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treatment
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Abstract

In this work, the degradation of methylene blue (MB) in aqueous solution by a heterogeneous Fenton-like process
was studied. Nb2O5 supported on an anodized aluminum monolith was used as catalyst. The Nb2O5 coating
generated during the catalyst synthesis was uniform and porous, with a thickness of 7 μm. Response surface
methodology was used to study the relationship between process variables and MB degradation and chemical
oxygen demand (COD) reduction. The optimal operating conditions were: initial MB concentration of 45 mg L− 1,
initial H2O2 concentration in the reaction medium of 40 mM, catalyst loading of 7.85 kgNb2O5

m− 3, and pH 4,
reaching a MB degradation of 98% and a COD reduction of 79% at 150 min. The high activity of the Nb2O5

monolith catalyst remained constant after 10 catalytic tests.
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Introduction
Textile industries are responsible for serious environ-
mental problems due to the large volume of dyestuff
wastewater that they generate (200 to 350 m3 of waste-
water per ton of finished product) [1]. Textile wastewa-
ters commonly present high values of pH, biochemical
oxygen demand (BOD), chemical oxygen demand
(COD), turbidity, and occasionally potential carcinogenic
or mutagenic substances [2]. Colored wastewater also re-
duces the light penetration through the water surface,
and consequently the photosynthetic activity of aquatic
organisms [3].
Nowadays, conventional technologies applied for tex-

tile wastewater treatment are based on coagulation-
flocculation processes, activated carbon adsorption and
membrane filtration technique. These methods are non-
destructive, transferring the organic contaminant to an-
other medium that demands further treatment, thus

increasing the processing costs. On the other hand, bio-
logical wastewater treatment methods generally have a
low efficiency in color removal due to the high resist-
ance of the organic dye compounds to degradation [2].
In this context, advanced oxidation processes (AOP)

using heterogeneous catalysts are considered a promis-
ing technology for the discoloration of textile wastewa-
ter, as they lead to the total mineralization of most
organic pollutants without generating solid wastes [4]. In
recent years, there has been a growing interest in the ap-
plication of niobia (Nb2O5) for water remediation due to
its acid sites properties, good chemical stability, null tox-
icity and commercial availability [5].
The application of niobium pentoxide nanoparticles

for dye photodegradation has been previously studied,
exhibiting promising performances [6, 7]. Kumari et al.
[8] reported a dyestuff degradation (methylene blue,
MB) of between 40 and 70% using Nb2O5 nanoparticles
as photocatalyst. de Carvalho et al. [6] observed almost
100% MB degradation using niobium pentoxide as
photocatalyst after 3 h of sunlight exposure. In contrast,
dyes in high concentration limit the light penetration
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into the solution, increasing the light scattering effect,
and decreasing the process efficiency [9].
Niobium pentoxide is also a suitable catalyst for oxida-

tion reactions using hydrogen peroxide (H2O2) as oxi-
dant [10]. Ziolek et al. [11] reported that Nb2O5

contacted with hydrogen peroxide exhibited high ability
to form radical peroxo species, generating active oxygen
for the alcohol oxidation. On the other hand, textile
wastewater treatments using Nb2O5 catalyst, in non-
photocatalytic systems, have been scarcely reported [12].
Oliveira et al. [13] observed that the presence of hydro-
gen peroxide enhances the generation of hydroxyl radi-
cals, and consequently, the dyestuff oxidation. Wolski
et al. [14] reported a 51% degradation of Rhodamine B
in 30min using Nb2O5 with hydrogen peroxide, observ-
ing similar results, in terms of degradation efficiency,
with the photocatalytic system at lower dye concentra-
tion. This appreciation is in good agreement with the
findings documented by Ucker et al. [15].
No reports could be found in the literature on the ef-

fects of the operating conditions for textile wastewater
treatment using a Nb2O5 monolithic catalyst in the pres-
ence of hydrogen peroxide. The use of structured cata-
lysts is affordable considering that they can be reused in
multiple cycles, overcoming the difficulty of separating
the powder catalyst from the reaction medium, thus re-
ducing processing costs.
In this paper, the oxidation of MB (as model dye com-

pound) over an anodized aluminum-supported Nb2O5

catalyst in a monolithic stirrer reactor was studied. The
effects of key parameters (catalyst loading, initial dye
concentration, pH and initial hydrogen peroxide concen-
tration) on the dye degradation and the stability of the
monolith catalyst were evaluated.

Materials and methods
Catalyst synthesis
For the preparation of the anodized aluminum mono-
liths, an Al1050 commercial aluminum sheet was used
as substrate (the composition of the aluminum sheets is
given in Table S1 in the Supplementary Information).
The aluminum sheets were washed with distilled water
and acetone, then the anodizing process was carried out
using a 1.6M H2C2O4 (≥ 99% purity; Sigma-Aldrich)
aqueous solution as electrolyte and a power density of 2
A dm− 2 at 40 °C, with 40 min of anodizing and 40 min
of pore opening. After anodizing, the samples were
washed with distilled water, dried and calcined at 450 °C
for 120 min using chromatographic grade air (99.999%
purity) with a flow rate of 20 mLmin− 1. The monoliths
were prepared by rolling around spindle alternate anod-
ized a smooth and a corrugated sheet conforming sinus-
oidal channels. The final monolith was a cylinder of 14
mm diameter and 15mm height (the geometric

dimensions of the monolith are shown in the Table S2
in the Supplementary Information).
Nb2O5 (99% purity), provided by Brazilian Company

of Minerals and Mineralization (CBMM), was dissolved
in 1M oxalic acid aqueous solution. The Nb2O5 mono-
lith catalysts were synthesized by wet impregnation
using a niobium aqueous solution (100mM, pH 4) for
60 min. After impregnation, the samples were dried at
room temperature for 48 h and finally calcined at 550 °C
for 3 h in air flow (AGA chromatographic grade). Three
impregnation, drying and calcination cycles were per-
formed. The monolith catalysts are referred to as
Nb2O5/Al2O3/Al.

Catalyst characterization
The Nb2O5/Al2O3/Al catalysts were characterized using
N2 adsorption-desorption isotherms at − 196 °C for sur-
face area measurements. The specific surface area of the
catalysts was calculated according to BET method. The
pore volume and pore size distribution of the samples
were calculated from the N2 adsorption isotherm with
the BJH method, using a Quantachrome Instruments
NOVA 1200e analyzer. Before the analysis, each sample
was degassed in vacuum at 120 °C for 24 h.
The Nb2O5 loading in the monolith catalysts was de-

termined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) with a Shimadzu 9000 spec-
trometer. Before the measurement, the samples were
dissolved in aqua regia.
The catalyst morphology was characterized by scan-

ning electron microscopy (SEM) on a LEO-EVO 40 XVP
microscope. The samples were previously coated
through a metallization process.
The adherence of the Nb2O5 layer deposited over the

anodized aluminum surface was tested by the ultrasonic
method. The monoliths were immersed in 50mL of dis-
tilled water and subjected to an ultrasound bath at room
temperature for 120min in a Cole-Palmer 8892E-MT
(47 kHz, 105W) apparatus. Then the monoliths were
dried. The weight of each sample was measured before
and after the ultrasound test to determine the Nb2O5

layer adherence, which was calculated as the percentage
ratio of the amount of coating material retained on the
substrate.
X-Ray diffraction (XRD) was applied to identify the

crystalline phases of the catalyst. XRD patterns were ob-
tained using a Rigaku D-max III-C diffractometer, with a
monochromatic Cu Kα (l = 0.154060 nm) operating at
35 kW and 30mA.

Reaction test
The reaction tests were carried out at 20 ± 1 °C in a
Pyrex batch reactor equipped with a monolith stirrer, in
the dark. A schematic diagram of the monolithic stirrer
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reactor used in the reaction tests and its characteristic
parameters are given in Fig. S1 and Table S3 in the Sup-
plementary Information. The duration of the reaction
test was 150 min with an agitation rate of 500 rpm. In
each test, 250 mL of MB (≥ 97% purity; Sigma-Aldrich)
solution were used, and the catalytic monoliths were
mounted on the axis of the stirrer. The pH of the reac-
tion medium was regulated by adding 0.1 M HCl or 0.1
M NaOH solution (≥ 98% purity, Sigma-Aldrich
reagents).
The reaction progress was monitored using a UV-VIS

spectrophotometer (PG Instruments, T60). The wave-
length selected for the measurement was 663 nm (max-
imum absorbance for MB), and the MB concentration
was calculated using a calibration curve [9]. The MB
degradation during the reaction test was determined
using Eq. (1):

MB degradation ¼ ABS0−ABS F

ABS0
100% ð1Þ

where ABS0 is the initial absorbance of MB solution, and
ABSF is the final absorbance (after the reaction test).
The efficiency of the oxidation process was also evalu-
ated in terms of COD reduction as follows:

COD red ¼ COD0−CODF

COD0
100% ð2Þ

where COD0 is the initial COD (untreated sample) and
CODF is the COD of the sample treated by the advanced
oxidation process. COD analysis was carried out using
commercial HACH vials (Method 8000). The samples
were prepared using sulfuric acid and potassium dichro-
mate as oxidizing agent at 150 °C for 120 min.

Experimental design
The effects of the operating conditions on the reaction
tests were investigated using a central composite design
(CCD) at three levels together with response surface
methodology. The CCD consisted of a 24 factorial design
with 2 center point replicates, resulting in 18 catalytic
tests. This method is suitable for fitting a quadratic sur-
face by analyzing the interactions between the parame-
ters with a minimum number of experiments. The
central points were used to determine the experimental
error and the reproducibility of the results. The inde-
pendent variables were pH, initial concentration of MB
(CMB, 0) and hydrogen peroxide (CH2O2;0 ), and catalyst
loading (ω), which were coded to the (− 1,1) interval,
where the low and high levels are coded as − 1 and + 1,
respectively. The indepeFndent variables with their re-
spective ranges were selected based on the literature as
listed in Table 1. The order of the experiments was

randomized in order to minimize the effects of the un-
controlled factors.
The studied responses were MB degradation, Eq. (1)

and COD reduction, Eq. (2). The responses were fitted
by multiple regression, and the generated models were
used to evaluate the effects of the selected experimental
factors according to Eq. (3):

Y ¼ b0 þ
X4
i¼1

bixi þ
X4
i¼1

biixi

 !2

þ
X3
i¼1

X4
j¼iþ1

bijxix j ð3Þ

where Y is the predicted response, b0 is the constant co-
efficient, bi is the linear coefficient, bij is the interaction
coefficient, bii is the quadratic coefficient, and xixj are
the values of the independent variables. Analysis of vari-
ance was used to evaluate the adequacy of the predicted
model using Statgraphics Centurion XV.2 software. The
quadratic model was adjusted by stepwise selection ac-
cording to the Fisher-Snedecor test (F-test) in order to
remove statistically non-significant variables. The good-
ness of fit was assessed using the coefficient of determin-
ation (R2). Non-significant coefficients were removed
from the models (p-value > 0.05).

Results and discussion
Catalyst characterization
Figure 1 shows the nitrogen adsorption−desorption iso-
therm for Nb2O5/Al2O3/Al monolith catalyst. The iso-
therm is of type IV according to the IUPAC
classification, indicating the presence of mesopores. It
presents a hysteresis loop, which may be attributed to
capillary condensation in the pores.
The BET surface area of the monolith catalysts was of

43 m2 g− 1, with a pore radius of 179 Å and a pore vol-
ume of 0.011 cm3 g− 1 (values referring to the Nb2O5

loading in the monolith). These properties were in good
agreement with the results reported by Ohuchi et al.
[16] for a Nb2O5 catalyst synthetized through niobic acid
calcination.
Figure 2 shows the XRD patterns of anodized alumin-

ium monoliths and Nb2O5/Al2O3/Al catalyst. The

Table 1 Independent variables and their coded levels for the
central composite design

Variables Code Units Coded levels

-1 0 1

pH x1 – 4 6 8

CMB, 0 x2 (mg L− 1) 15 30 45

CH2O2;0 x3 (mM) 40 60 80

ω x4 (kgNb2O5
m−3) 2.62 5.24 7.86
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Fig. 1 N2 adsorption-desorption isotherm for Nb2O5/Al2O3/Al monolith catalyst. Ref.: Adsorption, Desorption

Fig. 2 XRD patterns: (a) anodic alumina generated during the anodizing process, (b) reference TT-Nb2O5 (JCPDS 28–0317), (c)
Nb2O5/Al2O3/Al monolith
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crystallographic planes were identified according to
JCPDS database. The alumina generated during the an-
odization process exhibited an amorphous structure,
which is in good agreement with the results previously
reported by Zhao et al. under similar anodization condi-
tions [17]. On the other hand, the Nb2O5/Al2O3/Al cata-
lyst showed well defined peaks, indicating the presence
of a crystalline TT-Nb2O5 phase (JCPDS file shown in
Fig. 2B). Nb2O5 exhibited different crystalline phases as
the temperature increased, showing polyhedral distor-
tion. The TT phase presented a slight distortion of the
polyhedra with respect to the hexagonal structure,
adopting a pseudo hexagonal structure when the
temperature was increased up to 500 °C [18].
The Nb2O5 loading of the monolith catalyst was deter-

mined by ICP-AES, being of 327 mgNb2O5
monolith− 1.

The monoliths were subjected to ultrasound testing to de-
termine the adherence the of Nb2O5 layer deposited over
anodized aluminum substrate. The coating adherence was
found to be excellent (99.8 ± 0.1%). The results are in
agreement with those presented by Koyama et al. [19],
who deposited a highly stable Nb2O5 layer over anodized
aluminum by a sol-gel coating method. Feng et al. [20]
also obtained Al2O3-Nb2O5 composite oxide films with

high adherence following a similar preparation procedure
to that used in this work. Figure 3 shows SEM micro-
graphs of the surface of Nb2O5/Al2O3/Al catalyst and a
cross-section of the Nb2O5 deposited layer.
The surface of the Nb2O5 layer was homogeneous,

with a thickness of 7 μm, while the thickness of the
Al2O3 layer was of 17 μm. The coating exhibited a rough
surface, occasionally divided by cracks that went from
the surface down to the alumina matrix. This morph-
ology has also been observed by other authors and it
may be attributed to shrinkage during the preparation
drying stage [21].
The solubility of Nb2O5 in aqueous solutions depends

on its crystalline structure, temperature, pH and ionic
strength [22]. The Nb2O5 obtained from the
alkalization-precipitation of a niobium oxalate solution
exhibits an amorphous structure, with a relatively high
solubility in water [23]. However, when Nb2O5 is cal-
cined at temperatures above 500 °C, a TT-Nb2O5 crystal-
line phase is generated, decreasing the dissolution rate.
Figure 4 shows the dissolution of Nb2O5 after 150 min

of reaction at different pH. The samples of the reaction
medium were collected and analyzed by ICP-AES to de-
termine the niobium concentration. Figure 4 compares
the results for Nb2O5 dissolution (from the Nb2O5/

Fig. 3 SEM micrographs of Nb2O5/Al2O3/Al monolith. Ref.: (a), (b): Top view; (c): Vertical cross-section
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Al2O3/Al catalyst) found in this work with those re-
ported by other authors [22, 26] as a function of pH (at
room temperature).
As shown in Fig. 4, the dissolution was significantly

lower for TT-Nb2O5 than for the amorphous material.
In all cases, an increase in pH yielded an increase in
Nb2O5 dissolution for pH 4–12. Based on these results,
it was assumed that the reaction only occurred over
Nb2O5 surface and the niobia dissolution was negligible.
This is in agreement with the results reported by Peiffert
et al. for H-Nb2O5 [22].
Timofeev et al. [27] studied the dissolution of Nb2O5

at high temperatures in acid media and reported a solu-
bility of 10–7.8 M at 150 °C and pH 2. Deblonde et al.
[26] reported a niobium dissolution of 10–3.5 M for 56-d
aged niobium hydroxide at 25 °C and pH 9. Peiffert et al.
[22] examined the solubility of anhydrous Nb2O5 at dif-
ferent temperatures and ionic strengths. The highest
value reported by the authors for an ionic strength value
of 0.1M (NaClO4) at 25 °C was of 6.0 10− 10 M. Korz-
hinskaya et al. [23] found a solubility limit value of 8.3
10− 6 M for Nb2O5 calcined at 550 °C, at pH 5 and 0.01
M (Na2CO3). It was proposed that niobium oxide dissol-
ution is independent of the ionic strength, between 0.1
and 1M, and pH 3–8, at room temperature [28].

Catalytic tests
Mass transport phenomena
The Carberry (Ca) criterion was used to evaluate the ex-
ternal mass transfer limitation in the liquid-solid film ac-
cording to Eq. (4). The external mass transfer resistance
is negligible when Ca < 0.05.

Ca ¼ robsliq

kLSiaLS Ci
ð4Þ

where Ci is the concentration of MB or H2O2 (mol m− 3)
and robsliq is the observed reaction rate (mol m− 3 s− 1). The
liquid-solid mass transfer area (aLS) was calculated from
the dimensions of the Al sheets that made up the mono-
liths as 3834 m2 m− 3. The liquid-solid mass transfer co-
efficient was determined according to the correlation
proposed by Butler et al. [29] as kLSMB = 3.85 10− 5 m s− 1

and kLSH2O2
= 2.34 10− 4 m s− 1. The Carberry criterion

indicated that the resistance to external mass transfer
was negligible for MB and hydrogen peroxide (all the re-
sults are shown in Table S4 in Supplementary
Information).
The Weisz-Prater criterion, Eq. (5) was used to esti-

mate the intraparticle diffusion limitation for both
methylene blue and hydrogen peroxide.

Φi ¼ robscat ρc L
2

Deff ;iCi
ð5Þ

where Deff is the effective diffusion coefficient (m2 s− 1),
L is the thickness of the Nb2O5 layer (m), and ρc is the
apparent density of the catalyst (kg m− 3). The effective
diffusion coefficient was calculated as follows:

Deff ;i ¼ Di ε
τ

ð6Þ

The Weisz-Prater criterion indicates that the intrapar-
ticle mass transfer limitation for the unknown kinetics is
negligible when Φi < 0.1. The Nb2O5 porosity was ε =
0.22 and the tortuosity was τ = 3 [5]. Intraparticle

Fig. 4 Nb2O5 dissolution in an aqueous medium versus pH at room temperature. Ref.: Amorphous Nb2O5 [24], H-Nb2O5 [25], Nb2O5/Al2O3/Al
(present work)
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diffusion coefficients were determined using the correl-
ation proposed by Milozic et al. [24] as DMB = 4.75
10− 10 m2 s− 1 and as DH2O2 = 7.1 10− 9 m2 s− 1. The cata-
lyst density was assumed to be 1220 kg m− 3. The thick-
ness of the Nb2O5 layer was 7 μm.
Under the reaction conditions analyzed in this work,

the numerical value of the Weisz-Prater criterion was
between 0.8 and 4.2 for MB and between 0.5 and 6.4
10− 4 for H2O2, indicating that the concentration gradi-
ents within the catalyst pores for MB cannot be
neglected (all the results are shown in Table S4 in the
Supplementary Information). This may be attributed to
the low effective diffusivity coefficient of methylene blue
for the reaction system. Meanwhile, the intraparticle dif-
fusion limitations for H2O2 were negligible.

Effects of the operating conditions on the studied reaction
In this study a central composite design was developed
to determine the optimal conditions for MB degradation
and COD reduction. The independent variables were:
pH, initial concentration of MB (CMB, 0) and hydrogen
peroxide ( CH2O2;0 ), and catalyst loading (ω). Table 2
shows the complete design matrix together with the
values of both responses obtained from the experimental
tests.
In order to clarify the contribution of the Fenton-like

reaction in MB degradation, the dye was contacted with

the H2O2, without catalyst, and no degradation was ob-
served. When the H2O2 was contacted with the catalyst,
no O2 formation was observed. Both experiments sug-
gest the possible formation of hydroxyl radicals, which
would be responsible for the oxidation of MB over
Nb2O5 in the presence of H2O2. The contribution of the
Fenton-like reaction was also proposed by Oliveira et al.
[13], whose results strongly suggest that the reaction
with Nb2O5 catalyst is initialized by the activation of
H2O2 to produce •OH radicals.
Under the studied operating conditions and at 150 min

of reaction, the minimum MB degradation obtained was
75%, with a COD reduction of 11% (Run 14) or 23%
(Run 12). On the other hand, the maximum MB degrad-
ation was of 98% with a COD reduction of 79% (Run 1
and 5). Similar results were obtained for both reaction
tests at the central point (Run 2 and 11), indicating that
the assays were reproducible.
The results of each response were adjusted to a

second-order model, using the F-test to remove statisti-
cally insignificant variables. Table 3 shows the equations
obtained by multiple regression, the percentages of vari-
ation of the parameters explained by R2, the p-values
and the F-values. The coded values for the variables are
those presented in Table 1.
The coefficient of determination (R2) obtained for

COD reduction and MB degradation was 0.795 and
0.986, respectively. Both second-order models showed p-

Table 2 Experimental variables and responses for MB degradation using Nb2O5/Al2O3/Al catalyst

Run x1: pH x2 : CMB, 0

(mg L−1)
x3 : CH2O2;0

(mM)
x4 :ω
(kgNb2O5

m− 3)
Y1:MB degradation (%) Y2:COD reduction (%)

1 4 15 40 7.86 98 79

2* 6 30 60 5.24 88 55

3 4 45 40 2.62 93 43

4 4 45 80 7.86 96 91

5 4 45 40 7.86 98 78

6 4 15 80 2.62 91 57

7 4 15 80 7.86 97 73

8 8 15 40 7.86 94 88

9 4 45 80 2.62 91 22

10 4 15 40 2.62 90 32

11* 6 30 60 5.24 89 53

12 8 45 80 2.62 75 22

13 8 15 40 2.62 78 15

14 8 15 80 2.62 75 10

15 8 15 80 7,86 91 75

16 8 45 40 7.86 94 55

17 8 45 40 2.62 80 26

18 8 45 80 7.86 90 42

*Central point
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Table 3 Mathematical models obtained using Statgraphics Centurion XV.2 software for the studied responses. All data had a
confidence level of over 95.0%

Response Mathematical models* Eq. R2 p-Value F-Value

MB degradation Y1(%) = 107.02 − 4.08 x1 − 0.0106 x1 x3 + 0.4412 x1 x4 − 0.6202 x4 7 0.986 0.0001 322

COD reduction Y2 (%) = 33.77 − 4.43 x1 + 8.42 x4 8 0.795 0.0001 29

* x1: pH, x2: initial methylene blue concentration, x3: initial hydrogen peroxide concentration, x4: catalyst loading

Fig. 5 Response surface for methylene blue degradation using Nb2O5/Al2O3/Al catalyst. Ref.: (a) pH = 6; (b) CH2O2;0 = 60mM; (c), ω = 5.24 kgNb2O5
m−3
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values lower than 0.05, ensuring a satisfactory fit of the
experimental data with a confidence level greater than
95%. Three-dimensional response surface curves were
plotted to understand the interactions between the pa-
rameters. Figure 5 shows the response surfaces for MB
degradation as a function of two independent variables,
and the third and fourth variables were fixed at level “0”,
as specified in Table 4. Figure 6 shows the response sur-
face for COD reduction.
The effects of the operating conditions for MB degrad-

ation and COD reduction are discussed below.

a. pH
The influence of pH on MB degradation and COD re-
duction was studied in the 4–8 pH range. Both re-
sponses were favored by lower pH and higher catalyst
loadings. As shown in Fig. 5b, an increase in catalyst
loading led to a decrease in the pH effect on MB degrad-
ation. This behavior has been reported by other authors
and it may be attributed to the predominant effect of
catalyst loading in the reaction system [10, 30].
The pH presents various effects on the reaction sys-

tem, and it can affect the catalyst surface and/or the re-
actants, and thus its analysis can sometimes be complex.
Changes in pH can alter the adsorption process of the
organic molecules on the catalyst surface, which is the
first step of the reaction. The isoelectric point of the
Nb2O5 coating was pHpzc = 6.8. At pH > pHpzc, the total
surface of the Nb2O5 monolith catalyst was negatively
charged, whereas at pH < pHpzc the surface had a net
positive charge, as shown in the following equations:

pH > 6:8 : Nb−OHþOH−↔Nb−O−H2O ð7Þ
pH < 6:8 : Nb−OHþHþ↔Nb−OHþ

2 ð8Þ
MB is a cationic dye and its adsorption over the niobia

surface by electrostatic interaction is favored at pH > 6.8,
as indicated in Fig. 7a. However, there are other possible
interactions at low pH between the reactants and the
catalyst: a) Lewis acid-base interaction between the axial

nitrogen atom of the MB molecule and Nb+ 5 sites on
the surface (Fig. 7b), b) hydrogen bonding between the
nitrogen atom of the central aromatic ring and niobia
surface (Fig. 7c), and c) π interaction between the aro-
matic rings and the niobia surface (Fig. 7d) [25, 31].
Oliveira et al. [10, 13] proposed that hydrogen perox-

ide molecules are adsorbed over niobia forming peroxo-
niobium groups, which are potential oxygen donors. The
hydrogen peroxide adsorption on the catalyst surface is
also influenced by pH. Wang et al. [32] studied the aer-
obic oxidation of alcohols by UV radiation using TiO2

catalyst, observing the formation of peroxo-niobium
groups. When a Brønsted acid is present, H+ are
adsorbed on the catalyst surface, weakening the O-O
bond of the peroxo-niobium groups, and thus promoting
their heterolytic hydrolysis. In this sense, it can be in-
ferred that under the reaction conditions evaluated in
the present work, a decrease in pH led to the regener-
ation of the active sites on the niobia surface, favoring
MB adsorption and its subsequent degradation.
The COD value no depends on the concentration

of products and reagents. As shown in Fig. 6, an in-
crease in pH had a negative effect on COD reduction.
As stated above, the heterolytic hydrolysis of peroxo-
niobium groups is promoted at lower pH, favoring
H2O2 decomposition, and consequently increasing
COD reduction [10].

b. Catalyst concentration
An improvement in MB degradation and COD reduc-
tion was observed when the catalyst loading was in-
creased from 2.62 to 7.68 kgNb2O5

m− 3. This behavior
may be attributed to the increase in total vacant adsorp-
tion sites on the Nb2O5 surface, thus favoring the ad-
sorption of MB and H2O2. It was also observed that an
increase in the catalyst loading yielded a greater hy-
droxyl (•OH) radical generation when hydrogen perox-
ide was used as oxidant reagent, hence improving
dyestuff degradation [32].

c. Initial concentration of reagents
In the present study, the initial dye concentration was
between 15 and 45 mg L− 1. According to the results ob-
tained, MB degradation was no sensitive to initial dye
concentration. As shown in Fig. 5A and C, MB degrad-
ation was favored by decreasing the initial hydrogen per-
oxide concentration. This can be explained considering
that hydrogen peroxide reagent was in excess in the re-
action medium, hence a decrease in H2O2 concentration
favored dye adsorption, and subsequently MB
degradation.
On the other hand, no statistically significant relation-

ships between COD reduction and initial concentration

Table 4 COD values for standard samples

Sample CMB, 0 (mg L−1) CH2O2;0 (mM) COD (mg L−1)

1 15 40 504

2 15 80 936

3 45 40 570

4 45 80 1024

5 0 40 566

6 0 80 920

7 15 0 8

8 30 0 36

9 45 0 47
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of the reagents were determined. Optimal hydrogen
peroxide concentration for textile wastewater treat-
ment depends on effluent composition and operating
conditions [33].
The COD of standard samples was determined to

quantify the influence of MB and H2O2 concentrations
during COD measurement. The results are presented in

Table 4, and they indicate that hydrogen peroxide had a
predominant contribution to the COD value. Kang et al.
[34] evaluated the interference of hydrogen peroxide on
standard COD tests. They proposed the following equa-
tion, which can be applied to hydrogen peroxide concen-
trations in the 0–2000mg L− 1 range, to correct the
effect of the hydrogen peroxide concentration on COD:

Fig. 6 Response surface for COD reduction using Nb2O5/Al2O3/Al catalyst

Fig. 7 MB molecule adsorption mechanisms over niobia surface. Ref.: (a) electrostatic interaction, (b) Lewis acid-base interaction, (c) hydrogen
bond interaction, (d) interaction by delocalized π electrons

Troncoso and Tonetto Sustainable Environment Research           (2021) 31:35 Page 10 of 14



COD H2O2 ¼ 0:4706 CH2O2−4:06 10−5CH2O2
2 ð9Þ

where CH2O2 is the hydrogen peroxide concentration
expressed in mg L− 1. Figure 8 shows the COD values
calculated according to Eq. (9) and those of Table 4, as a
function of hydrogen peroxide concentration.
The COD values obtained in the present work for

hydrogen peroxide (samples 5 and 6 of Table 4) were in
good agreement with those calculated by Eq. (9), indicat-
ing that the COD value is mainly determined by H2O2

concentration.
Based on these results, the optimal operating condi-

tions selected for MB degradation and COD reduction
using N2O5/Al2O3/Al monolith catalyst were: pH 4,
CH2O2;0 = 40 mM, CMB, 0 = 45 mg L− 1, and ω = 7.86
kgNb2O5

m− 3.
Yahiaoui et al. [35] observed, at a similar MB degrad-

ation found in this work (under optimal operating con-
ditions), a substantial increase in the BOD/COD ratio of
the effluent after the oxidation process, indicating an in-
crease in its biodegradability. Similar observations were
reported by Sapawe et al. [36].
Oliveira et al. [13] proposed a tentative reaction mech-

anism for the MB degradation over niobia catalyst. The
intermediate species were identified by on-line electro-
spray ionization mass spectrometry, and these results
were interpreted with the assistance of the calculation of
the Gibbs free energy of the intermediate species. The
authors indicated that the reaction is initiated with the
activation of H2O2 by niobia via Haber Weiss mechan-
ism, followed by the consecutive hydroxylation of the
aromatic ring at position C2, C4 and C5. This is a crit-
ical step, as it would simultaneously lead to the forma-
tion of hydroquinone or hydroquinone-like
intermediates generated by the •OH attack. This would

be an unstable key-intermediate that points out the
quick and high probability of rupture of both chemical
bonds C1–C2 and C5–C6, followed by its oxidation gen-
erating a stable species, with m/z = 160.

Kinetic model
Under optimal conditions, the decolorization of MB fol-
lows pseudo first-order kinetics according to Eq. (10)
[15]:

CMB ¼ CMB;0e
−k

0
t

� �
or ln

CMB

CMB;0

� �
¼ −k

0
t ð10Þ

where CMB, 0 is the initial concentration of MB (mg
L− 1), CMB is the dye concentration at various time inter-
vals, t is the reaction time (min), and k' is the pseudo
first-order rate constant (min− 1). By plotting −ln(CMB /
CMB, 0) vs t, it is possible to calculate the apparent rate
constant for MB degradation. Figure 9 presents the ex-
perimental and modelled data versus reaction time for
MB degradation under optimal conditions.
Figure 9 shows that the experimental data were satis-

factorily adjusted with Eq. (10) (R2 = 0.983), demonstrat-
ing that the decolorization reaction followed a pseudo
first-order kinetics, with an apparent rate constant of ~
0.03 min− 1. This value is in good agreement with that
reported by Khairnar et al. under similar operating con-
ditions [37].

Catalyst stability test
One of the main advantages of monolith catalysts is the
possibility to separate them easily from the reaction
medium and use them repeatedly. In this context, the
stability of the catalyst activity through consecutive uses
is an important factor. To the best of our knowledge, no

Fig. 8 Experimental (symbols) and modelled data (according to Eq. (9), dotted line) for COD test as a function of hydrogen
peroxide concentration
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studies have been reported in the literature about the
stability of Nb2O5 on monolith supported catalysts.
Multiple consecutive reaction tests under optimal op-

erating conditions with Nb2O5/Al2O3/Al catalyst were
carried out to analyze the effects of reuse on catalyst ac-
tivity. The tests were performed using MB solution (in
distilled water) and a model textile wastewater, whose
composition was: 45 mg L− 1 MB, 5 mg L− 1 NH4

+, 778
mg L− 1 Na+, 700 mg L− 1 Cl−, 5 mg L− 1 NO3

− and 150
mg L− 1 SO4

− 2 [38]. No treatment was performed in the
structured catalysts between the tests.
Figure 10 shows the dye degradation for ten consecu-

tive tests for MB solution and model textile wastewater
treatment. The monolith catalyst reached similar per-
centages of MB degradation for both cases, and the

catalyst activity remained virtually constant after ten
consecutive uses. XRD analysis before and after the 10
catalyst stability test were performed in order to explore
possible changes in the crystalline structure of the niobia
(data shown in Supplementary Information, Fig. S2).
The results indicated that the Nb2O5 layer over the an-
odized aluminum monolith remained unaltered.

Conclusions
The Nb2O5 coating was successfully deposited over an
anodized aluminum substrate, showing excellent adher-
ence. The morphology of the surface of the Nb2O5 layer
was homogeneous and porous, with a thickness of 7 μm.
The dissolution of Nb2O5 in aqueous solution was negli-
gible as a function of pH at room temperature. The

Fig. 9 Experimental (symbols) and modelled data (dotted line) for MB degradation using Nb2O5/Al2O3/Al catalyst under optimal
operating conditions

Fig. 10 MB degradation reached after 150 min of reaction under optimal conditions using Nb2O5/Al2O3/Al catalyst. Ref: MB solution (distilled
water), Model textile wastewater
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lowest value for Nb2O5 dissolution was 1.25 10− 9 M Nb
(pH 4), and the highest value was 3.98 10− 6 M Nb (pH
8). A central composite design was developed to analyze
the effect of the operating conditions on dye degradation
and COD reduction. The experimental results were sat-
isfactorily adjusted by multiple regression model. The
optimal reaction conditions were: pH = 4, CH2O2;0 = 40
mM, CMB, 0 = 45mg L− 1, and ω = 7.86 kgNb2O5

m− 3. The
Nb2O5/Al2O3/Al catalyst maintained its high catalyst ac-
tivity after ten consecutive uses.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42834-021-00109-4.
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