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ABSTRACT 

Nb2O5 nanoparticles were synthesized by the hydrothermal method. Structural, morphological and elemental analysis of 
synthesized Nb2O5 nanoparticles was carried out using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy, respectively. The average crystal size calculations were performed on the basis of X-ray 
diffraction pattern and were about 12.44 nm. The synthesized Nb2O5 nanoparticles were explored for the photocatalytic 
degradation of congo red (CR) and methylene blue (MB) dyes in their aqueous solutions using a spectrophotometric method. For 
the Photocatalytic degradation of both the dyes, pH of dye solutions was varied in the range of 2 to 10. For the optimization, the 
maximum decolorization of 90 % and 87 % was observed for low initial dye concentration of 10 mg/L and pH values of CR and 
MB dyes were about 8 and 2, respectively. Besides, the effects of parameters such as the contact time and catalyst dose were 
studied systematically. 
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1. Introduction

Nowadays, the world confronts so many environmental 
issues due to modernization and industrialization. 
However, both issues are responsible for water 
pollution, due to their carcinogenic behavior. The 
largest source of water pollution is untreated effluent 
containing organic dyes and pesticides engendered by 
industrial processes [1-5]. Besides, some of the dyes and 
pesticides contain a poisonous quality which has an 
impact on a variety of organs in human beings. Congo 
red (CR) is a diazo dye, most frequently used in 
industries. It contains the toxic substance which causes 
cancer in human beings [6-10]. Also, methylene blue 
(MB) is a heterocyclic aromatic chemical compound. 
The MB dye is stable and incompatible with the base.  
It may be noxious if it is inhaled and in contact with 
skin [5,11,12]. Thus, it is necessary to remove 
such hazardous materials from industrial effluent before 
they pollute the nearby fresh water streams. 
Environmental photochemistry utilizing nanocrystalline 
semiconducting material against the environmental  
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pollutions forms a component of the group of 
wastewater treatment method called Advanced 
Oxidation Processes (AOPs). AOPs are a group of 
processes that are predicated on the generation of 
hydroxyl radicals. These radicals are highly reactive, 
leading to the total mineralization of most of the organic 
pollutants [13]. Nanocrystalline materials mediated 
semiconducting photocatalysis is expeditiously 
becoming an efficient AOP, in which semiconductor 
material absorbs greater energy than its band gap energy 
which leads to the excitation of electrons from the 
valence band to the conduction band, consequently 
engendering electrons and holes. The valence band 
holes react with the water molecules and hydroxide ions 
to form hydroxyl radicals whereas the electron reacts 
with oxygen molecules and form superoxide radicals. 
These free radicals are extremely proficient oxidizers of 
organic dyes which can attack organic dyes and degrade 
them into CO2 and H2O [11,14]. In semiconductor 
photocatalyst, the excited electrons can easily move 
from the valence band to the conduction band at the 
same time; the holes migrate in the opposite direction. 
These transitions strongly prevent the recombination of 
the electron and hole and thereby increase the activity 
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of the photocatalyst [15-18]. Also, the nanocrystalline 
semiconducting material has higher surface area to 
volume ratio than its bulk. Thus this allows more 
preponderant photon absorption on the photocatalyst 
surface [19-24]. 

In recent years, for the removal of such inimical  
organic dyes and pesticides from industrial effluent by 
AOPs, nanocrystalline semiconductor material as a 
catalyst has been utilized. Niobium pentaoxide  
(Nb2O5) with the nanocrystalline size has gained  
much attention because of its physical, chemical, optical 
and electronic properties which make the Nb2O5  
suitable for sundry catalytic applications [25-27], 
photocatalysis [28-30], sensors [31,32] and  
optical filters [33-35]. Up to now, several processes 
have been reported for the synthesis of Nb2O5 nano 
particles and thin films such as pulse laser 
decomposition [31], electro deposition [36], magnetron 
sputtering [37,38], plasma immersion ion implantation 
[39], the sol-gel process [40] and hydrothermal process 
[41]. 

The application of Nb2O5 as a catalyst for the 
photocatalytic degradation of dyes has been reported in 
the literature [42]. There are very limited studies on 
Nb2O5 photocatalyst used for the degradation of dyes. 
Therefore, the photocatalytic degradation of CR and 
MB by utilizing synthesized Nb2O5 photocatalyst under 
the visible-light irradiation is carried out in the present 
work. In this study the degradation of CR and MB from 
aqueous suspension was carried out. Both the CR and 
MB are extensively used and soluble in water also they 
are found to be potentially toxic, so it is necessary to 
remove such dyes from wastewater. 

2. Experimental  

2.1. Materials and methods 

All chemicals and reagents used in this study are of the 
A.R grade. Commercial Niobium pentaoxide (Nb2O5) 
powder (99.9%), 25% Ammonia (NH3), 30% Hydrogen 
peroxide (H2O2), sodium hydroxide (NaOH), ethylene 
glycol (EG), Methylene blue (C16H18ClN13S.) and 
Congo red (C32H22N6Na2O6S2) were purchased from S. 
D. Fine Chemicals, India and were used as received 
without further purification. The chemical structure of 
MB and CR is shown in Fig. 1S and 2S. 

2.2. Preparation of dye solution 

The stock solution (100 mg/L) of CR and MB was 
prepared using deionized water. The desired 
concentration of dye solutions (10, 20, 30, 40 and 50 
mg/L) were prepared by diluting the stock solution with 
deionized water. 

2.3. Synthesis of nano crystalline Nb2O5 

The commercial Nb2O5 was taken and treated by the 
hydrothermal method to obtain nano particles of Nb2O5. 
In a typical nanoparticles synthesis, 0.5 g Nb2O5 was 
mixed with 3 mL of 25% NH3 and 40 mL of 30% H2O2 
to give a clear homogeneous solution. Then 5 mL NaOH 
solution (0.4 M in EG) was added to provide a mild 
alkaline condition. The prepared solution was then 
transferred to a Teflon autoclave for 24 hours at 260 0C 
and cooled at room temperature. The white precipitate 
obtained was centrifuged to separate the powder from 
the liquid. The precipitate was washed a few times with 
deionized water and alcohol and dried at 60 ℃ for 5 
hours in air. Finally, the precipitate was washed with 
deionized water and alcohol and calcinated at 500 ℃ for 
2 hours. The nanoparticle synthesis procedure for the 
Nb2O5 is shown in Fig. 3S. 

2.4. Characterizations 

The synthesized nanocrystalline Nb2O5 was 
characterized by scanning electron microscopy (SEM- 
Hitachi S-4800 Japan), X-ray diffraction (XRD- Bruker 
D 8 Advance X-ray diffractometer Germany), electron 
dispersive X-ray spectroscopy (EDX- Bruker X Flash 
5030) techniques and photocatalytic activity was 
performed by a UV–Vis spectrophotometer (Systronics 
2203 India). 

2.5. Photocatalytic degradation experiments 

The photocatalytic degradation experiments were 
performed with a photocatalytic reactor. This bench 
scale framework contained a round and hollow Pyrex-
glass cell with 1.0 L limit, 10 cm breadth and 15 cm 
stature. A 100 W mercury light was placed in a 5 cm 
width quartz tube with one end firmly fixed by a Teflon 
plug. The light and the tube were then submerged in the 
photoreactor cell with a light way of 3.0 cm. The entire 
reactor was cooled with a water-cooled and coated on 
its outside and the temperature was kept at 25 ℃ (Fig. 
4S). All reactants in the reactions were stirred utilizing 
a magnetic stirrer to guarantee that the suspension of the 
catalyst was uniform over the span of the reactions. A 
cut off channel was connected to expel wavelengths 
underneath 420 nm to guarantee the contact of visible 
light. The photocatalytic activity of the catalyst was 
estimated by measuring the residual concentration of 
CR and MB in the solution. The spectrophotometric 
analysis of dyes before and after the irradiation was 
utilized to measure the decolorization efficiency of 
dyes. The absorbance of dyes was measured by using 
UV–Vis spectrophotometer at the wavelengths of 
absorbance maximum of dye (CR λmax= 497 nm and MB 
λmax= 663 nm). The decreasing absorbance of dye at the 
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wavelengths of absorbance maximum after the visible-
light irradiation shows the decolorization rate of dye. 
The degradation efficiency of the dye has been 
calculated as shown in Eq. 1. 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ൌ  
ሺ஼బି஼೟ ሻ

஼బ
 × 100  (1) 

where Co is the initial dye concentration and Ct is the 
dye concentration after time t. 

3. Results and Discussion 

3.1. XRD analysis 

The XRD analysis of Nb2O5 shown in Fig. 1 indicates 
the XRD pattern of Nb2O5 nanocrystals and the 
characteristic peaks of Nb2O5 nanocrystals are assigned 
and have good agreement with JCPDS card No. 30-
0830. It shows the major diffraction peaks of 2θ at 
46.61, 50.05, 53.38, 57.57 and 65.84. The high intensity 
of peaks indicates the crystalline nature of Nb2O5. The 
structural parameters of Nb2O5 crystals are shown in 
Table 1S. The average crystalline size of Nb2O5 particles 
was estimated by the Scherer formula (Eq. 2) [43,44]. 

𝐷 ൌ
଴.ଽସ ஛

ஒ େ୭ୱ ஘
     (2) 

where, D is the average crystalline size, λ is wavelength 
in angstrom, β is the FWHM in radian and θ is the 
diffraction angle in degree. The average crystalline size 
of Nb2O5 was found to be 12.44 nm. 

3.2. SEM and EDX analysis 

The EDX spectrum of modified Nb2O5 nanoparticles is 
shown in Fig. 2. It shows that the well-defined peaks 
 

 

Fig. 1. XRD pattern of Nb2O5 nanoparticles (a) commercial 
Nb2O5 (b) modified Nb2O5. 

were related to Niobium and Oxygen and this clearly 
indicates that the synthesized nanocrystals are made of 
Nb and O. No other impurity was detected in the sample 
spectrum, which confirms the purity of the Niobium 
pentoxide. The exact amounts of specific elements 
including Niobium and Oxygen are 26.17%, 73.83% 
respectively. The SEM images of (Fig. 3) Nb2O5 show 
cubic morphology. The results suggest that the 
synthesized Nb2O5 nanoparticles are mesoporous and 
crystalline, and have rough surface area. Normally, a 
rough surface will be more photocatalytically active 
compared to smooth surfaces. A rough surface will 
display a higher surface area, leading to more 
photocatalytic sites, thus these microspores are 
sufficient to influence the photocatalytic activity of 
Nb2O5 nanoparticles. The particle size distribution of 
Nb2O5 catalyst estimated from SEM images is found to 
be very close to an average crystalline size calculated by 
XRD as shown in Fig. 4. 

3.3. Photocatalytic studies 

3.3.1. Effect of pH of solution 

Effect of pH on the photocatalytic degradation of dyes 
was examined in the range of pH 2-10 in the presence of 
Nb2O5 photocatalyst for the contact time of 120 minutes 
at dyes concentration of 20 mg/L and catalyst dose of 1 
gm/L as shown in Fig. 5, a and b. The pH is the most 
important parameter for controlling the photocatalytic 
degradation of dyes, especially due to its effect on the 
catalyst surface. The pHpzc of the Nb2O5 catalyst was 
estimated at about 7.46 using reported method [45]. The 
surface has net zero charge at pHpzc and at pH < pHpzc 
the surface of the catalyst is positively charged while at 
pH > pHpzc the surface is negatively charged.  

 
Fig. 2. EDX image of modified Nb2O5 nano- 
particles. 
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Fig. 3. SEM images of Nb2O5 nano particles (a, b, c) synthesized Nb2O5, (d) Commercial Nb2O5. 

The maximum degradation of CR up to 80%  
was obtained at pH 8, the catalyst surface negatively 
charged in basic media. Therefore, a  
higher concentration of hydroxyl ion can be available to 
react with holes to form hydroxyl radical. The hydroxyl 
radicals are considered as the predominant species at 
higher pH. At higher pH, hydroxyl radicals are  
easily produced by oxidizing more and more hydroxide 
ions available on the Nb2O5 surface and thus  
the efficiency of the process is ultimately enhanced.  
But the degradation of CR was inhibited when the  
pH is high (pH > 8) because the hydroxyl ion  
competes with the CR molecules in the process of 
degradation on the surface of the Nb2O5 photocatalyst 
[46-49]. 

For MB, the maximum degradation up to 90 % was 
obtained at pH 2. The Nb2O5 surface is absolutely 
protonated at low pH and positively charged. At low pH, 
positive holes are major oxidizing species [47] and the 
catalyst photochemically acts as a photosensitizer. The 
redox potential of the photogenerated valence band 
holes is sufficiently positive to generate hydroxyl 
radicals. These radicals are responsible for the 
subsequent degradation of the MB dye. Also, these 
positive holes trap the MB dye; this leads to the direct 
oxidation of MB dye [50,51]. 

3.3.2. Effect of initial dye concentration: 

The effect of initial dye concentration on the 
degradation efficiency was investigated at optimized pH 
(for CR, pH=8 and MB pH=2) by varying the initial dye 
concentration. Different initial concentrations of CR 
and MB with a range of 10-50 mg/L were used to 
evaluate the photocatalytic activity. Both dyes of CR 
and MB reveal the maximum degradation at initial dye 
concentration 10 mg/L shown in Fig. 6a and b.  

 
Fig. 4. The particle size distributions curve. 
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Fig. 5. Effect of pH on photocatalytic degradation of (a) CR conditions: pH= 2-10, dye concentration 20 mg/L and catalyst dose 
1 gm/L for the irradiation time 120 min. (b) MB, conditions: pH= 2-10, dye concentration. 20 mg/L and catalyst dose 1 gm/L for 
the irradiation time 120 min. 

The degradation efficiency of dyes (contact time of 120 
minutes) decreased when the initial concentration of 
dyes increased. The efficiency of the catalyst decreased 
because the concentration of dyes increased. The excess 
of dye molecules will be adsorbed on the catalyst 
surface, so the active sites of the catalysts will be 
reduced. Therefore, with the increasing occupied space 
of catalyst surface by dye molecules, the hydroxyl 
radicals will be formed and they have a short lifetime to 
react with dye molecules. Further increase in dye 
concentration causes dye molecules to be absorbed on 
the photocatalyst surface and more number of hydroxyl 
radicals are required for the degradation of dye 
molecules.  

On the other hand, the formation of hydroxyl radicals on 
the catalyst surface remains constant for a given light 

intensity, catalyst dose and irradiation time. Hence 
hydroxyl radicals are insufficient for the degradation of 
dyes at high concentrations. Thus, photodegradation 
efficiency diminished [52,53]. 

3.3.3. Effect of contact time: 

The effect of contact time on photocatalytic degradation 
of CR and MB dyes was studied at an optimum 
condition (for CR at pH 8 and for MB at pH 2) and dyes 
concentration of 10 mg/L. The fixed amount of Nb2O5 
catalyst was 1 gm/L. The relationships between 
photocatalytic degradation of CR and MB dyes and the 
contact time were investigated. The results are shown in 
Fig. 7 (a) and (b). It can be seen that the degradation of 
CR and MB increases with an increase in the contact 
time [54].

 
Fig. 6. Effect of initial dye concentration on the photocatalytic degradation (a) CR, conditions pH=8, dye concentration 10, 20, 
30, 40, 50 mg/L and catalyst dose 1 gm/L for irradiation time 120 min. (b) MB, conditions: pH= 2 dye concentration 10, 20, 30, 
40, 50 mg/L and catalyst dose 1 gm/L for irradiation time 120 min. 
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Fig. 7. Effect of contact time on photocatalytic degradation of (a) CR, conditions pH=8, dye concentration 10 mg/L and catalyst 
dose 1 gm/L irradiation time 120 min. (b) MB, conditions: pH= 2 dye concentration 10 mg/L and catalyst dose 1 gm/L irradiation 
time 120 min. 

The rate of photocatalytic degradation is faster for first 
90 minutes, and then it attains equilibrium. The faster 
photocatalytic degradation up to 90 minutes is due to the 
availability of a large number of active sites for 
photocatalytic degradation. Furthermore, between dye 
particles and catalyst surface there is repulsion which 
results in lowering of photocatalytic degradation rate. 

3.3.4. Effect of catalyst dose: 

The effect of photocatalyst dose was studied on dye 
degradation when other experimental conditions (for 
CR were at pH 8 and for MB at pH 2 and dyes 
concentration 10 mg/L for contact time 90 min) were 
constant. The degradation percentage of CR and MB by 

Nb2O5 at different catalyst doses, 0.2–2 gm/L for 10 
mg/L of dye concentration, was studied. It is observed 
that the rate of degradation initially increases with the 
increase in catalyst concentration and thereafter 
decreases as shown in Fig. 8 (a) and (b). Since the 
catalyst concentration increases, the agglomeration 
(particle-particle interaction) also increases, this is the 
major factor to reduce light absorption by the 
photocatalyst. Also, the agglomerations prevent photons 
reaching inner layers of the catalyst. Hence, the least 
amount of catalyst particles gets excited and ultimately 
less electron/holes and hydroxyl radical were produced. 
Therefore, the degradation rate tends to decrease as the 
catalyst dose increases [53]. 

 

Fig. 8. Effect of catalyst dose on the photocatalytic degradation of (a) CR, conditions pH=8, dye concentration 10 mg/L and 
catalyst dose 0.2-2 gm/L irradiation time 90 min.  (b) MB, conditions: pH= 2 dye concentration 10 mg/L and catalyst dose 0.2-
2 gm/L irradiation time 90 min 
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3.5. Kinetics study 

The photocatalytic degradation of CR and MB  
was found to be Pseudo-first order. It is seen that ln 
(C0/Ct) is directly proportional to contact time.  
The photocatalytic degradation of CR and MB  
solution is directly proportional to concentration.  
So we can conclude that the photocatalytic degradation 
is the pseudo first order reaction. The apparent  
first-order kinetic equation of ln (C0/Ct) = kt [55-56]  
was used to fit experimental data. Where k is the 
apparent rate constant, C0 is the initial solution 
concentration of CR and MB, and Ct is the concentration 
of CR and MB at time t. The linear transform  
in ln(C0/Ct) as a function of contact time is given in  
Fig. 9, a and b. This confirms that the kinetic curves 
were of apparent pseudo first-order. The slope of the ln 
C0/Ct Vs time plot gives the value of the rate constant  
k in min−1. 

The photocatalytic activity can be compared to k value 
and linear regression coefficient (R2) for CR and MB 
solution with different initial concentrations, these data 
are summarized in Table 1. The k values, which are 
obtained by linear fitting from Table 1 are 0.03915, 

0.02763, 0.02303 min−1 for CR and 0.02533, 0.02993, 
0.03684 min−1 for MB respectively. 

4. Conclusions 

Nb2O5 photocatalyst was synthesized and changed into 
nanoscale by the hydrothermal method. The crystallite 
size of the Nb2O5 photocatalyst was estimated to be 
about 12.44 nm. The degradation efficiency of the 
photocatalyst indicated that the low initial dye 
concentration and high catalyst dose are more favorable 
for the degradation process. The process obeys the 
pseudo first order kinetics with good correlation with 
linear regression coefficient. The experimental results of 
this study show that the Nb2O5 photocatalyst degrade 
CR and MB up to 90%. Therefore, Nb2O5 is a very 
promising catalyst for the degradation of dyes. 
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Fig. 9. Pseudo first order kinetics for photocatalytic degradation of (a) CR, conditions pH=8, dye concentration. 10, 20, 30 mg/L 
and catalyst dose 1 gm/L irradiation time 90 min. (b) MB, conditions: pH= 2 dye concentration. 10, 20, 30 mg/L and catalyst 
dose 1 gm/L irradiation time 90 min. 

Table 1. Pseudo first order rate constant of CR and MB for Photocatalytic degradation.

Amount of catalyst in gm/L Conc. of dye in gm/L Rate Const.(K) min-1 Linear regression coefficient (R2) 

 CR MB CR MB CR MB 

1 gm/L 10 10 0.03915 0.02533 0.991 0.993 

1 gm/L 20 20 0.02763 0.02993 0.989 0.991 

1 gm/L 30 30 0.02303 0.03684 0.992 0.969 
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