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 In this study, the adsorption of methylene blue dye (MB) on hydrous niobium oxide, a natural 

product present in Brazil, was examined in a batch system. The material was characterized via 

X-ray diffraction (XRD), Fourier transform infrared (FTIR), and thermogravimetry (TG). The 

ability of Nb2O5.xH2O to adsorb MB was examined at room temperature by varying different 

parameters, such as pH, adsorbent dose, contact time, and initial concentration. The optimum 

adsorption was obtained at pH 5 and a solid/solution ratio of 4. The adsorption efficiency, 

obtained after 40 and 150 min of contact, was evaluated to be 70% and 65% at initial 

concentrations of 50 and 80 mg/L, respectively. Kinetics modelling revealed that MB removal 

is a multistep mechanism that begins with external diffusion of the pollutant through the 

solution to the external surface of the solid, followed by intraparticle diffusion and, finally, 

surface reactions. The latter was found following the pseudo-first-order and pseudo-second-

order adsorption models at low and high MB concentrations, respectively, which was probably 

related to the agglomeration phenomenon of MB dye molecules at high concentrations. 

According to the adsorption isotherm modelling, the Freundlich and Sips models were found to 
better describe the equilibrium state, with a maximum capacity of 87.6 mg/g. 
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1. Introduction 

Water is a valuable resource for all living organisms, 

even though its pollution by organic and inorganic 

compounds has become a serious public concern. The main 

sources of freshwater pollution are industrial effluents and 

wastes [1,2], which are considered toxic to aquatic life and 

are responsible for more than 70–80% of human diseases in 

developing countries [3]. The presence of colored organic 

pollutants in water presents a high contamination risk for 

aquatic organisms because they prevent the penetration of 

sunlight and consume water oxygen when degrading, which 

increases the demand for biological oxygen [4]. Dyes are 

colored organic compounds released by the textile, paper, 

food and other industries. Even at low concentrations, they 

can have significant undesirable effects on the hydrosphere 

due to their recalcitrant nature, as well as their 

carcinogenic, mutagenic, or teratogenic nature [5,6]. 

The removal of dyes from aqueous solutions has been 

performed via different methods, such as membrane 

separation [7], adsorption [8], and photocatalytic 

degradation [9]. The removal of these compounds via 

adsorption processes on different solid materials has been 

the subject of several studies [4]. Adsorption on activated 

carbon was found to be a highly efficient processing 

technique [10]. However, in the case of certain recalcitrant 

dyes, coal overdoses are needed for better treatment, which 

results in excessive operation costs. To replace activated 

carbon, many researchers have focused, in recent years, on 

the preparation of low-cost solid adsorbents that require 

little processing and are abundant in nature, such as clays, 

zeolites, and biomass, or are generated from industry, such 

as byproducts and waste materials [11]. These 

nonconventional low-cost adsorbents, which are available 

at very low prices, have proven their efficiency for the 

removal of MB dye [11]. 
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Hydrous niobium oxide, a natural product available in 

Brazil with the largest deposit (85% of the world supply) 

[12], has many remarkable properties and is used in a wide 

range of applications. It is mainly used as a support in acid-

catalyzed reactions because of its strong surface acidity and 

stability in aqueous media [13]. Indeed, niobium oxides 

have been used in ethylene hydration [14], esterification of 

vegetable oils [15], dehydration of alcohols [16], 

condensation of halochromic compounds [17], and 

epoxidation of methyl oleate [18]. It is also used in the 

photodegradation of organic pollutants [19], as an 

adsorbent for the removal of phosphate ions, H2 and H2S 

[20,21], or as a carrier in biomass immobilization [22]. In 

the present study, we evaluated the ability of hydrous 

niobium oxide to adsorb methylene blue dye (MB) from 

aqueous solution through kinetics and isotherm modelling. 

2. Materials and Methods 

2.1. Materials 

The sorbent material hydrous niobium oxide 

Nb2O5.nH2O was supplied by Companhia Brasileira de 

Metalirgia e Mineracao (CBMM) and was used without 

prior treatment. Methylene blue dye was obtained from 

Sigma‒Aldrich Chemicals. The structure of methylene blue 

and its main properties are summarized in Table 1. The 

solution pH was adjusted by using either 0.1 M HCl or 

NaOH. 

 
Table 1 

Main properties of methylene blue dye 

Name Methylene blue 

Molecular formula C16H18N3SCl 

Molecular weight (g/mol) 319.85 

Purity (%) ≤85 

Maximum wavelength (nm) 668 

Chemical structure 

 

 

2.2. Characterization 

XRD analysis was carried out to identify and assess the 

phase purity obtained after different calcinations. The 

diagrams were collected via a Siemens D500 Powder 

Diffractometer equipped with a copper anticathode 

(CuK=1.541838 Å) at a scanning speed of 0.02° s
-1

. FTIR-

ATR characterization of the samples was performed via a 

Jasco FT/IR 4600 spectrometer equipped with a Jasco ATR 

PRO ONE module. The samples were scanned in 

transmission mode with 4 cm
-1

 resolution in the range of 

4000–400 cm
-1

. TEM‒EDS micrographs were obtained 

with a Tecnai G2 instrument (FEI company) operating at 

120 kV with 0.35 nm resolution and equipped with an EDS 

microanalyzer. The simultaneous TG/DTG/DTA analyses 

were carried out on a Labsys
TM

 Evo (1F) Setaram 

apparatus. 

The residual MB concentration in the solution was 

measured via a UV‒Vis spectrophotometer (UV2300) at a 

maximum wavelength of 668 nm. The solution pH values 

were measured with a Hanna pH-211R pH meter equipped 

with an electrode of glass combined with HI1131B. 

2.3. Surface charge characterization 

The point of zero charge is an important parameter that 

characterizes the surface of materials since it indicates the 

pH at which the sorbent has a zero-surface charge. The 

determination of the pHPZC was carried out as follows: 

different batch systems were prepared containing 50 ml 

NaCl (0.01 M). The solution pH was then adjusted to 

values between 2 and 12 by adding either HCl or NaOH 

(0.1 M) solutions. A mass of 0.15 g of the sample was then 

added, and the mixture was agitated for 48 h at room 

temperature. The final pH was measured. The point of zero 

charge is the point where the curve pHf vs. pHi crosses the 

diagonal line. 

2.4. Sorption experiments 

All the sorption experiments were conducted via a batch 

technique at room temperature. A series of 50 ml MB 

solutions with concentrations of 50 and 80 mg/l were put in 

contact with a given mass of hydrous niobium oxide. The 

mixture was shaken on a mechanical shaker set at 300 rpm 

at different time intervals. The initial solution pH was 

adjusted to the desired level before adding the sorbent. For 

the equilibrium isotherm experiments, 0.2 g of the sorbent 

was mixed with 50 ml of MB solutions of different initial 

concentrations ranging from 40 to 90 mg/l at a stirring 

speed of 300 rpm until the equilibrium time was reached. 

3. Results and discussion 

3.1. Characterization 

The X-ray powder diffraction pattern of the hydrous 

niobium oxide is shown in Figure 1a. The strong broad 

humps between 19 and 39° (2θ) and between 39 and 70° 

(2θ) indicate that the sample is amorphous and has no 

crystalline structure, as described in the literature [23,24]. 

The extensive peak broadening indicates the ultrafine 

dimension of the particles. The FTIR spectrum of the 

investigated sample is displayed in Figure 1.b. The bands 

observed at 3000 and 1625 cm-1 correspond to water and 

hydroxyl groups. The bands at 930 and 660 cm-1 and the 

shoulder at 585 cm-1 correspond to the Nb-O stretching 

vibrations of highly distorted and slightly distorted NbO6 

octahedra, respectively. These results are typical of those 

reported in the literature [23]. 
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Fig. 1. X-ray diffraction and FTIR-ATR spectra of hydrous NO 

Figure 2 shows the results of simultaneous TG/DTG/DTA 

thermal analysis of hydrous niobium oxide at a heating rate of 

10°C/min under an air atmosphere with a flow rate of 60 ml/min. 

The TG thermogram revealed continuous mass loss from ambient 

temperature to 270°C, which was associated with complex 

endothermic overlapping peaks observed via DTA. This mass loss 

can be attributed to the dehydration of the sample [15]. The sharp 

exothermic peak observed with no mass loss at 571.96°C 

corresponds to the crystallization of niobium oxide Nb2O5 [25]. 

 

 

Fig. 2. Analysis of hydrous niobium oxide via a simultaneous 

TG/DTG/DTA apparatus 

3.2. Adsorption of MB on hydrous niobium oxides 

3.2.1. Effect of solution pH 

pH is an important parameter during the sorption 

process because it affects both the solute and surface 

properties of the sorbent. In accordance with the work of 

Wesolowski et al. [26], the solution pH changes the 

structure and dynamics of both the aqueous and solid 

phases and induces the sorption of anions and cations 

dissolved in the solution. Thus, depending on the solution 

pH, the surface of a material can be dominated by positive 

charges or negative charges. The pH at which the solid 

surface has equal concentrations of negatively and 

positively charged sites is called the point of zero charge 

(pHPZC). 

The pHPZC of hydrous niobium oxide was examined at 

ambient temperature by placing 50 cm
3
 of 0.01 M NaCl 

solution in a volumetric flask. The pH was then adjusted to 

values ranging from 2 to 12 with 0.1 M NaOH or HCl. A 

mass of 0.15 g of hydrous niobium oxide was subsequently 

added to the solution, and the final pH was measured after 

48 h under stirring. pHPZC is the value where the curve of 

pHf vs. pHi meets the diagonal line (Figure 3). The found 

value is approximately 3.5, which is near the value reported 

in earlier studies [20]. Thus, at a lower pH (<3.5), the 

adsorbent surface is positively charged and can carry 

negative ions. On the other hand, when the solution pH 

increases, the surface becomes more negatively charged 

and attracts more cationic ions. 

 

Fig. 3. Point of zero charge determination of hydrous niobium oxide 

To evaluate the effect of the solution pH on adsorption, 

50 ml of MB solution at an initial concentration of 50 mg/l 

was mixed with 4 g/l adsorbent. The initial solution pH was 

varied between 2 and 11, and the mixture was stirred at 300 

rpm for 300 min (Figure 4). The percentage of MB 

removed from hydrous niobium oxide increased with 

increasing solution pH and reached a maximum value at pH 

values equal to or above 5, which is in accordance with the 

pHPZC results. This finding indicates that the adsorption of 

MB is strongly dependent on the solution pH [20]. Thus, 

for further study, the optimal pH of 5 was used. 

 

 

Fig. 4. Effects of solution pH on the adsorption of MB on hydrous 

niobium oxide 
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3.2.2. Effect of the solid/solution ratio 

The effect of the solid/solution ratio was investigated by 

varying either the adsorbent mass or the solution volume. 

In the first case, different amounts of adsorbent, ranging 

from 0.05 to 0.4 g, were added to 50 mL of MB solution at 

a concentration of 50 mg/L. The mixtures were shaken for 

60 minutes at 180 rpm. In the second case, the solution 

volume was varied by adding 0.2 g of adsorbent to MB 

solutions (50 mg/L) with volumes ranging from 30 to 200 

mL. The effect of the solid-to-solution ratio on the 

adsorption of MB onto hydrous niobium oxide is presented 

in Figure 5. 

According to the obtained results, increasing the 

solid/solution ratio increased the percentage of MB 

removed (Figure 5b) but decreased the equilibrium 

adsorbed quantity, Qe (Figure 5a). During the variation in 

solution volume, low values of percent removal and Qe are 

observed at a volume of 200 ml, which is most likely due to 

the large separation distance between the active sites of the 

adsorbent and the MB particles. The increase in percent 

removal at ratios above 2 may be explained by the increase 

in the number of sites available per unit volume of MB 

solution. An almost constant shape is observed above a 

ratio of 4, which promotes the optimal value for the 

adsorption process of MB on hydrous niobium oxide.  

 

 

Fig. 5. Effects of the solid/solution ratio on the adsorption of MB on 
hydrous niobium oxide 

 

3.2.3. Effects of the contact time and initial concentration 

The effects of contact time and initial 

concentration on the adsorption process were studied by 

shaking a series of suspensions containing 0.2 g of hydrous 

niobium oxide and 50 or 80 mg/l MB solutions adjusted to 

pH 5. The amount adsorbed was measured at different time 

intervals ranging from 5--300 min, as shown in Figure 6. 

The results showed that the adsorption process 

was very fast during the first 15 min before gradually 

reaching equilibrium. After 40 and 150 min, the removal 

efficiency was evaluated to be approximately 70% and 65% 

for initial MB dye concentrations of 50 and 80 mg/L, 

respectively. The first high adsorption speed is due to the 

large number of sorption sites available on the solid surface 

[27]. The observed decrease in the percent removal when 

the initial concentration of MB dye was increased is 

probably due to the limited number of active sites available. 

However, the adsorbed amount (Qe) increased from 9.20 to 

13.19 mg/g when the initial concentration of MB increased, 

which was related to the driving force needed to overcome 

the resistance of mass transfer between the liquid and solid 

phases [28]. 

 
Fig. 6. Effects of contact time and initial concentration on the adsorption 
of MB on hydrous niobium oxide 

The results showed that the adsorption process was very 

fast during the first 15 min before gradually reaching 

equilibrium. After 40 and 150 min, the removal efficiency 

was evaluated to be approximately 70% and 65% for initial 

MB dye concentrations of 50 and 80 mg/L, respectively. 

The first high adsorption speed is due to the large number 

of sorption sites available on the solid surface [27]. The 

observed decrease in the percent removal when the initial 

concentration of MB dye was increased is probably due to 

the limited number of active sites available. However, the 

adsorbed amount (Qe) increased from 9.20 to 13.19 mg/g 

when the initial concentration of MB increased, which was 

related to the driving force needed to overcome the 

resistance of mass transfer between the liquid and solid 

phases [28]. 

3.3. Kinetic study 

3.3.1. External and intraparticle diffusion 

The role of external diffusion in the adsorption process 

of MB dye on hydrous niobium oxide was evaluated via the 

mathematical model proposed by Furusawa and Smith [29] 

and Mckay [30]: 
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where C0 is the initial concentration of solute (mg/l), B 

is a constant equal to 
    

        
 , ms is the sorbent 

concentration (g/l), KL is the Langmuir constant (l/g), Ss is 

the surface area of the sorbent (m
2
/l), and kf is the 

coefficient of external mass transfer. 

Nonlinear regression was used to evaluate the goodness 

of fit of the model and the equation parameters. 

The intraparticle diffusion step can be modelled via the 

Weber and Morris equation [31], expressed as follows: 

Ctkq dift  2/1.   (2) 

where qt is the quantity adsorbed at time t (mg/g), kdif is 

the constant diffusion rate (mg/g min
-1

), and C is the 

double-layer thickness (mg/g). 

The plot of the adsorption capacity qt vs. the square root 

of time t1/2 must be a straight line if intraparticle diffusion 

is a controlling factor during the adsorption process. The 

plot can also yield multiple lines indicating the occurrence 

of different steps during the removal process [32,33]. 

The obtained plots of equations (1) and (2) are shown in 

Figures 7a and 7b, respectively, and the deduced kinetic 

parameters are listed in Table 2. 

 

 

 
Fig. 7. Kinetic modelling of a) external diffusion and b) intraparticle 
diffusion processes 

The results shown in Figure 8a indicate good 

correlation of the external diffusion model with the 

experimental data during the first adsorption minutes for 

both concentrations. On the other hand, the intraparticle 

diffusion modelling results in Figure 7b indicate the 

presence of two straight lines. According to previous 

works, these lines indicate the existence of a multistep 

mechanism during the adsorption process [27,32,34]. The 

initial sharper portion corresponds to the external diffusion 

of MB dye through the solution to the external surface of 

the adsorbent, and the second stage is the region where 

intraparticle diffusion predominates. The intercept obtained 

from extrapolating the linear portion of the plots to the Y-

axis provided an ideal thickness of boundary layer C and 

indicated the presence of boundary layer resistance at the 

early stage of adsorption. When the initial MB 

concentration increased, the rate parameters of external 

mass diffusion kf and intraparticle diffusion kdif increased, 

as shown in Table 2. This increase is due to the increase in 

the driving force, as we can conclude from Fick’s first law 

of diffusion [35]. 

Table 2 

Kinetic parameters of the external and intraparticle diffusion models 

External diffusion 

Ci 

(mg/l) 

KL 

(l/g) 

kf Ss 

(min-1) 

R2 

50 0,5623 0,0827 0.9994 

80 0,2837 0,1833 0.9987 

Intraparticle diffusion 

Ci 

(mg/l) 

kdif 

(mg.g-1.min-1/2) 

C 

(mg/g) 

R2 

50 0.063 8.312 0.966 

80 0.165 10.349 0.995 

3.3.2. Surface reaction 

The commonly used surface adsorption models are the 

pseudo-first order, pseudo-second order, and Elovich 

models. The corresponding equations are listed in Table 3. 

 

Table 3 

Reaction models used for surface reaction modelling 

Pseudo-first order 
Pseudo-second 

order 
Elovich 

))exp(1(
1
tkqq

et


 tkq

tkq
q

e

e
t

2

2

2

1


 )..1ln(.
1

tba
b

q EE

E

t   

 

where qt is the amount adsorbed at time t, qe is the amount 

adsorbed at equilibrium, k1 is the pseudo-first-order kinetic 

constant (min
-1

), k2 is the pseudo-second-order kinetic 

constant (g.mg
-1

.min
-1

), aE is a constant related to the 

chemisorption rate (mg.min
-1

.g
-1

), and bE is a constant 

related to the rate of surface recovery (g.mg
-1

). 

Nonlinear regression was used to evaluate the 

appropriate model for describing the adsorption process of 

MB dye on hydrous niobium oxide. The obtained fitted 

curves and parameters are displayed in Figure 8 and Table 

4, respectively. 
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Fig. 8. Kinetic modelling of MB dye adsorption on hydrous niobiom 
oxide: a) 50 mg.L-1 and b) 80 mg.L-1 

Table 4 

Kinetic parameters of the adsorption of MB dye on hydrous niobium oxide 

 

 

 

The SSE values obtained for the different models at 

concentrations of 50 mg.L
-1

 and 80 mg.L
-1

 indicate that the 

surface reaction step of the adsorption process follows the 

pseudo-first-order model and pseudo-second-order model, 

respectively, with an estimated equilibrium capacity similar 

to the experimental capacity. A comparison of the results 

obtained from the different diffusion and surface reaction 

models revealed that the adsorption mechanism of MB by 

hydrous niobium oxide seems to depend strongly on the 

dye concentration. This change in the adsorption 

mechanism may be due to the agglomeration of dye 

molecules at high concentrations, which may decrease the 

preferential adsorption of MB and thus increase the 

equilibrium time [36]. 

3.4. Isotherm study 

The effect of initial concentration on MB dye 

adsorption by hydrous niobium oxide was examined via 

three isotherm models, namely, the Langmuir, Freundlich, 

and Sips models (Table 5). 

Table 5 

Most commonly used isotherm models 

Langmuir [37] Freundlich [38] Sips [39] 

CeK

CeKQ
Q

L

L

e



1

max  
Fn

eFe CKQ
/1

  
S

S

n

eS

n

eS
e

Ca

CaQ
Q

)(1

)(max




 

 

Where Qe is the amount adsorbed at equilibrium (mg.g
-

1
), Ce is the concentration of MB dye remaining in solution 

at equilibrium (mg.l
-1

), Qmax is the maximum capacity of 

the adsorbent (mg.g
-1

), KL is the Langmuir constant (l.mg
-

1
), KF is the Freundlich isotherm constant (mg.l.g

-1
), and as 

Sips model constant (l.mg
-1

), 1/nf is the parameter related to 

surface heterogeneity, as this parameter is near 0, the 

surface is more heterogeneous, and nS is a heterogeneity 

index. 

The parameters calculated via the nonlinear regression 

method are presented in Table 5, and the fits of the 

experimental data are shown in Figure 9. 

 

 

 

The obtained results show that the Freundlich and Sips 

models better describe the experimental data. Therefore, 

the adsorption process of MB dye on hydrous niobium 

oxide follows the Freundlich assumption, which states that 

multilayer adsorption occurs over a heterogeneous surface. 

The maximum amount obtained from the Sips model is 

approximately 87.6 mg/g, which is near the value observed 

for other metal oxides (Table 7). 

 Pseudo-first order 

model 

Pseudo-second order 

model 

Elovich model 

Qe,exp 

(mg.g-1) 
K1 

(min-1) 
qe 

(mg.g-1) 
SSE K2 

(g.mg-1.min-1) 
qe 

(mg.g-1) 
SSE ae 

(mg.min-1.g-1) 
be 

(g.mg-1) 
SSE 

50 0.117 8.870 0.375 0.019 9.492 1.100 1.414 0.439 30.342 

80 0.216 11.820 7.131 0.030 12.466 2.111 5.428 0.299 69.040 

Table 6 
Isotherm modelling parameters for the removal of MB dye by hydrous niobium oxide 

Langmuir Freundlich Sips 

Qm 

(mg.g-1) 

KL 

(l.mg-1) 

SSE KF 

(mg.l.g-1) 

1/nF SSE aS 

(l.mg-1) 

Qm 

(mg.g-1) 

nS SSE 

22.58 0.033 0.745 1.949 0.507 0.138 0.001 87.60 0.579 0.150 
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Fig. 9. Isotherm modelling of MB dye adsorption on hydrous niobiom 

oxide 

 

Table 7 

Adsorption capacity of several metal oxides 

Materials Adsorbate Qmax (mg/g) Reference 

TiO2 Reactive Red 198 86.96 [40] 

MgO Reactive blue 19 

Reactive red 

166.7 

123.5 

[41] 

[41] 

FeTiO3 Methylene blue 71.9 [42] 

Nb2O5,xH2O Methylene blue 87.6 Present 

study 
 

4. Conclusion 

Hydrous niobium oxide was proven to be effective for 

the removal of MB dye from aqueous solutions. The effect 

of the solution pH during the adsorption process was 

prominent; thus, at pH values above 5, the removal process 

was at its maximum. The contact time effect, studied at 

ambient temperature, pH 5, and a solid/solution ratio of 4, 

resulted in very fast adsorption during the first 15 min, and 

an efficient removal of approximately 70% was obtained 

after 40 min of interaction. Adsorption kinetics modelling 

revealed that the diffusion process predominates throughout 

the removal process and begins with external diffusion of 

the adsorbent followed by intraparticle diffusion. Surface 

adsorption modelling revealed that the surface mechanism 

strongly depends on the initial MB concentration because 

of the agglomeration of dyes at high concentrations. 

Isotherm modelling revealed that the Freundlich and Sips 

models were the most effective, which indicates that the 

multilayer adsorption mechanism over a heterogeneous 

surface has a maximum amount of approximately 87.6 

mg/g. 
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