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Abstract−Na8Nb6O19·13H2O particles were synthesized by a simple hydrothermal method. The catalysts were char-
acterized by X-ray diffraction (XRD), scanning electronic microscopy (SEM) and thermogravimetric and differential
scanning (TG-DSC). The XRD and TG-DSC analyses indicated that Na8Nb6O19·13H2O was an intermediate hexanio-
bate during the preparation of NaNbO3 powders. Methylene blue (MB) dye degradation using Na8Nb6O19·13H2O/H2O2,
Nb2O5/H2O2 and NaNbO3/H2O2 systems were investigated, respectively. Among the catalytic oxidation systems, Na8Nb6O19·
13H2O showed the highest activity for degradation of MB in the presence of H2O2. The results indicated that the dye
degradation efficiency could be 93.5% at 30 oC after 60 min in the presence of the Na8Nb6O19·13H2O/H2O2 system. It
was also found that the degradation of MB over the catalytic systems followed pseudo-first-order kinetics, and the de-
gradation rate was 0.02376 min−1 in the Na8Nb6O19·13H2O/H2O2 system, which was higher than that in the Nb2O5/H2O2

and NaNbO3/H2O2 systems. A possible mechanism for MB catalytic oxidation degradation using the Na8Nb6O19·13H2O/
H2O2 system was proposed.
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INTRODUCTION

Global environmental pollution and the relationship between envi-
ronmental pollution and industrial activity, has become a more and
more serious topic. Industries, such as cosmetics and synthetic de-
tergents and dye manufacturing discharge toxic organic compounds
that pollute the water. In recent years, dye wastewater, which is char-
acterized by high concentration and complex composition, has at-
tracted much more attention [1-3].

To treat the dye wastewater, various physical, chemical, and bio-
logical methods have been attempted. However, physical methods
such as adsorption, ion-exchange or liquid-liquid extraction are inef-
fective on pollutants for they are so easily transferred to other organic
pollutants, thus leading to secondary pollution. While the biologi-
cal methods also have a number of disadvantages: special equip-
ment and high operation costs are required, and the low speed of
degradation limits the wide use of biological methods [4]. Advanced
oxidation technique using highly reactive radicals, such as ·OH and
O2

−, is an excellent method for degradation of organic dye pollut-
ants in water solution. In recent years, Fenton-type catalytic oxida-
tion (Fe2+/H2O2) using ·OH has been introduced into the degradation
of the organic contaminants in wastewater. However, this process
has disadvantages, such as low pH of the solution, the requirement
of UV light and the amount of ferric hydroxide sludge [5,6]. To solve
these issues, many materials have been presented: Fe/Fe3O4 [7], α-
FeOOH [8], γ-FeOOH [9] and goethite, etc. [10]. These catalysts
have proven to be useful in a wider pH range. However, many of

them show low catalytic activity for degradation of organic contam-
inants. Therefore, it is necessary to explore a more efficient catalytic
system. Currently, the synthesis of niobate powders has attracted
much more attention for their ferroelectric, piezoelectric, and pho-
tocatalytic properties, especially their catalytic activity [11-22]. Batista
et al. reported peroxomobium (V) complexes could catalyze the
homogeneous oxidation of benzyl alcohol by H2O2 [23]. Passoni et
al. prepared Na3[Nb(O2)4]·13H2O and tested the [Nb(O2)4]3− anion
for the oxidation of alcohols with H2O2 [24]. Compton investigated
the Ca2Nb3O10 nanosheets as catalysts for photochemical water split-
ting into hydrogen and hydrogen peroxide under UV irradiation
[25]. Feliczak et al. showed that Nb-PMOs could offer new pros-
pects on the application in catalysis in the presence of H2O2 [26].
Silva et al. reported Nb in the Fe2−xNbxO3 structure had a remark-
able catalytic activity in the oxidation of organic contaminants under
using H2O2 as an oxidant [27].

In the present work, the Na8Nb6O19·13H2O nanoparticles were
prepared by the hydrothermal method. Degradation of methylene blue
(MB) dye using Na8Nb6O19·13H2O/H2O2, Nb2O5/H2O2 and NaNbO3/
H2O2 systems was comparatively investigated. The effects of calci-
nations and hydrothermal temperature and the reaction temperature
of the solution on the MB degradation efficiency were studied. The
kinetics of MB degradation was also investigated. Besides, the pos-
sible reaction mechanism for MB catalytic oxidation degradation by
Na8Nb6O19·13H2O/H2O2 was discussed.

EXPERIMENTAL

1. Samples Preparation
Sodium hydroxide and Nb2O5 were the raw materials for the hy-
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drothermal synthesis. In the synthesis procedure, 4.8 g sodium hy-
droxide was dissolved into 30 ml distilled water, and then the solu-
tion was mixed with 2.65 g Nb2O5. The above mixture was poured
into an autoclave with the capacity of 100 ml. The autoclave was
sealed and heated at various temperatures for 6 h. After being cooled,
the resulting precipitate was centrifuged and washed with distilled
water and absolute ethanol. Finally, the obtained product was dried
at 60 oC for 5 h, and then the as-synthesized samples were calcined
at different temperatures for 4 h.
2. Catalysts Characterization

The crystal structures of the synthesized powders were determined
by X-ray powder diffraction on a Bruker D8 diffractometer with
Cu Kα radiation (λ=1.5418 Å) in the range of 2θ=8-80o. The nano-
particle morphology was measured with a scanning electronic mi-
croscope (SEM, JEOL JSM-7001F). Thermogravimetric and dif-
ferential scanning (TG-DSC) analysis were done on STA-449C Jupi-
ter (NETZSCH Corporation, Germany).
3. Evaluation of Catalytic Activity: Degradation of MB

The oxidation of the MB dye (10 mg·L−1) solution at pH 6.0 was
carried out with a total volume of 150 mL and 20 mg of Na8Nb6O19·
13H2O. To prevent the effect of thermal catalytic reaction, the tem-
perature was kept at 30±1 oC. The suspension was first magneti-
cally stirred for 30 min to ensure adsorption/desorption equilibrium
and then H2O2 (32.5 mM·L−1) was added to the solution. At set in-
tervals, 5 mL suspension was taken from the reaction glass and ana-
lyzed after centrifugation. The catalytic degradation efficiency (E)
of MB was obtained by the following formula:

(1)

Where C is the concentration of the MB solution at the time t, C0 is
the adsorption/desorption equilibrium concentration of MB, and A,
A0 is the corresponding values achieved by measuring the absor-
bance at 664 nm with UV-Vis spectrometry.

RESULTS AND DISCUSSION

1. Characterization of Na8Nb6O19·13H2O Powders
Fig. 1 shows the XRD patterns of the products prepared under

different reaction temperatures. It was found that when the hydrother-
mal temperature was enhanced to 120 oC (Fig. 1(b)), the Nb2O5 pre-
cursor (Fig. 1(a)) changed to Na8Nb6O19·13H2O phase (JCPDS no.
14-0370). While at 140 oC, the mixture diffraction peaks of Na8Nb6

O19·13H2O and NaNbO3 are present (Fig. 1(c)). However, when
the temperature was up to 160 oC and 180 oC, the diffraction peaks
of Na8Nb6O19·13H2O could not be found, and there was only the
NaNbO3 phase (JCPDS no. 33-1270) (Fig. 1(d) and (e)). According
to the XRD analysis, only Na8Nb6O19·13H2O was formed at 120 oC,
and 120 oC was the most suitable temperature to convert Nb2O5 to
Na8Nb6O19·13H2O. The preparation process was shown as follows:
Nb2O5→Na8Nb6O19·13H2O→NaNbO3, which was in accordance
with Wu’s reports [28]. The process of the Nb2O5→Na8Nb6O19·
13H2O→NaNbO3 reaction may be conducted as follows : [28]

3Nb2O5+8OH−→Nb6O19
8−+4H2O (2)

Nb6O19
8−+8Na++13H2O→Na8Nb6O19·13H2O↓ (3)

Na8Nb6O19·13H2O↓→6NaNbO3↓+2Na+ +2OH−+12H2O (4)

Fig. 2 shows the XRD patterns of the products obtained by calcin-
ing Na8Nb6O19·13H2O at different temperatures. It can be seen that
the products were a mixture of Na8Nb6O19·13H2O with NaNbO3

phases when the sample was calcined at 300 oC (Fig. 2(b)). How-
ever, with the increase of calcination temperature, the XRD pattern
of Na8Nb6O19·13H2O began to disappear gradually, while the pattern
of NaNbO3 became clear. When the calcined temperature was 500 oC
and 700 oC (Fig.2(c) and (d)), the diffraction peaks were well matched
with the standard NaNbO3 phase. As reported previously, Nb6O19

8−

ion whose edges were shared by NbO6 octahedrons was easy to form
the stable NaNbO3 at the high temperatures during hydrothermal
synthesis [28]. According to Fig. 2, the intermediate compound Na8

Nb6O19·13H2O is not stable, and it can be changed to the stable Na
NbO3 with the increase of calcination temperature.

E = 
C0 − C

C0
-------------- 100% = 

A0 − A
A0

---------------× 100%×

Fig. 1. XRD patterns of  (a) Nb2O5 and the powders produced at
different reaction temperatures for 6 h ((b) 120 oC, (c) 140 oC,
(d) 160 oC, (e) 180 oC).

Fig. 2. XRD patterns of (a) Na8Nb6O19·13H2O powder and the sam-
ples calcined at different temperatures for 4 h: (b) 300 oC,
(c) 500 oC and (d) 700 oC.
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The SEM images of the samples in Fig. 3 illustrate the morphol-
ogy evolution of the solid Na8Nb6O19·13H2O and NaNbO3. Cubes
and fibers can be observed in the Na8Nb6O19·13H2O samples (Fig.
3(a)). The fibers with the length of tens of micrometers and the width
of hundreds of nanometers were observed (120 oC). According to
the XRD analysis (Fig. 1(b)), fibers and cubes of the product were
attributed to the intermediate Na8Nb6O19·13H2O structure. How-
ever, homogeneous crystallization and morphology were difficult
to achieve at the low temperature, because high sintering tempera-
tures often cause serious volatilization of the alkali metal, which
leads to stoichiometric variations in the sintered material [29]. As
the reaction temperature was improved to 180 oC, high purity nio-
bate cubes were obtained (shown in Fig. 3(b)), and their XRD pat-
tern (shown in Fig. 1(e)) suggested that there was only one crystal
NaNbO3 phase in this sample. Interestingly, the Na8Nb6O19·13H2O
appeared as a metastable intermediate, and its crystallinity was easily
transformed in the reaction process, which led to the formation of
sodium niobate cubes [30].

TG-DSC analysis of Na8Nb6O19·13H2O is shown in Fig. 4. The
endothermic peak in the DSC curve around 129.3 oC was attributed
to the decomposition of crystalline water of Na8Nb6O19·13H2O cata-
lysts. It was found that the mass loss value of 18.49% was consistent
with 18.8%, the theoretical value of crystalline water of Na8Nb6O19·
13H2O catalysts. According to the XRD analysis (Fig. 2), the mass

loss from 300 to 450 oC was attributed to the phase transformation
from Na8Nb6O19·13H2O to NaNbO3. It also showed that NaNbO3

cubes were more thermodynamically stable than the metastable inter-
mediate Na8Nb6O19·13H2O.
2. Degradation of MB

To investigate the catalytic activity of Nb2O5, Na8Nb6O19·13H2O
and NaNbO3 samples, the degradation activities of Na8Nb6O19·13H2O/
H2O2, Nb2O5/H2O2, NaNbO3/H2O2 systems are shown in Fig. 5. It
can be seen that in the absence of catalysts, there was no signifi-
cant degradation of the MB solution in the case of H2O2. That is,
H2O2 itself could not effectively induce degradation of MB dye. As
for Na8Nb6O19·13H2O/H2O2 system, MB degradation efficiency of
93.5% can be observed at 60 min. Compared with the MB degra-
dation in Na8Nb6O19·13H2O/H2O2 system, the dye degradation was
significantly slow using Nb2O5 and NaNbO3 samples. The results
indicate that Nb2O5 and NaNbO3 had no catalytic activity for MB
degradation in the case of H2O2. Compared with other systems, such
as the Fe2−xNbxO3/H2O2 system, the Na8Nb6O19·13H2O/H2O2 sys-
tem had higher catalytic activity for MB dye degradation [27]. In
the Na8Nb6O19·13H2O/H2O2 system, after the reaction time lasted

Fig. 3. The SEM images of the samples: (a) Na8Nb6O19·13H2O; (b) NaNbO3.

Fig. 5. The catalytic activity of different niobates with H2O2 (cata-
lyst: 0.13 g·L−1; H2O2: 32.5 mM·L−1; MB: 10 mg·L−1; T: 303
K).Fig. 4. TG-DSC curves of Na8Nb6O19·13H2O powders.
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30 min, ca. 90% of MB was degraded. However, in the Fe2−xNbxO3/
H2O2 system, about 70% of MB was degraded in the same condi-
tion (60 min) [27].

The catalytic activity of the catalysts calcined at different tem-
peratures is shown in Fig. 6. It was found that the calcination tem-
perature had a negative effect on the catalytic activity. That was due
to the appearance of NaNbO3 phase when the calcination tempera-
ture was higher than 300 oC, which was confirmed in XRD analy-
sis (Fig. 2). It was found that the catalysts calcined at 500 oC and
700 oC had nearly no catalytic activity. The catalytic activity of the
sample decreased significantly with the increase of the calcination
temperature.

However, the degradation process of MB with H2O2 was con-
siderably dependent on the catalytic reaction temperature. Fig. 7

Fig. 6. Effect of catalysts calcined temperature on the reactions of
MB degradation: (a) powders synthesized at 120 oC for 6 h
and powders calcined at different temperatures for 4 h: (b)
300 oC, (c) 500 oC, (d) 700 oC (catalyst: 0.13 g·L−1; H2O2: 32.5
mM·L−1; MB: 10 mg·L−1; T: 303 K).

Fig. 8. The UV-vis spectral changes of MB of different niobate com-
pounds systems: (a) Na8Nb6O19·13H2O/H2O2; (b) Nb2O5/
H2O2; (c) NaNbO3/H2O2 (catalyst: 0.13 g·L−1; H2O2: 13 mM·
L−1; MB: 10 mg·L−1; T: 303 K).

Fig. 7. Effect of reaction temperature on the degradation of MB:
(a) 50 oC, (b) 40 oC, (c) 30 oC and (d) 20 oC (catalyst: 0.13
g·L−1; H2O2: 32.5 mM·L−1; MB: 10 mg·L−1).

shows the effect of the reaction temperature (from 20 to be 50 oC)
on the catalytic activity. In Fig. 7, it could be seen that the degrada-
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tion efficiency of MB under different temperature was enhanced
with the increase of time. The degradation efficiency of MB increased
remarkably from 6.9% (20 oC) to 72.4% (40 oC) in the initial 10 min.
However, when the reaction temperature was up to 50 oC, the de-
gradation efficiency decreased from 93.5% (30 oC) to 91.4% after
60 min. This may have been caused by the large decomposition of
H2O2 at a high temperature. The results indicated that MB could be
degraded at room temperature in short time.

The temporal evolution of the absorption spectral changes dur-
ing the catalytic degradation of MB was monitored by UV-vis spectra
(Fig. 8). Peaks at 235, 292, 620 and 664 nm correspond to the re-
moval of MB [31]. During the reaction process, the characteristic
absorption peak at 664 nm decreased dramatically and nearly dis-
appeared after 60 min in the Na8Nb6O19·13H2O/H2O2 system (Fig.
8(a)). The MB band at 207 nm was due to the absorption of H2O2

in the range of 185-300 nm [32]. It could also be found that the MB
could not be sharply degraded in the case of Nb2O5/H2O2 or NaNbO3/
H2O2 system (Fig. 8(b) and 8(c)).
3. Kinetics

To investigate the kinetics of MB degradation over the Nb2O5,
Na8Nb6O19·13H2O and NaNbO3 in the presence of H2O2, a pseudo-
first-order reaction model is introduced to describe the experimen-
tal data as follows:

− ln(C/C0)=kapt (5)

where kap is the apparent rate constant, C0 is the initial concentra-
tion of MB, t is the reaction time and C is the concentration of MB
at the reaction time of t. Fig. 9 shows the kinetic curves for the de-
composition of MB over Nb2O5, Na8Nb6O19·13H2O and NaNbO3

samples (reaction temperature: 30 oC). The kinetic parameters were
calculated and listed in the inset table of Fig. 9. It appears that the
degradation of MB by Na8Nb6O19·13H2O/H2O2 followed the pseudo-
first-order reaction kinetics. The apparent rate constants (k) of Na8

Nb6O19·13H2O, NaNbO3 and Nb2O5 were found to be 0.02376, 6.1491
×10−4, 6.0720×10−4 min−1. Evidently, the pseudo-first-rate kinetic con-
stant of the degradation of MB with the assistance of the Na8Nb6O19·
13H2O was significantly higher than that in the other catalytic sys-

Fig. 9. Kinetics of MB degradation over Nb2O5, Na8Nb6O19·13H2O
and NaNbO3 particles in the presence of H2O2.

Fig. 11. Photos of different niobate compounds systems: (a) Nb2O5/
H2O2; (b) Na8Nb6O19·13H2O/H2O2; (c) NaNbO3/H2O2.

Fig. 10. Influence of reaction temperature on the degradation ki-
netics of MB by Na8Nb6O19·13H2O/H2O2 system.

tems (Nb2O5/H2O2 and NaNbO3/H2O2).
The effect of reaction temperature on the MB degradation in aque-

ous solution in the presence of Na8Nb6O19·13H2O/H2O2 system was
investigated in the range of 20-50 oC. It was generally accepted that
the reaction temperature is a critical parameter determining the cata-
lytic degradation reaction rate. It could be observed that when the
reaction temperature was increased from 20 oC to 50 oC, the appar-
ent degradation rate was increased (i.e., 0.0122-0.0271 min−1). In
Fig. 10, the correlation coefficient values (R) decreased gradually
with the increase of reaction temperature. The result indicated that
when the reaction temperature was lower, the correlation coefficient
values (R) were higher than 0.99 (20-30 oC). When the reaction tem-
perature was increased to 50 oC, the R value was 0.9053. There-
fore, the degradation of MB by Na8Nb6O19·13H2O/H2O2 does not
fit the pseudo-first-order reaction model at the high reaction tem-
perature (≥40 oC).
4. The Proposed Catalytic Mechanism

To study the mechanism, the reaction of three niobate compounds
(Nb2O5, Na8Nb6O19·13H2O and NaNbO3) was carried out under the
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same conditions. The reaction process of catalyst/H2O2 system is
shown in Fig. 11. It was indicated that when Nb2O5 was added to the
H2O2 solution, the reaction system could not generate many bubbles
(Fig. 11(a)). The solution changed to the suspension as the NaNbO3

compounds mixed with H2O2 in Fig. 11(c). It was also found that
there was no dramatic reaction phenomenon as time went on. How-
ever, the Na8Nb6O19·13H2O catalyst could react severely with H2O2

after five minutes in Fig. 11(b), and there were a large number of
bubbles in the bottle following the intense reaction. It was also found
that after two hours, in Na8Nb6O19·13H2O/H2O2 system, the pH in-
creased significantly. The XRD patterns of Na8Nb6O19·13H2O used
during the oxidation reaction are shown in Fig. 12. It can be seen
that the peak of Na8Nb6O19·13H2O (Fig. 12(a)) was decreased in
the reaction (Fig. 12(b)) and the phase of the product was Nb2O5 (Fig.
12(c)) after the reaction. The regenerated Nb2O5 powders with sodium
hydroxide could synthesize new Na8Nb6O19·13H2O material (Fig.
12(d)) by the hydrothermal method. Moreover, in the new Na8Nb6O19·
13H2O/H2O2 system, the degradation efficiency (ca. 90% after 60
min) of MB solution did not exhibit significant decrease, indicat-
ing that the catalytic activity of the new Na8Nb6O19·13H2O cata-
lysts was still high during the reaction.

Similar to the Fenton-like reaction and the reaction of V (V) series
compounds towards H2O2 [33-35], the activation of Nb (V) com-
pound towards H2O2 may be as follows:

Nb5++H2O2→Nb4++·OOH+H+ (6)

Nb5++·OOH→Nb4++H++O2 (7)

Nb4++H2O2→Nb5++·OH+OH− (8)

On the basis of the above results, the reaction mechanism is pro-
posed: First, H2O2 was adsorbed on Na8Nb6O19·13H2O. H2O2 ad-
sorbed on Na8Nb6O19·13H2O was activated by transferring Nb5+ to
Nb4+, and ·OOH was produced, which was just like the reaction of
V (V) compound towards H2O2. Then the reduced Nb4+ sites were
oxidized by H2O2 to form the free radical ·OH. The molecular oxy-

gen (according to Eq. (7)) contributed to the formation of Nb2O5;
as reported previously, the reduced Nb4+ sites were oxidized to Nb5+

by the molecular oxygen [36]. Finally, the obtained Nb2O5 could
synthesize Na8Nb6O19·13H2O by hydrothermal method again. The
formed free radical ·OH could participate in the MB degradation
reaction. Therefore, the MB could be degraded by Na8Nb6O19·13H2O/
H2O2 system in a short time.

CONCLUSION

Na8Nb6O19·13H2O was an intermediate hexaniobate during pre-
paring NaNbO3 by a simple hydrothermal method (Nb2O5→Na8

Nb6O19·13H2O→NaNbO3). The Na8Nb6O19·13H2O was first tested
and used as a highly-effective catalyst in the presence of H2O2. By
comparing with Nb2O5/H2O2 system, Na8Nb6O19·13H2O/H2O2 sys-
tem and NaNbO3/H2O2 system, it was found that MB could be de-
graded most efficiently by Na8Nb6O19·13H2O/H2O2. The degrada-
tion of MB by Na8Nb6O19·13H2O/H2O2 followed the pseudo-first-
order reaction kinetics and the degradation rate was 0.02376 min−1

in the case of Na8Nb6O19·13H2O/H2O2 system, which was higher
than that in Nb2O5/H2O2 and NaNbO3/H2O2 systems.
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