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ABSTRACT 

The effect of various parameters (pH, irradiation time, nanophotocatalyst dosages and temperature) on photocatalytic degradation 
of Direct Red 23 (DR 23) and Direct Brown 166 (DB 166) using pure InVO4 and InVO4-TiO2 nanocomposite were investigated 
under visible light irradiation. InVO4 and InVO4-TiO2 were synthesized by hydrothermal and sol-gel/ hydrothermal treatment 
techniques, respectively and characterized by FT-IR spectroscopy, x-ray diffraction (XRD), diffuse reflectance UV–vis 
spectroscopy (DRS), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images. Doping of TiO2 
with InVO4 caused reduction in its band gap value with the resultant improvement in its visible light activity. The efficiency of 
nanocomposite on azo dyes degradation (pH 7.2, time: 30 min) reached high values (above 95%) under visible light, proving the 
remarkable photocatalytic activities of obtained composites. Moreover, the results indicated complete mineralization of DR 23 
and DB 166 by InVO4- TiO2 under visible light for 300 min. 

Keywords: Degradation, Mineralization, Azo dye, InVO4, InVO4-TiO2. 

1. Introduction

Organic dyes used in textile and food industries are 
important sources of the environmental contaminations 
due to their non-biodegradability and high toxicity to 
aquatic creatures and carcinogenic effects on humans 
[1-5]. Hence, it is critical to remove these dyes from 
colored effluents [6]. To this end, a variety of biological 
and physicochemical methods for wastewater treatment 
has been developed (e.g., adsorption on activated 
carbon, ultrafiltration, reverse osmosis, coagulation by 
chemical agents, ion exchange on synthetic adsorbent 
resins, etc.) [7-9]. Among the various wastewater 
treatment technologies, advanced oxidation processes 
(AOPs) have received much attention in recent years. 
AOPs in which the high oxidizing potential of species 
such as hydroxyl radicals is utilized, have been proposed 
as an alternative way for the complete elimination and 
full mineralization of undesirable organic pollutants 
including dyestuffs [10,11].  
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Semiconductor-mediated photocatalysis is one of the 
most efficient destructive technologies among AOPs for 
the degradation of various families of organic pollutants 
[12,13]. Among the photocatalysts, TiO2 has been 
intensively investigated as a semiconductor 
photocatalyst because of its stability, cheapness and 
environmental friendliness. Unfortunately, a major 
impediment in the popularization of this semiconductor 
material is the large band gap, 3.2 eV for bulk TiO2. This 
severe disadvantage limits the photocatalyst 
photosensitivity to the ultraviolet region, a small 
fraction (∼5%) of the solar energy. Therefore, 
significant efforts have been made to develop stable and 
efficient photocatalysts which are capable of using 
abundant visible light in solar spectrum or artificial light 
sources [14-20]. Furthermore, TiO2 presents a relatively 
high electron-hole recombination rate which is 
unfavorable to its photoactivity [21]. Therefore, 
suppression of the recombination of photo-generated 
electron-hole pairs in TiO2 is essential for improving the 
efficiency of photocatalytic activity. For this purpose, 
doping TiO2 with various noble/transition metal or 
metal ions and their photocatalytic activities has been  
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investigated extensively [22-25]. Some theoretical 
calculations have also been performed to suggest that 
doping of TiO2 has a considerable effect on the band gap 
alteration and photocatalytic activity [14]. In doped- 
TiO2 systems, excited by UV or visible light with 
sufficient energy, sensitizer adsorbed on TiO2 injects 
electron into the conduction band (CB) of TiO2, which 
acts as a mediator for transferring electrons from the 
excited sensitizer to the electron acceptors on TiO2 
surface, while the holes are injected in opposite 
direction between valence bands. Doped semiconductor 
systems have a high ability to shift the required  
energy for excitation of coupled system towards longer 
wavelengths [21,26,27]. Traditional sensitizers  
are small band-gap semiconductors or organic  
dyes. Some of these systems have achieved  
high quantum efficiencies [28,29]. The key challenge in 
sensitization-type photocatalysis is finding sufficiently 
stable sensitizers with appropriate electronic states. 
Stable multimetallic oxides (e.g. InMO4 [M =V, Nb,  
or Ta]) have recently attracted much attention as  
new photocatalytic materials for hydrogen generation 
from water splitting under visible light irradiation  
[19, 30-32]. 

In our previous work, photocatalytic activity of InVO4 
and InVO4–TiO2 nanoparticles in the degradation of 
aqueous solutions of industrial textile azo dyes and also 
formaldehyde (FAD) under visible light and ultrasonic 
irradiations has been compared [33]. In the continuing 
and for purpose of extension of our research in this area, 
the visible light photoactiviy of InVO4-TiO2 
nanocomposite for the photodegradation of two other 
types of non-biodegradable azo dyes such as Direct red 
23 (DR 23) and Direct Brown 166 (DB 166) was 
investigated in this work. Moreover, a comparative 
study in electrical properties of InVO4 and InVO4–TiO2 

is evaluated by diffuse reflectance UV–Vis 
spectroscopy (DRS) and potentiometric mass titrations 
methods for estimation of band gap energy and point of 
zero charge (pzc), respectively. 

2. Experimental 

2.1. Reagents and materials 

The InVO4 nanocatalyst and InVO4-TiO2 
nanocomposite were prepared according to the literature 
[33]. Sodium metavanadate, indium (III) chloride, 
titanium tetraisopropoxide, isopropyl alcohol, DR 23 
and DB 166 and other chemicals were of analytical 
grade purchased from commercial sources (Merck or 
Sigma) and used without further purification. Their 
chemical structures and other characteristics are listed in 
Table 1. All of the reagents and solvents were analytical 
grade and used without further purification. The pH 
value of solutions was adjusted with 0.05 mol L-1 HCl 
and 0.2 mol L-1 NaOH solutions and doubly distilled 
water was used for dye solution preparation. 

2.2. Physical measurements 

Elemental analysis of the InVO4 and InVO4– TiO2 was 
carried out using inductively coupled plasma (ICP-
Spectrociros CCD instrument) spectrometer. 

The FT-IR spectra of InVO4 and InVO4– TiO2 were 
recorded in the 4000– 500 cm−1 regionon a Jasco 6300 
FT-IR spectrometer with KBr pellets. The diffuse 
reflectance UV–vis experiments were performed on a 
Varian Lary 5E diode array spectrometer equipped with 
a 60-mm Hitachi integrating sphere accessory. The 
crystal structures of the catalysts (InVO4 and InVO4– 
TiO2) were investigated by X-ray diffraction (X-ray 
diffractometer, Bruker, D8ADVANCE, Germany) with 
Cu Kα radiation.  

Table 1. Structure and characteristics of azo dyes. 

Azo dye Abbreviation Structure MW (g mol1) λmax (nm) 

Direct Red 23 DR 23 813.72 505 

Direct Brown 
166 

DB 166 982.73 475 
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The electron micrographs were obtained using a 
Cambridge Steroscan S-360 scanning electron 
microscope (SEM) using an acceleration voltage of 20 
Kv and a Philips CM120 transmission electron 
microscope (TEM). The pH values of the solutions were 
measured using a digital pH-meter (Metrohm 827). The 
pH-meter was calibrated with standard buffers at 25°C 
(pH 4.0 and 7.0). UV–vis spectra of the solutions were 
recorded with a Jasco 670 UV–vis spectrophotometer 
with a 1 cm path length cell. The mineralization percent 
of azo dyes was estimated by total organic carbon 
(TOC) analyzer. In this regard, TOC curves were 
obtained with a Beckman 915A analyzer. 

2.3. Photocatalytic reactions 

The photodegradation of DR 23 and DB 166 was 
performed in order to evaluate the photocatalytic 
activity of prepared pure InVO4 and InVO4-TiO2 
nanocomposite. The experiments were carried out in a 
Pyrex photoreactor with cylindrical shape containing 
InVO4 or InVO4–TiO2 (5 mg) and DR 23 or DB 166 
solution (10 mL) with an initial concentration of  
20 mg/L at different pH (about 3- 10) and at room 
temperature. The temperature of the suspension was 
maintained at 25 ± 1 °C by water circulation through an 
external cooling coil. The optical path length was ca. 2 
cm. The light source was a 400 W Na lamp (λ> 450 nm). 

The suspension was stirred in the dark for 0-60 min to 
investigate the dosage of dispersion and adsorption in 
the absence of light. Due to the dosage of photocatalyst 
used for degradation of dyes (0.5g/L), no adsorption 
and/or degradation were observed in the dark. Based on 
these results, we concluded that the presence of visible 
light has a significant role in the degradation of dyes. 

Moreover, control experiments involving a solution of 
azo dyes under visible light in the absence of InVO4-
TiO2 nanocomposite were carried out. The results 
showed that in the absence of InVO4-TiO2, no 
degradation was observed. Similar results were obtained 
in the case of pure InVO4. The lamp was inserted around 
the suspension after its intensity became stable, 
photodegradation of dye was carried out in an open 
vessel in the batch photoreactor. After the reaction was 
over, the photocatalyst was filtered, and the photolyte 
was analyzed by UV–vis spectrophotometer at λmax for 
each dye. 

The degradation efficiency (%) was calculated by Eq. 1. 

Efficiency ሺ%ሻ ൌ ሺC଴ െ C C଴⁄ ሻ ൈ 100   (1) 

Where C0 is the initial dyes concentration and C is the 
concentration of dyes after irradiation. 

2.4. Kinetic measurements for degradation of azo dyes 

The degradation rate of DR 23 and DB 166 was 
followed by spectrophotometeric measurements with 
the time profile of the absorbance being at their λmax 
(Fig.8). All of the measurements were carried out three 
times and the mean values of data were reported. 

Langmuir–Hinshelwood (L–H) model was used to 
describe the photocatalytic degradation rate according 
to Eq. 2 [34]. 

lnሺሾCሿ୲ ሾCሿ଴⁄ ሻ ൌ  െk୭ୠୱt    (2) 

Where, C0 is the initial concentration and Ct is the 
remaining concentration of azo dye at time t. According 
to the Beer-Lambert law, the absorption (A) of a 
dissolved substance is a linear function of its 
concentration. Therefore, the pseudo first order rate 
constants, kobs, were calculated from the slopes of the 
natural logarithmic plots of absorption versus time. 

2.5. Mineralization 

Changes in the TOC values of the suspensions (10 ml of 
DR 23 or DB 166 solutions with concentrations 20 mg/L 
in the presence 0.5g/L of InVO4 or InVO4-TiO2) were 
determined using a TOC analyzer after filtration at 
various irradiation time intervals. 

3. Results and Discussion 

3.1. Characterization of InVO4 and InVO4-TiO2 

The result of elemental analysis [%] for pure InVO4 was 
calcd: In, 49.98; V, 22.17; Found: In, 47.61; V, 23.35. 
This result indicated that the measured values are well 
in consistence with the calculated values, so the 
rationality of composition of the nanophotocatalyst is 
confirmed. Moreover, the InVO4 contention the TiO2 
was found to be about 4.3 %. 

The FT-IR spectra (Fig. 1) of the InVO4 pure and 
InVO4-TiO2 exhibit the absorption characteristic peaks 
in 1200–450 cm−1 region due to �̅� (V–O), �̅� (V–O–In) 
and �̅� (V–O–V), indicating that InVO4-TiO2 still retains 
the basic structure of InVO4 (see Table 2). Furthermore 
peaks at about 600-500 cm−1, which are related to �̅�  
(Ti–O), revealed that InVO4 has been encapsulated.  

Table 2. FT-IR data (�̅�/cm-1)of the InVO4 and InVO4-TiO2. 

Compound �̅� (V-O) �̅� (V-O-In) �̅� (V-O-V) �̅� (Ti-O) 

InVO4 1162, 956 903, 718 546, 485 - 

InVO4-TiO2 958, 913 822, 714 546, 503 600-500 
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Fig. 1. FT-IR spectra of (a) pure InVO4 and (b) InVO4-TiO2. Inset shows the enlarged view of the peaks of InVO4-TiO2 in 1000-
450 cm-1.

The absorption bands of about 3200 and 1650 cm-1 are 
assigned to vibrations of hydroxyl group, this is because 
the samples are not dried enough and have adsorbed 
some water molecules. 

The corresponding DRS for the InVO4-TiO2 
nanocomposite is provided in Fig. 2. Compared with the 
UV–vis absorption of pure TiO2 and pure InVO4, the 
InVO4–TiO2 nanocomposite exhibits a red-shift. 
Moreover, the pure InVO4 and InVO4–TiO2 
nanocomposite show absorption peaks in the visible 
light (~700 nm), while the pure TiO2 only shows 
absorption in the UV light region. The difference in 
absorption edge wavelength for the nanophotocatalysts 
clearly indicates the band gap of the samples. However, 
the band gap energy of these photocatalysts was 
estimated by the following Kubelka-Munk equation 
(Eq. 3) [35-37]. 

(αhυ) = β(hυ-Eg)n     (3) 

Where, Eg is the semiconductor band gap (eV), h 
Planck’s constant (J s), υ the light frequency (s−1), β the 
absorption constant, α the absorption coefficient 
(defined by the Beer–Lambert’s law as α = ([2.303 × 
Abs]/d), where d and Abs are the sample thickness and 
sample absorbance, respectively.) and n is an index with 
different values of 1/2, 2, 3/2, and 3 for allowed direct, 
allowed indirect, forbidden direct and forbidden indirect 
electronic transitions. The band gap values were 
calculated using the Tauc method by plotting of (αhυ)n 
vs. hυ. Four curves were drawn for the mentioned values 
for n, and the best linear fitting was obtained for the 

(αhυ)2 -hυ curve for the InVO4, InVO4-TiO2 and TiO2 
photocatalysts which agree with the previous literature 
[38,39]. According to the plot, band gap energies of 3.2, 
2.5 and 2.1 eV were estimated for TiO2, InVO4 and 
InVO4-TiO2 photocatalysts, respectively. The band gap 
of InVO4 is similar to observed values for the 4d (4th 
row transition metals) compounds such as InNbO4  
(2.5 eV) and 5d (5th row transition metals) compounds 
such as InTaO4 (2.6 eV) [40]. Moreover, the results 
indicate that visible light absorption of the TiO2 is 
enhanced by introducing the InVO4. The InVO4–TiO2 
can be excited by visible light (λ>400 nm, Eg~2.1 eV) 
and shows the photoactivity under visible light 
irradiation. 

Fig. 3 shows a typical SEM micrographs of pure InVO4 
and its nanoencapsulated form (InVO4-TiO2). 
Morphological changes represent the encapsulation of 
InVO4 in TiO2 nanoparticles. This figure also 
demonstrates the reduction of InVO4 aggregation due to 
encapsulation by TiO2. 

The TEM images and the corresponding  
histograms (Fig. 4) show that pure InVO4 and its 
nanoencapsulated form (InVO4-TiO2) uniform and 
round nanometer particles with a size distribution from 
15–55 nm and 4–10 nm, respectively, with the 
respective maximum in the histogram of particle size 
distribution at 25–35 and 5–6 nm. From  
statistical analysis of the particle size, the values of  
25.8 nm and 5.7 nm were obtained for the average  
size of InVO4 and InVO4-TiO2 nanoparticles, 
respectively. 
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Fig. 2. UV-vis diffusion reflectance spectra of (a) pure TiO2, (b) pure InVO4 [33] and (c) InVO4–TiO2 [33]. Inset shows the Tauc 
plot for band gap energy determination of (a) pure TiO2, (b) pure InVO4 and (c) InVO4–TiO2. 

 
Fig. 3. SEM micrographs of (a) pure InVO4 and (b) InVO4-TiO2 nanocomposite [33]. 

 
Fig. 4. TEM images and particle size histograms of (a) pure InVO4 and (b) InVO4-TiO2 nanocomposite.
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The XRD technique was used to investigate the phase 
structures of the samples. The XRD pattern of the as-
prepared InVO4, InVO4–TiO2 and TiO2 samples are 
shown in Fig. 5. The XRD peaks in Fig. 5a correspond 
to the orthorhombic phase of InVO4. The peak at 32.9 
was used for calculation of the mean crystallites size. In 
Fig. 5b, five distinctive TiO2 peaks are found at 25.3°, 
37.9°, 48.0°, 54.6° and 62.8°, which correspond to 
anatase (101), (103, 004 and 112), (200), (105 and 211), 
(204) crystal planes, respectively. This XRD pattern is 
the same as XRD pattern of pure TiO2 (Fig. 5c), which 
indicates that the TiO2 has retained its crystallinity upon 
mixing with InVO4 and no change in its crystallinity was 
observed during the preparation of nanocomposite. 
According to ICP results, the amount of InVO4 is low 
(<5 %) and it obviously does not present in the XRD 
pattern of InVO4–TiO2. The average crystallite sizes 
were estimated using the XRD line broadening method 
by Scherrer’s equation: 

d = 0.89λ/βcosθ      (4) 

where, d is the average diameter of the crystal, β is the 
full width half maximum (FWHM) of the 2θ peak, θ the 
Bragg angle in degrees and λ the wavelength for CuKα- 
radiation (λ= 0.1542 nm) [41, 42]. The average 
crystallite sizes of InVO4 and InVO4- TiO2 were 
determined to be 39 nm and 12 nm, respectively. 

3.2. Photocatalytic activity 

The photocatalytic performance of InVO4-TiO2 was 
evaluated by degradation of DR 23 and DB 166 under 
visible light. The photocatalytic activity of pure InVO4 

was also studied under the same conditions for 
comparison. Photocatalytic degradation of these dyes is 
influenced by various parameters, such as pH, 
irradiation time, reaction temperature and dosage of 
photocatalyst. These reaction parameters were 
optimized and their optimum values are presented in 
Table 3. 

3.3. pH effect 

Fig. 6A displays the visible light activity of InVO4-TiO2 
and pure InVO4 for decomposing DR 23 and DB 166 at 
different pH values. It was found that the degradation of 
these dyes by InVO4 and InVO4–TiO2 are pH dependent 
and increase by decreasing pH. This can be explained 
by the PZC of InVO4 and InVO4–TiO2 nanopowders and 
a difference in the adsorption ability of InVO4 and 
InVO4–TiO2 nanoparticles. For this purpose, The pHPZC 
of InVO4 and InVO4–TiO2 nanopowders are 
determinated by potentiometric mass titrations 
technique (PMT) according to previous literature [43]. 
The pHpzc for the InVO4 and InVO4-TiO2 were estimated 
about 4.9 and 7.8, respectively (Fig. 6B). Above these 
pH values, the surface of these catalysts is charged 
negatively, while below these, it is charged positively. 
The ionic compounds like DR 23 and DB 166 bearing 
negative charge can easily be adsorbed on the surface of 
InVO4 and InVO4–TiO2 below pH 4.6 and 7.8, 
respectively. Moreover, the degradation of DR 23 and 
DB 166 in acidic medium is favorable and due to the 
electrostatic repulsion, the adsorption ability of InVO4 
and InVO4–TiO2 nanoparticles rapidly decreases in the 
basic medium.  

 
Fig. 5. XRD patterns of (a) pure InVO4, (b) InVO4–TiO2 and (c) pure TiO2 [33]. 
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Table 3. The optimum values of different parameters for degradation of DR 23 and DB 166 by InVO4-TiO2 and pure InVO4 
under visible light. 

Reaction parameter 
InVO4-TiO2 InVO4 

Azo dye Optimum value Azo dye Optimum value 

pH 
DR 23 

DB 166 

7.2 

7.2 

DR 23 

DB 166 

3.4 

3.4 

Irradiation time (min) 
DR 23 

DB 166 

5 

5 

DR 23 

DB 166 

30 

30 

Temperature (°C) 
DR 23 

DB 166 

25 

25 

DR 23 

DB 166 

25 

25 

Catalyst dosage (g/L) 
DR 23 

DB 166 

0.5 

0.5 

DR 23 

DB 166 

10 

10 
 

  

Fig. 6. (A) Effect of pH on degradation percent of (a) DR 23 (20 mg/L) and (b) DB 166 (20 mg/L) in presence pure InVO4 
(0.5g/L) and (c) DR 23 (20 mg/L) and (d) DB 166 (20 mg/L) in presence InVO4–TiO2 (0.5g/L) under visible light for 15 min. 
(B) Potentiometric mass titrations curves of (a) blank solution (KNO3, 0.03 M), (b) suspension containing InVO4 (0.5g/L) or (c) 
InVO4-TiO2 (0.5g/L) in KNO3 solution with HNO3 (0.10 M) for the determination of the pHpzc of InVO4 and InVO4-TiO2. 

However, the maximum dye degradation was observed 
for pure InVO4 at acidic pH (pH 3.0), while for InVO4-
TiO2, the highest dye degradation was obtained at 
neutral pH (pH 7.2). 

3.4. Time effect 

Both the catalyst and a light source are essential for the 
photocatalysis reaction to occur. A control experiment 
was carried out on the irradiation of visible light on DR 
23 (20 mg/L) and DB 166 (20 mg/L), with and without 
catalyst, as shown in Fig. 7. There was no degradation 
noticed in the existence of visible light without any 
catalysts. In addition about less than 0.2% decrease in 
dye concentration occurred due to adsorption for the 
same experiment performed with the catalyst in the 

absence of visible light. Almost complete degradation 
was achieved in presence of InVO4–TiO2 under visible 
light (60 min) for both azo dyes. In fact, the degradation 
percent under visible light in the presence of InVO4–
TiO2 nanocomposite increased by increasing the 
irradiation time and in 5 min, the degradation yields of 
DR 23 and DB 166 were about 94% and 86%, 
respectively. The degradation percent reaches a 
maximum value (20 min) and then, it will be slightly 
increased. The photocatalytic performance of pure 
InVO4 which was also evaluated under the same 
conditions for comparison, is much lower than that of 
InVO4–TiO2 at the same time, indicating that the 
synergistic effect between the two phases can enhance 
the photocatalytic activity. 
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Fig. 7. Effect of time on degradation percent of DR 23 (20 mg/L) and DB 166 (20 mg/L) at pH 7.2. 

3.5. Kinetics study 

In general, according to a great number of investigations 
[42,44,45], the dependence of the photocatalytic 
degradation rates on the concentration of organic 
pollutants has been described well by the Langmuir–
Hinshelwood (L–H) kinetic model. The modified L–H 
equation is given by: 

r ൌ െ dC dt⁄ ൌ k୰θ ൌ k୰KC 1 ൅ KC⁄    (5) 

where kr is the reaction rate constant, K is the reactant 
adsorption constant, θ is the fraction of photocatalyst 
surface coverage and C is the substrate concentration at 
any time t. 

During photocatalytic degradation, intermediates are 
formed and may interfere in the determination of 
kinetics because of competitive adsorption and 
degradation. Therefore, calculations were done at the 
beginning of irradiation conversion. During a short time 
interval, any changes such as intermediates effects could 
be considered as negligible. The photocatalytic 
degradation rate can be expressed as a function of  
 

concentration according to: 

r଴ ൌ k୰KC଴ 1 ൅ KC଴⁄      (6) 

where r0 is the initial rate of photocatalytic degradation 
of azo dye and C0 the initial concentration. When the 
substrate concentration is low enough (less than 20 
mg/L in this work) and there is no catalyst saturation, 
photocatalytic disappearance with InVO4 or InVO4–
TiO2, can follow apparent first-order kinetics. In this 
case, Eq. (6) can be simplified to a pseudo- first order 
kinetic model [45]. 

lnሺሾCሿ଴ ሾCሿ⁄ ሻ ൌ  k୰Kt ൌ kୟ୮୮t      (7) 

where kapp = krK. 

The plot of ln([C]0/[C]) versus time in Fig. 8 represents 
straight lines, from which the slope of linear variations 
equals to the pseudo first order rate constant, kapp which 
was calculated to be 3.82×10-1 min-1 and 1.36×10-1 min-

1 for DR 23 and DB 166 respectively in presence of 
InVO4–TiO2 and 5.00×10-3 min-1 and 3.00×10-3 min-1 for 
DR 23 and DB 166 respectively in presence of pure 
InVO4. 

 
Fig. 8. Kinetic data for photocatalytic degradation of DR 23 (20 mg/L) and DB 166 (20 mg/L) with InVO4-TiO2 (0.5g/L) and 
pure InVO4 (0.5g/L). 
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3.6. Effect of the photocatalyst dosage 

The effect of pure InVO4 and InVO4–TiO2 nanopowder 
dosage on the photocatalytic degradation of DR 23 (20 
mg/L) and DB 166 (20 mg/L) at optimum pH value and 
using different dosages of nanophotocatalysts (0.3–3.0 
g/L) were also studied (Fig. 9). The results showed that 
the optimum dosage of InVO4–TiO2 and pure InVO4 
catalysts for the degradation of these azo dyes under 
visible light was 0.5g/L. In general, the total active 
surface area increased with increasing photocatalyst 
dosage to a specific level which caused to more photons 
can be absorbed by the available active sites present in 
photocatalysts which in turn increased the number of 
generated hydroxyl and superoxide radicals [34]. As 
shown, above a specific dosage (0.5g/L in 10 mL azo 
dye solution (20 mg/L)), the photodegradation activity 
with a slight slope increases due to aggregation of 
photocatalyst particles or light scattering [34,46]. 
Hence, less photocatalyst particles are available for 
receive photons, so fewer OH radicals are produced. 

3.7. Effect of temperature 

The results of temperature effect on the 
photodegradation activity of pure InVO4 or InVO4– 
TiO2 (0.5g/L photocatalyst, 20 mg/L DR 23 or  
DB 166) are shown in Fig. 10. It was observed  
that with an increase in the temperature from 10 to  
80 °C, the percent of degradation with a low  
average enhancement increased which must be  
due to the low activation energy of  
photocatalytic reaction [45,47]. Therefore,  
the photocatalysis reaction with InVO4 or InVO4– 
TiO2 is not very temperature dependent in this  
case; however, an increase in temperature helps  
the degradation reaction to compete for more  
efficiency with electron-hole recombination  
[45,47]. Higher temperatures cause significant 
evaporation of the solution during the experiments  
and also decrease the solubility of oxygen in the  
water which is not desirable [47]. Thus, a temperature 
higher than 80 °C is not recommended. 

 
Fig. 9. Effect of Catalyst dosage on degradation percent of DR 23 (20 mg/L) and DB 166 (20 mg/L) at pH 7.2 under visible light 
for 15 min. 

 
Fig. 10. Effect of temperature reaction on degradation percent of DR 23 (20 mg/L) and DB 166 (20 mg/L) at pH 7.2 with InVO4-
TiO2 (0.5g/L) and pure InVO4 (0.5g/L) under visible light for 15 min. 

129



S. Dianat / Iran. J. Catal. 8(2), 2018, 121-132 

3.8. Mineralization of DR 23 and DB 166 

Changes in the TOC values reflect the degree of 
degradation or mineralization of an organic substrate 
during the irradiation period. Fig.11 shows the changes 
in TOC and mineralization percent during the 
degradation of DR 23 and DB 166 solutions in the 
presence of InVO4 and InVO4-TiO2. It was observed that 
the total mineralization increases by increasing the 
irradiation time and happens after complete 
decolorization of these azo dyes. Interestingly, the 
change in TOC values is very similar to the degradation 
kinetics: The InVO4-TiO2 is more efficient in degrading 
these azo dyes compared to pure InVO4. 

3.9. Photocatalytic Mechanism of InVO4-TiO2 

On the basis of the aforementioned results, the potential 
electrons transfer route and photocatalytic mechanism 
for DR 23 and DB 166 degradation over InVO4-TiO2 
hetero-structure is shown in Scheme 1. Under visible 
light irradiation, InVO4 can be excited to produce h+ and 
e-. Under normal conditions, most of the electrons–holes 
pairs recombine rapidly, thus pure InVO4 has a 
respectively low photocatalytic activity. Due to the 
well-matched overlapping band-structures and intimate 
interfaces of TiO2/InVO4, photogenerated electrons on 
the CB of InVO4 can migrate to the CB of TiO2 (electron 
transfer I: InVO4 (CB)→TiO2 (CB)) and then react with 
adsorbed O2 to produce superoxide radical (O2

-ꞏ), which 
enhance the separation efficiency of photogenerated 
electrons and holes of InVO4. The O2

-ꞏcan react with H+ 
to produce hydroxyl radical (OHꞏ). Both these radicals 
are strong oxidants that can completely oxidize organic 
molecules to mineral acids, H2O and CO2 [48]. 

4. Conclusions 

Effective photodegradation of the two non-
biodegradable azo dyes (DR 23 and DB 166) is available 
using pure InVO4 or InVO4–TiO2 nanocomposite 
suspended aqueous solutions and during short times of 
visible irradiation when compared with only 
photodegradation process. There is an optimum dosage 
of suspended InVO4 or InVO4–TiO2 photocatalyst at 
which the highest degradation efficiency for 20 mg/L of 
DR 23 or DB 166 will be available. However, this 
degradation is not significantly affected by temperature. 
With the aim of the highest degradation, the best 
conditions using pure InVO4 are photocatalyst dosage= 
0.5 g/L, pH= 3.0 and ambient temperature= 25 °C and 
in the presence of InVO4–TiO2, the moderate conditions 
for the highest degradation are: photocatalyst dosage= 
0.5 g/L, pH= 7.2 (natural pH) and ambient temperature= 
25 °C. Under these conditions, for degradation 
efficiency of more than 20% and 90% of substrates, 60 
min and 15 min (using InVO4 and InVO4–TiO2, 
respectively) visible irradiation time is required. The 
results clearly indicate that coupling of two 
photocatalysts has an important role to enhance their 
photocatalytic activity. It is due to the alignments of the 
electronic band structures of TiO2 and InVO4, the 
photogenerated electrons in the CB of InVO4 can be 
quickly transferred to the CB of TiO2. The 
photogenerated charge separation at the interfaces of 
InVO4-TiO2 suppresses the recombination of 
photogenerated electron-hole pairs and leads to an 
enhanced photocatalytic performance of InVO4-TiO2. 
The photocatalytic degradation shows pseudo first order 
kinetics.  

 
Fig. 11. Changes of TOC and mineralization percent during degradation of DR 23 (20 mg/L) and DB 166 (20 mg/L) at optimum 
pH under visible light in the presence of pure InVO4 (0.5g/L) and InVO4-TiO2 (0.5g/L).  
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Scheme 1. Schematic illustration of the charge separation and photocatalytic mechanism of InVO4- TiO2 heterostructure under 
visible light irradiation. 

The rate constant of photodegradation process of these 
azo dyes in the presence of InVO4–TiO2 is more (about 
100 times) with respect to the case of pure InVO4. The 
TOC analysis revealed that complete mineralization of 
dyes can be achieved in longer irradiation times  
(300 min) than dye decolorization. 
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