O ) nanoparticles of varying sizes and morphology were synthesized using
the controlled precipitation method. Ammonium niobate oxylate hydrate (NH,)H,[NbO(C,0,);] -3 H,O was
used as a niobium precursor and distilled water or acetic acid was used as solvent. The obtained solids were
characterized using Fourier transform infrared and Raman spectroscopies, X-ray diffraction and transmission
electron microscopy. The as-synthesized solid precipitate was amorphous, but after heat treatment between
500 °C and 600 °C, the T-Nb,O; phase was obtained. The size of the primary particles of the niobium pentoxide
was nanometric (<100 nm), with agglomerate size of >500 nm, when water was used as a solvent for synthesis.
Considering the nature of the process, a possible reaction mechanism of the precursor with the water and
NH ,OH was proposed, which explains the formation of the solid within an aqueous solution. Considering one
potential use of Nb,O; synthesized in this work, the photo-degradation action of the particles on the organic
molecule methylene blue was tested. The sample synthesized in acetic acid at pH ~9.0 and heat treated at
600 °C showed the highest photo-degradation capacity, with a degradation of ~60% of the dye for 60 minutes.

Keywords: synthesis, niobium pentoxide, controlled precipitation, formation mechanism, photo-degradation

I. Introduction bic) and H-Nb,Oy (monoclinic), which are the most
common [12,13]. H-Nb,O; is the most thermodynam-

Niobium pentoxide (Nb,O5) and its compounds are 11y stable, whereas TT- Nb, O the least stable. Thus,
of great technological interest due to the physical and ;¢ possible to convert the amorphous niobic acid to

chemical properties that they exhibit. These make them TT-Nb, Oy at low temperature, transforming itself to T-
useful in applications such as optical and electrochromic Nb, O by heating between 600 °C and 800 °C and to H-
devices [1-3], gas sensors [4—6], microelectronics and Nb, Oy, at approximately 1100°C [8,14,15]. The differ-
as catalysts [7,8]. Generally, it exhibits high activity in =~ ¢ crystalline phases of Nb,O; can be described con-
tacid-catalysed reactions in whic.h water rpolegules are  gidering [NbO,] octahedra or bentagonal bi-pyramids
involved [9,10], such as hydration, etherification, hy- arranged in different ways. Therefore, the different crys-
drolysis, condensation, alkylation, dehydrogenationand . 1jipe phases of Nb,Oy are formed as 3D structures of
especially in oxidation reactions [11]. As niobium is a distorted [NbO,] units, with some [NbO,] and [NbOj]
transition element, it reacts with oxygen encouraging s in the TT and T phases. This wealth of struc-
Fhe formation of different stoichiometric oxides, inplud— tural isotropy brings about the different physicochem-
ing NbO, Nb,0,, NbO, gnd Nb,Os [8]. Nb,Os is the ;. properties of Nb,Oj, including its electronic, elec-
best 1.<n.own. and most studied due to, among other char- ¢, -hromic, sensor, magnetic and electrical properties.
acteristics, its nature as an n-type semlconductor.. Additionally, the catalytic and photocatalytic properties,

The different polymorphic forms of Nb,Os include ;¢ we|l as its surface acidity, are also linked to these
TT-ND,O5 (pseudohexagonal), T-Nb,Os (orthorhom- gy, etyra] characteristics and the existence of intrinsic
defects.

Nb,Os has been synthesized using different pro-
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cesses [16—19], among them sol-gel method [20,21]
and hydrothermal process [22]. Lopes et al. [23] syn-
thesized Nb,Os nanoparticles by the oxidant-peroxo
method (OPM). The obtained solids showed a mix-
ture of Nb,Os - nH,O and T-Nb, Oy phases, with differ-
ent morphologies and particle sizes. In addition, they
showed the efficiency of the synthesized Nb,Os in the
degradation of Rhodamine B. Meanwhile, Rodrigues
and da Silva [24] obtained Nb,O. -3 H,O nanoparti-
cles with spherical morphology and specific surface area
of 60m?/g using water/heptane/CTAB as the reaction
medium.

A specific application of Nb,Os, or compounds of
niobium, is related to the heterogeneous photocataly-
sis, specifically to the removal of organic and inorganic
contaminants, with the generation of hydrogen [25,26].
Semiconductors, such as Nb,O5, might be used, through
heterogeneous photocatalysis, for environmental reme-
diation that have shown significant advantages over con-
ventional technologies, allowing the degradation of or-
ganic pollutants into innocuous end products [25,27].
The irradiation of the semiconductor with a suitable ra-
diation source, typically in the UV or preferably in the
visible region, frequently generates electron-hole pairs
[28]. A portion of these electron-hole pairs diffuse to
the surface of the particle and, if they are not recom-
bined, they can participate in reactions that involve elec-
tron donor and electron acceptor molecules [29].

Since Nb,O; has a band gap of about 3.4 €V, suitable
for a desired photocatalytic effect in the moderate UV
region, the investigation of Nb,O; as a photocatalyst is
currently receiving a lot of attention. Prado et al. [30] in-
vestigated the photodegradation of indigo carmine dye,
widely used as a textile colouring agent, using Nb,Os.
The results indicate that almost 100% of dye degrada-
tion occurred at 90 minutes after placing it in the nio-
bium pentoxide system. An interesting study was car-
ried out by Oliveira et al. [31] using mass spectroscopy
(ESI-MS). The results showed that Nb,Og was a good
catalyst for oxidizing organic compounds and that this
catalytic activity was favoured when the synthesized
niobia was pretreated with hydrogen peroxide. The pho-
tocatalytic efficiency of Nb,Oy was increased by modi-
fying it, either by doping with active metals or manufac-
turing composites and mixed oxides. In this way MnO,-
loaded Nb,Os/carbon clusters were formed [32] for the
reduction of methylene blue, Nb,O;-TiO, compounds
were prepared for an effective photocatalytic treatment
of the vinasse [33]. To promote photocatalytic activity
of niobium pentoxide in the presence of visible light,
meanwhile, nanostructures of Nb,Os were formed by
modifying it mainly with carbon or nitrogen [34,35].
Without any doubt, the synthesis method used to obtain
Nb, O affects the photocatalytic activity of this oxide as
indicated by the works of Raba et al. [36] and Li et al.
[37].

In this study, Nb, O, powders were synthesized by the
controlled precipitation method using aqueous solutions
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of ammonium niobate oxylate hydrate, ammonium hy-
droxide as precipitant and water and a water-acetic acid
mixture (50 : 50) as solvents. Based on potentiomet-
ric titration curves, the different stages of the synthe-
sis method were determined. The physicochemical pro-
cesses that could occur during the addition of the pre-
cipitant were analysed, paying special attention to the
system that used water as a solvent. The obtained ce-
ramic powders were characterized using different tech-
niques, taking particular note of the sample that showed
the highest photocatalytic activity.

II. Experimental procedure

2.1. Synthesis of Nb,Os nanoparticles

Nb,O; was synthesized from ammonium niobate
oxylate hydrate (NH,)H,[NbO(C,0,),]-3H,0 using
controlled precipitation method. Before obtaining the
niobium pentoxide, the potentiometric titration curve
was recorded to determine the pH at which the sample
would be synthesized. These curves were obtained by
recording simultaneously the amount of added ammo-
nium hydroxide (1 ml/min), and pH of the system.

The synthesis was started with preparation of 0.2 M
solution by dissolving (NH,)H,[NbO(C,0,),]-3H,0
in 100 ml of water or in 100 ml of a 50 : 50 mixture of
water and acetic acid. Ammonium hydroxide (NH,OH,
Mallinckrodt 28-30%) was then added, keeping the ad-
dition rate and addition volume constant. Continuous
stirring was maintained until the required pH values
in the solution (determined from potentiometric titra-
tion) were obtained: ~5.0 and ~7.1 with water and ~5.0
and ~9.0 with mixture of water and acetic acid sol-
vent. The slurry was then dried using a Buchi B-169
rota-evaporator at a temperature of 100 °C for the water
solvent, or 120 °C if the water-acetic acid was used. Fi-
nally, the obtained dry powders were heat treated at 400,
500 and 600 °C for 2 h using an oven (Thermolyne).

2.2. Characterization of solids

The dried or heat treated powders were macerated
in an agate mortar and characterized using FTIR and
Raman spectroscopy, XRD and TEM. XRD patterns
of the powder were measured in a D2 Phaser diffrac-
tometer (Bruker) providing X-rays with a wavelength
of 1.5418 A. Transmission electron microscopy (TEM)
images were taken using a JEOL-2010 electron micro-
scope with an accelerating voltage of 200 kV; some HR-
TEM images were taken using a JEM ARM 200 CF
spectrometer. Fourier transform infrared (FTIR) spectra
were taken on a Perkin Elmer Spectrum One spectrom-
eter.

2.3. Photodegradation test

In order to determine the characteristics of the dye
(methylene blue, C, H,;N,CIS) adsorption equilibrium
on the synthesized niobium pentoxide, the adsorption
study was carried out. For this purpose, 10 mg of each
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of the synthesized powders were taken and dispersed in
100 ml of solution of methylene blue with concentra-
tion of 50 ppm, under continuous stirring, at pH 6.9 and
room temperature in complete darkness. Subsequently,
every 10 min, aliquots of this suspension were removed
and spectra of these were taken, taking account of the
maximum absorbance shown by the methylene blue at
665 nm, using an UV-visible spectrophotometer (Spec-
tronic Genesys 6). This procedure was repeated un-
til 60 minutes of assay were completed. It should be
noted that most photocatalytic tests performed by other
groups [38,39] commonly use low concentrations, of
3 and 10ppm up to 50 ppm, and volumes of no more
than 10 ml. Finally, using calculations and the calibra-
tion curve method [40], the mass of methylene blue ad-
sorbed on the solids was determined. The coefficient
g (mg methylene blue adsorbed/mg photocatalyst) was
plotted versus time to determine the amount of time to
maintain the system under continuous stirring before
turning on the UV lamp. Thus, it was possible to deter-
mine more accurately the photo-degradation capacity of
the suspended niobium solids without it being masked
by the adsorption that can occur on the solids present in
the system.

To determine the photo-degradation capacity of the
synthesized solids, 100 ml of aqueous methylene blue
solution having a concentration of 50 ppm was poured
into a 250 ml beaker. Next, 10mg of the synthesized
Nb,O; powders were weighed and added to the cor-
responding methylene blue solution. Each mixture was
taken to a “solar simulator” built in the laboratory,
stirred previously for the time determined from the ad-
sorption kinetic curves of each in order to eliminate, or
minimize, the effect of the adsorption. Following the
specific stirring time for each sample, the suspension
was placed inside the simulator and visible light lamps
were turned on using full simulated solar light (FSS)
with 1.300 Ix intensity to start the photodegradation test.

During the photo-degradation process, the system
was maintained under continuous stirring, at 500 rpm,
and every 5 min aliquots of this suspension were taken
to determine the photodegradation effect. These samples
were placed in a quartz cell and placed in the UV-visible
spectrophotometer to obtain the absorbance value of the
system at a wavelength of 665 nm. After taking the ab-
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sorbance, the suspension was poured into the beaker
again. This process was repeated every 5 min during first
20 minutes and then every 10 min for the rest 40 min-
utes. Finally, the percentage of degradation of methy-
lene blue was plotted versus time. The same steps were
followed for the photolysis testing but in this case only
the methylene blue solution was used.

IT1. Results and discussion

3.1. Potentiometric titration

Figure 1 shows the potentiometric titration curves
corresponding to the (NbO(C,0,),)-H,0-NH,OH
and (NbO(C,0,),-H,0-CH,COOH-NH,OH sys-
tems, with precursor concentration of 0.2M (for the
other precursor concentrations the titration curves were
similar and no significant changes were recorded).

In the system with the mixture of water and acetic
acid (Fig. 1b), it was observed that the first region is
quite extansive since a large amount of ammonium hy-
droxide is needed to neutralize the strong effect of the
acetic acid, whose pH is very low. Moreover, consid-
ering that acetic acid is a weak acid, during addition
of a base a buffer effect is created at around pH = 4.7,
which then requires a high consumption of ammonium
hydroxide in order to see representative changes in the
pH of the system. Furthermore, considering that there
are NH," ions from the precursor in the solution, when
NH,OH is added it generates a shift of the equilibrium
of the reaction NH, + H,0 —— NH,OH to the left, to-
wards the formation of ammonia, whose release in the
process of synthesis is evident.

The similar behaviour was observed with water as
solvent (Fig. 1a). However, there is no high consump-
tion of ammonium hydroxide because only the precur-
sor and water are present in the solution. In the system
with distilled water, Fig. 1a, there could clearly be dis-
tinguished three regions where the consumption of OH™
by the system is appreciable. The difference in the shape
of the titration curves, presented in Figs 1a,b, is due to
the different natures of the solvents, indicating that the
chemical reactions that occur within each of the sys-
tem are different. Taking into account the changes in
the titration curves, different pH values were defined for
carrying out the synthesis of the Nb,Os: in the case of
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Figure 1. Potentiometric titration curves for 0.2 M solution of niobium oxalate prepared using: a) distilled water and b) acetic
mixture of water and acetic acid as solvents
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Figure 2. FTIR spectra corresponding to the precipitate obtained (a) in the water solvent, dried at 100 °C, and (b) in the acetic
acid solvent, dried at 120 °C

water, pH values of ~5.0 and ~7.1 were taken, while
5.0 and ~9.0 were used for the system containing acetic
acid.

3.2. Characterization of dried powders

FTIR spectra of the solid samples synthesized and
dried at 100 °C for the water solvent and 120 °C for the
acetic acid solvent are presented in Figs. 2a and 2b, re-
spectively. In all of them, a band was observed around
~806cm™! attributed to the §(COO) vibrational mode
and one at ~1700cm™ corresponding to V,,(CO) com-
ing from the bidentate oxalate ligand [41]. The band ob-
served at ~3425 cm™! shows the presence of N-H bonds,
indicating a strong presence of amino functional groups
in the precipitate. Table 1 shows the assignation of Nb-
related functional groups to the bands seen in the spectra
in Fig. 2.

In order to analyse more closely the FTIR spectra
(Fig. 2) obtained for the synthesized solid samples, de-
convolution in the region 400—-1000 cm™! was carried out
using the FITYK software. In Fig. 3, bands character-
istic for the niobium-oxygen bond can be seen, such as
the band between 600-700 cm™!, corresponding to angu-
lar vibrations of Nb—O—-Nb, another at ~880cm!, cor-
responding to stretches of the Nb—O and the band lo-
cated around ~950cm™! that might be associated with
surface Nb=O stretches [43—-45]. Although the data are
not shown, the integrated area was calculated for the
band between 600 and 700 cm™ and the results showed

an increasing tendency of Nb—O-Nb peak intensity as
the pH of the system increased, indicating that the pres-
ence of large quantities of OH™ groups in the system
would strengthen the Nb—O-Nb bond.

3.3. Proposed mechanism of Nb,Os formation

Based on the FTIR results, a mechanism for the de-
composition of the ammonium oxide oxalate precursor
during the addition of NH,OH and formation of Nb,Oy
is proposed (Fig. 4). The mechanism can be expressed
through a series of chemical reactions that may occur
during the different stages of formation of the solid
within the aqueous solution, during both dissolution of
the precursor and addition of the precipitant (NH,OH).
The first stage is the dissolution of the niobium ammo-
nium oxide oxalate, which can be expressed through the
following reaction:

Aqueous solution

(NH,)((C,0,)NbO(H,0))

NH,* + (C,0,),NbO(H,0)" (1)
NH,OH = NH,* + OH" )
NH,* + H,0 == NH, + H,0" 3)

With the addition of ammonia to the solution, the fol-
lowing reactions would be favoured:

(C,0,),NbO(H,0)" + 2NH, —

((C,0,),NbO(H,0)(NH;),)~ 4)

Table 1. Main FTIR spectrum bands associated with vibrational modes of Nb,O;

-1

Functional group cm Type of vibration
Nb-O-Nb 600-700 Angular vibrations

Nb=0 948-951 Surface Nb=O stretches
Nb-O 923 Stretching vibrations of Nb—O of NbO; units
Nb-O 880 Angular vibrations

Nb-OH 3530 Angular vibrations
Nb-N ~195 Asymmetric vibrations
Nb-N ~412 Asymmetric vibrations

Nb-O-C 3400 and 3500 —_—
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Figure 3. Deconvolution of IR spectrum, between 400 cm™ and 1000 cm™!, corresponding to the precipitate obtained in water
solvent and dried at 100 °C: a) pH ~5.0 and b) pH ~7.1, and in acetic acid, dried at 120 °C: c¢) pH ~5.0 and d) pH ~9.0

((C,0,),NbO(H,0)(NH;),)” + OH™ —
((C,0,),NbO(O)(NH,),)*” + H,0"
2((C,0,),NbO(O)(NH,),)*” —
((C,0,),(NH,),NbO-O-NbO((C,0,),(NH;),)*~ (6)

®)

The incorporation of amino groups in the structure of
the complex arises due to the excess NH,OH present in
the solution, since this was used as precipitating agent.
The displacement of the oxalates by amino groups is
because the amino groups have a greater chelating ef-
fect than the oxalates, so that the latter are able to be
displaced. This effect is seen in the FTIR spectra since,
as the amount of NH,OH is increased, the bands associ-
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ated with Nb—N begin to appear. Furthermore, as shown
in the diffractogram in Fig. 5, the crystalline structure
of the precipitate showed substantial changes with re-
spect to the initial precursor, indicating that the addition
of the precipitating agent modified the sphere of coor-
dination of the metal, mainly the bands associated with
monodentate type oxalate (see Fig. 2a), as indicated by
the above reactions and illustrated in the mechanism in
Fig. 4.

By increasing the pH, the hydroxylation of the nio-
bium complexes that would be formed in the system is
favoured, as expressed by the following reactions:

((C,0,),(NH,),NbO—O-NbO((C,0,),(NH,),)*” + 4 OH~ —
((C,0,),(OH-),NbO-O-NbO((C,0,),(OH-),)*” +4NH;  (7)

NH; + H;0"

o]
0
oH® OH OH
—_— 0

NH;

NH,

Figure 4. Mechanism proposed to explain the formation of Nb,O; within water
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Figure 5. X-ray diffractograms corresponding to:
a) ammonium niobium oxalate (precursor) and b) precipitate
obtained in the system with water and dried at 100 °C

While the hydroxyl is not a better chelator than the
amino group, it is possible that the formed complexes
generated with the hydroxyls are more stable than with
the amino groups. It should further be taken into account
that, as pH is increased, the amount of OH™ in solution
increases and encourages the displacement of the amino
groups by the hydroxyls as a result of being present in
greater quantities.

3.4. Characterization of calcined powders

The FTIR spectra of the calcined powders at 600 °C
(Fig. 6) show that the most important bands are between
400 and 1000 cm™! associated with the functional groups
from bonds between Nb and oxygen and/or OH (Table
1). A band can be seen between 1500 and 1700 cm’!
which is associated with water adsorbed on the surface
of the Nb,Os. Figure 7 shows the deconvoluted IR spec-
tra, between 400 and 1000cm™', corresponding to the
samples heat treated at 600 °C for the solid obtained
in both water (Figs. 7a and 7b) and acetic acid (Figs.
7c and 7d). It can be seen that in this region bands as-

sociated with mainly the Nb—O and Nb—OH bonds are
observed, including those of Nb—O-Nb angular vibra-
tions, in the range 600-700 cm™!, which vary according
to the conditions of synthesis: for water as solvent be-
tween 690 and 664 cm™! and for acetic acid between 696
and 675 cm™'; depending on the pH, bands are displaced
with respect to that shown for commercial niobium pen-
toxide (653 cm™). Figure 7 highlights the effect of both
the synthesis pH and the solvent used on the local struc-
ture of the Nb,O5 obtained.

In order to learn more about the sample that showed
the best photo-degradation response (as discussed later
in the article, this was the one synthesized in acetic
acid, pH ~9.0 and thermally treated at 600 °C), its
Raman spectrum was measured (Fig. 8). The band at
around 700 cm-1 corresponds to the symmetric stretch-
ing modes of the [NbO,] and [NbO,] polyhedra present
in an orthorhombic Nb, O [45]. The group of bands lo-
cated in the lower region of the Raman spectrum, 150—
350cm™ corresponds to the stretching modes of Nb—
O-Nb. In the Raman spectra obtained for other studied
samples, which are not shown in this work, no major
changes were seen in the band shapes or their location.

Figure 9 shows the X-ray diffractograms obtained for
Nb,Os synthesized using acetic acid as solvent at pH
~9.0 and treated at different calcination temperatures.
These diffractograms show that with the increase in tem-
perature the characteristic peaks of Nb,O, became more
evident and the samples presented higher crystalliza-
tion. Specifically, the sample treated at 600 °C showed
only crystalline phase niobium pentoxide. By analysing
the diffractogram in Fig. 9c it is found that these pow-
ders, synthesized by the controlled precipitation method
in acetic acid at pH ~9.0, showed a mixture of crys-
talline phases, the orthorhombic (PDF 01-071/0336) be-
ing the most important and monoclinic (PDF 27-1312)
as the minority phase [46]. The crystalline planes (001)
and (180) correspond to diffraction peaks detected at
26 of 22.6° and 28.3° belonging to the orthorhombic
phase [42]. Although the diffractograms of the other
samples synthesized in this work are not displayed, they
showed a similar behaviour to that of Fig. 9; moreover,
the diffractogram of this specific sample (synthesized in

1634
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(b) .
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560 10l00 15IOD 20|l)0 25:30 30.00 35I00 40|00 560 10|C0 15;00 2000 25’00 30I00 35'00 40'()(
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Figure 6. IR spectra for powders calcined at 600 °C obtained from the acetic acid solvent system: a) pH ~9.0 and b) pH ~5.0,
and with water as solvent: ¢) pH ~5.0 and d) pH ~7.1
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Figure 7. Deconvolutions between 400-1000 cm™ of the IR spectra for samples calcined at 600 °C of solids synthesized in acetic
acid solvent system: a) pH ~9.0 and b) pH ~5.0, and with water as solvent: ¢) pH ~5.0 and d) pH ~7.1
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Figure 8. Raman spectra of a sample thermally treated at
600 °C that was synthesized at pH ~9.0, using acetic acid as
solvent

acetic acid, pH ~9.0 and treated at 600 °C) is of interest
because, as it will be seen later on, it showed the greatest
photo-degradation effect.

The effect of changes in synthesis conditions — the
nature of the synthesis solvent and/or working pH —
was demonstrated markedly in the morphology and par-
ticle size of the obtained solids heat-treated at 600 °C,
as can be seen in the transmission electron micrographs
in Fig. 10. For the samples synthesized in water at pH
~7.1, Fig. 10a, the particles were dispersed and had
a spheroidal morphology, while using the same sol-
vent, but at pH ~5.0, the primary particles were ag-
glomerated, took the shape of small tablets and their
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Figure 9. XRD patterns corresponding to samples
synthesized using acetic acid as solvent, at pH of ~9.0 and
calcined at: a) 400 °C, b) 500 °C and c¢) 600 °C

size was >50nm, thus larger than those obtained at
pH ~7.1 (<50nm). When acetic acid was used as a
solvent for synthesis, the primary particles synthesized
at pH ~5.0 formed loose agglomerates, with diameter
>500nm (Fig. 10c), while those obtained at pH ~9.0
formed agglomerates with a very particular texture, as
shown in Fig. 10d.
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Figure 10. TEM micrographs corresponding to ceramic powders synthesized using water as solvent at: a) pH ~7.1 and
b) pH ~5.0; and acetic acid at ¢) pH ~5.0 and d) pH ~9.0, heat treated to 600 °C

Since this latter solid was the sample that showed
the best photodegradation response, as will be shown
later, a photographic record was made of it (see Fig.
11). As the images show, there is a marked difference
in particle size and in their texture and morphology,
according to the value of calcination temperature. For
the sample calcined at 400 °C, Fig. 11a, large agglomer-
ates are observed, without a defined morphology, while
on treating the solid at 500 °C a fibrous texture can be
seen (Fig. 11b). After the treatment at 600 °C, Fig. 11c,
the primary particles had a morphology in the form of

tablets, with a particle size <100 nm, with a special tex-
ture (more evident in Fig. 10d). These presented dif-
ferences in texture and morphology, mainly the solids
synthesized in acetic acid, can be justified considering
that both the synthesis solvent and the Nb precursor
(NH,)H,[NbO(C,0,);]1-3H,0 were organic in nature.
This condition caused that organic species of the solvent
and/or those formed during the reaction, played a role
of the capping agents, which bind to the particle surface
and thus limit the crystal growth and influence particle
morphology as well as assembly behaviour [47].

'F—_

| ETETETET

Figure 11. TEM micrographs of ceramic powders obtained at pH ~9.0 using acetic acid as solvent and heat treated at:
a) 400 °C, b) 500 °C and c) 600 °C
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Figure 12. Curves of the adsorption of methylene blue (MB), in the dark, corresponding to solids synthesized in:
a) acetic acid and b) water, for different pH

3.5. Photocatalytic activity of Nb,Os nanoparticles

Figure 12 shows the adsorption curves obtained for
different synthesized solids of niobium pentoxide, vary-
ing the conditions of synthesis. The solids synthe-
sized in acetic acid were seen to reach the adsorption-
desorption equilibrium with the dye more rapidly than
when water was used as the solvent for synthesis. This
indicates that the surface interaction that occurred be-
tween the dye and the solid synthesized in acetic acid
(Fig. 12a) was stronger than that for the solid obtained
in water (Fig. 12b). As a result, the speed of adsorption
was greater for the solid synthesized in acetic acid, as
the curves indicate.

Meanwhile, considering the effect of the pH of syn-
thesis for both solvents on dye adsorption by the solids,
it was observed that the behaviour does not follow the
same trend. With acetic acid, the particles obtained at
an acidic pH showed a higher adsorption, while for the
solids synthesized in water, those that had a higher ad-
sorption were the samples obtained at pH > 7. Compar-
ing the adsorption curves of the powders synthesized in
this work (Fig. 12) it can be seen that the solid with a
slightly greater efficiency in adsorbing methylene blue
is that synthesized in water at pH ~7.1, possibly due to
its uniformity in particle size and particle morphology
(Fig. 10a).

The photo-degradation effect of the Nb,O, powders
obtained in this work was affected significantly by vari-
ation of the solvent and the pH of synthesis, as seen
in Fig. 13. The highest photo-degradation capacity was
shown for the solid synthesized at a basic pH value,
~9.0, with acetic acid as solvent, with a percentage
degradation of 59.8% after 60 minutes. For solids also
synthesized in acetic acid but at acidic pH values, for
example ~5.0, the percentage degradation was lower,
50.8%. For the solids synthesized in water, a percent-
age degradation of 50.3% was found for the sample ob-
tained at pH ~7.1 and 46.5% for the solid synthesized at
pH ~5. Thus, independent of the synthesis solvent, the
solids that had the best photo-degradation capacity were
obtained at pH > 7.

Comparing the results of the photo-degradation of
methylene blue, Fig. 13, with those of the adsorption

65
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Figure 13. Percentage degradation of methylene blue, as a
function of irradiation time, caused by niobium pentoxide
obtained by varying some synthesis parameters

curves, Fig. 12, the solids synthesized in water show the
same trend in photo-degradation (Fig. 13) as found for
the adsorption (Fig. 12b), i.e. the sample that showed the
highest capacity for adsorbing the dye also showed the
highest photo-degradation capacity (solid synthesized at
pH ~7.1). This was not the case for the samples synthe-
sized in acetic acid, where the solid that had the highest
adsorption capacity (obtained at pH ~5, Fig. 12a), had
the lowest photo-degradation effect (Fig. 13).
Independent of its synthesis method, the addition of
Nb,O; to the methylene blue solution clearly degraded
the dye to a greater or lesser degree (Fig. 13). Figure 14
compares the degradation of methylene blue caused by
the action of radiation, photolysis, to that prompted by
the solid sample synthesized in water at pH ~7.1, which
had obvious degradation effect, demonstrating that the
presence of the oxide increases the degradation of the
dye. It should be noted that none of the Nb,O5 pow-
ders synthesized in this work degraded methylene blue
100% within the 60 minutes of exposure to UV radi-
ation. However, it must be taken into account that the
photocatalytic tests reported in the literature use max-
imum concentrations of methylene blue of 10 ppm in
volumes of 100 ml [48,49] or 50 ppm in 10 ml, while in
this study a concentration of 55 ppm was used, taking a

226



C.D. Gomez & J.E. Rodriguez-Pdez/ Processing and Application of Ceramics 12 [3] (2018) 218-229

C {mg/L)
]

—a—WaerpH~71

—a— Photolysis

0 10 20 30 40 50 60
Time (minutes)

Figure 14. Degradation of methylene blue via photolysis and
photocatalysis by means of UV irradiation on slurries
containing powders of synthesized Nb,O4

100 ml solution with the same amount of photocatalyst
(10 mg), indicating that the latter would be the more ef-
fective.

In this work synthesized samples showed differences
in photocatalytic activity (Fig. 13), evidencing the im-
portance of the conditions of synthesis, the shape and
size of the particles and their state of aggregation (tex-
ture) in the determination of their functionality, specifi-
cally in the photodegradation of the methylene blue. The
state of aggregation of the Nb,Os nanoparticles (Figs.
10 and 11) is an important factor in the determination
of their photocatalytic capacity, as it happens in other
systems [50]. This is because the generation of free hy-
droxyl radicals vary with aggregate structure and size, as
predicted by the theory, because the reactivity of these
aggregates is reduced when they are large and dense;
the aggregation affect the local concentration of one of
the key reactants - particle surfaces - which would alter
ROS production. On the other hand, the photocatalytic
activity of Nb,Os nanoparticles is conditioned by the
synthesis conditions, nature of the solvent and working
pH. In other works the same thing happens, the photo-
catalytic activity of metal oxide is determined by nature
of the solvent which affects the concentration of specific
sites (defects) [51].

IV. Conclusions

In this study, a methodology of synthesis was struc-
tured with the aim of obtaining submicron Nb,O, with
variations in morphology and size, using ammonium
niobate oxylate hydrate (NH,)H,[NbO(C,0,),;]-3H,0
as a precursor. The nature of the solvents (water or
acetic acid) and the pH of synthesis used for the pro-
cess are important factors in obtaining Nb,O, with the
desired physical and chemical characteristics. In nio-
bium pentoxide synthesis using two solvents under con-
sideration and at different working pH values a signif-
icant effect was observed, primarily on the morphol-

ogy of the ceramic powders obtained as well as its state
of aggregation (texture). After the thermal treatment
of the obtained precipitate, between 500 and 600 °C, a
good crystallization of the solid was achieved, obtain-
ing the orthorhombic phase (T-Nb,Os) as the only crys-
talline phase. Furthermore, considering potential appli-
cations of Nb,Os, the photo-degrading action of par-
ticles was tested on the organic molecule, methylene
blue. Although niobium pentoxide solids obtained in
acetic acid showed an adsorption time for the dye less
than those synthesized in water, they displayed greater
photo-degradation efficiency, in spite of the spheroidal
morphology and smaller particle size of the solids ob-
tained in water.
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