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ABSTRACT
A tetragonal zircon type cerium vanadate (CeVO4) photocatalyst was successfully synthesized
hydrothermal method using Ce(NH4)2(NO3)6 and NH4VO3. The products were characterized using the
FT-IR, XRD, FE-SEM and UV-DRS. The XRD results show that crystallite size of cerium vanadate is
27.2 nm. The effect of operational parameters such as effect of pH, catalyst suspension, initial dye
concentration and reusability were observed. Hence the catalyst can be reused for continuous treatment
of wastewater.
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1. INTRODUCTION
In recent decades a large number of investigations have been focused on semiconductor
photocatalysts due to their potential applications in solar energy conversion and environmental
purification [1-3]. Environmental pollution by dye wastewater is the most serious issue in the
developing countries. Using the common treatment methods, it is very difficult to degrade dyes
that have a complex aromatic structure as they produce toxic and carcinogenic by products from
various reactions such as hydrolysis and oxidation in aqueous media. So from the point of view
for the public health and safety, these by-products should be removed using suitable treatment
methods [4]. Advanced oxidation processes (AOPs) are used to degrade pollutants in aqueous
media by strong oxidants such as hydroxyl radicals (•OH). Homogeneous (e.g. Fenton reaction)
or heterogeneous catalysts (supported metal catalysts, metal oxides, graphite, etc.) can be used
to produce hydroxyl radicals from H2O2 [5]. Many rare earth vanadates had been studied
because of their outstanding optical, electrical and magnetic properties and had been widely
used in sensors, tri biologics and heat-resistant material [6]. Among the vanadates, CeVO4 had
diverse potential applications in many fields, such as oxidation catalyst, luminescent materials,
gas sensors and electrodes due to its unique catalytic, optical magnetic and electrical properties
[7]. Ortho vanadates have been synthesized using various techniques including solid state
synthesis [8], microwave synthesis [9], hydrothermal synthesis [10, 11]. Although it has a
relative wide band gap (3.05 ev) compared to that of YVO4, the large band gap brings a benefit.
The electrons and holes in CeVO4 exhibit strong redox ability which may greatly improve the
photocatalytic performance [12]. In this work, we present the preparation of cerium vanadates
(CeVO4) nanoparticles by hydrothermal method. This approach is simple, low energy
consumption and friendly to the environment. The photocatalytic degradation was investigated
using methylene blue (MB) under ultraviolet light irradiation.

2. EXPERIMENTAL DETAILS
2. 1. Materials and methods
The commercial Methylene Blue dye (MB) (C.I – 52015), from Molychem Pvt.
Ltd.Ammonium ceric nitrate and ammonium metavanadate (Qualigens) urea, NaOH, H 2SO4
from (Himedia Chemicals) were used as received. Ferrous ammoniumsulfate, Anala R silver
sulphate (Himedia Chemicals), mercury (II) sulfate (Merck 90%), potassium dichromate,
ferroin indicator (SD fine) solutions were used as received for chemical oxygen demand
analysis. The experimental solution was prepared using distilled water.
2. 2. Preparation of nanocatalyst
2. 2. 1. Synthesis of CeVO4
In a typical procedure, 0.2 M ceric ammonium nitrateand 0.1 M ammonium vanadate
were dissolved in 70 mL of de-ionized water. Then, 10 mL of 0.1 M urea was added into the
above mixture and it was allowed to stir for 1 h. Subsequently, the mixture was transferred into
100 mL Teflon-lined sealed stainless-steel autoclave and kept 180 C for 12 h. After that the
autoclave was naturally cooled. The obtained CeVO4 precipitate was collected, washed with
water and ethanol and dried at 80 C for 10 h.
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2. 3. Methods
2. 3. 1. Photoreactor
Heber immersion type photoreactor as shown in Figure 1 was used for photodegradation
experiment with UV light. This model consists of replaceable medium pressure mercury vapour
lamps of 125, 250 W, set in parallel, emitting 365 nm wavelength. It has a reaction chamber
with

Figure 1. Schematic diagram of photoreactor.

Specially designed reflectors made of highly polished aluminium and built in cooling fan
at the bottom. It is provided with magnetic stirrer at the centre. Open borosilicate glass tube of
50 mL of capacity, 40 cm height and 12.6 mm diameter were used as a reaction vessel with
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the total radiation exposure length of 330 mm. The irradiation was carried out using one
parallel 250 W medium pressure mercury lamps in immersion type water circulated system.
2. 3. 2. Photocatalytic degradation experiments
In all experiments 50 mL of the dye solution containing appropriate quantity of the
CeVO4 was used. The suspension was stirred for 30 min in dark and then it was irradiated. The
solution and dye were continuously aerated by a pump to provide oxygen and for complete
mixing of reactionmedium. At specific time interval, 2 to 3 mL of the sample was withdrawn
and centrifuged to separate the catalyst. One milliliter of the centrifugate was diluted to 10 mL
and its absorbance was measured at 660 nm using UV-Vis spectrophotometer to determine the
concentration of dye. From the concentration of dye during the degradation process, percentage
of dye remaining was determined.
The photocatalytic degradation of MB containing CeVO4 nanocatalyst obey pseudo-first
order kinetics. At low initial dye concentration, the rate expression is given by
d[C]/dt = k[C]

… (1)

where: k is the pseudo-first order rate constant. The dye is adsorbed onto the catalyst surface
andadsorption-desorption equilibrium is reached in 10 min. After adsorption, the equilibrium
concentration of the dye solution is determined and it is taken as the initial dye concentration
for kinetic analysis. Integration of equation 1 (with the limit of C = C0 at t = 0 with C0 being
the equilibrium concentration of the bulk solution) gives equation 2.
ln (C0/C) = kt

… (2)

where: C0 is the equilibrium concentration of dye and C is the concentration at time t. pseudoFirst order rate constant k was determined from the plot of ln C0/C Vs t.
2. 4. Characterization Methods
The synthesized nanomaterial was characterized using, XRDFT-IR, SEM-EDX,
Elemental colour mapping and UV-Vis-DRS techniques, the details of which have been
provided in a previous work [13]. Chemical oxygen demand (COD) was determined by
following the protocol mentioned earlier in the literature [14].

3. RESULT AND DISCUSSION
3. 1. Powder XRD analysis
The X-Ray diffraction (Figure 2) shows that the standard XRD pattern of the CeVO 4
(Figure 2a) and prepared CeVO 4 (Figure 2b). The tetragonal zircon type CeVO4 of the
JCPDS Card No. 72-0282 was well fitted with the standard pattern [15]. The characteristic
peaks of CeVO4 at 2 values 18.10, 24.51, 32.12, 32.61, 39.02, 48.50 and 49.39 correspond
to (101), (200), (112), (220), (301), (400) and (312) [16].
The Scherrer equation (eqn. 3) was employed for the calculation of the average
crystalline size of CeVO 4 and it is found to be 27.2 nm.
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D = k/cos

… (3)

where: D is the crystalline size, λ is wavelength X-Ray used, K is the shape factor,  is the full
width half maximum high of peak and  is the Bragg angle.

Figure 2. XRD patterns of a) standard CeVO 4 and b) synthesized CeVO4

3. 2. FT-IR spectrum
FT-IR spectrum of prepared CeVO4 sample is shown in Figure 3. The surface hydroxy
(OH) stretching vibrations are observed at 3400 cm -1. The peaks at 790 and 450 cm -1 indicate
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the stretching vibration of VO4 and V–O, respectively [17-19]. The band at 1635 cm -1 is
ascribed as OH bending vibration of CeVO 4 [18].

Figure 3. FT-IR spectrum of CeVO4

3. 3. SEM-EDX colour mapping
SEM images of prepared CeVO4 with different magnifications reveal that the particles
are agglomerated Figure 4a-c. In Figure4a and b shows rod like structure with different
micrometer magnifications. Micro dahlia flower like structure showed in Figure 4c but they were
about 24 nm in diameter. The presence of the elements Ce, V, O in the catalyst are confirmed
by EDX analysis from the particular selected area Figure 5. The EDX analysis revealed that the
relative atoms are present in the prepared sample. To confirm the presence of these elements
CeVO4 was analyzed by elemental mapping Figure 6. The different colour areas in Figure 6
indicates Ce, V and O enriched areas of the sample.
3. 4. UV-DRS analysis
Diffused reflectance spectrum of prepared CeVO4 is shown in Figure 7. Itis showed that the
reflectance onset of CeVO4 was about 430 nm. According to the formula E (eV) = 1240/, by
applying the Tauc plot of KM versus photon energy (h) Figure 8. The estimated band gap
energy of the prepared CeVO 4 is 2.62 eV.
3. 5. Primary Analysis
The photocatalytic activities of the CeVO4 nanocatalyst was analyzed by the
degradation of MB. The structure and absorption spectra of the MB dye was shown in
Figure 9. Controlled experiments under different conditions were carried out and the results
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are displayed in Figure 10. The dye is found to be resistant to self-photolysis by UV light
(curve a). In the presence of dye/CeVO 4/dark a decrease (17%) in dye concentration occurs
and remains almost constant up to 90 min curve b. The dye on irradiation with CeVO 4 under
UV light undergoes 95% degradation in 90 mincurve c.

Figure 4. SEM images of CeVO4: a) 1 m, b) 2 m and c) 200 nm
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Figure 5. EDX image of CeVO4

Figure 6. Colour mapping images of CeVO 4
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Figure 7. DRS of CeVO4

Figure 7. DRS of CeVO4

Figure 8. KM of CeVO4
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Figure 9. Structure of MB and its UV spectrum: Analytical wavelength max = 660 nm
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Figure 10. Primary analysis of MB under UV light. [MB] = 310–4 M,
catalyst suspended = 1.0 g L–1, airflow rate = 8.1 mL s –1, pH = 7.
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3. 6. Effect of catalyst loading
The study on degradation rate with different amounts of catalyst is important to find out
the minimum amount of catalyst required for maximum dye removal. Hence, it is required to
optimize the dose of catalyst for the effective mineralization of MB. The experiment was carried
out by varying catalyst concentration from 0.8 to 1.6 g L–1 in aqueous MB solution under UVA light irradiation for 20 min. The increase of catalyst weight from 0.8 to 1.2 g L–1 increases
the rate of degradation from 0.016 to 0.063 min–1 at the time of 20 min Figure 11. Further
increase of catalyst amount (above 1.2 g L–1) sudden decreases the rate constant.This indicated
the optimum catalyst dosage of 1.2gL-1. Increasing catalytic dosage provides more active sites
for MB degradation. However, the decrease in the rate constant absorption for catalyst dosage
higher than 1.2 g L-1 may be due to the shadowing effect due to high turbidity of the solution
that decreases the penetration depth of UV irradiation [20].
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Figure 11. Effect of catalyst loading (UV). [MB] = 310–4 M, airflow rate = 8.1 mL s–1,
pH = 7, irradiation time = 20 min.

3. 7. Influence of initial solution pH
Solution pH plays a vital role in photocatalytic degradation. The effect of pH ranges
from 4–9 was studied, and the results are shown in Figure 12. At pH 7, the maximum
percentage of 99% degradation was observed (60 min). Above pH 7 the degradation efficiency
decreases. At low pH the removal efficiency is less due to the dissolution of CeVO 4.
Degradation efficiency of a catalyst depends on the adsorption of dye molecules.
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The percentages of adsorption at pH 4, 5, 6, 7 and 9 were found to be 9.7, 19.3, 19, 21.5
and 15.3 at equilibrium, respectively. Since the adsorption is maximum at pH 7, the degradation
is high at this pH. At pH above 7, surface of catalyst is negatively charged and the electrostatic
attraction between dye anion and negatively charged catalyst becomes weak resulting in
decreased adsorption.
This decreases the degradation at above pH 7. Hence, pH 7 is the optimum pH for the
mineralization of MB [21-23].
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Figure 12. Effect of initial solution pH (UV). [MB] = 310–4 M,
catalyst suspended = 1.2 g L–1, airflow rate = 8.1 mL s–1.

3. 8. Effect of initial dye concentration
As the dye concentration is an important parameter in wastewater treatment, the effect of
initial dye concentration of MB on the degradation was investigated over the concentration of
1 to 5  10–4 M. Increase the initial dye concentration from 1 to 5  10–4 M decreases the
degradation rate constant from 0.461 to 0.034 min–1. Figure 13 at the time of 20 min. The catalyst
amount and UV power remains in all experiments same. The generation of hydroxyl radical
remains constant. The rate of degradation is related to the OH radical formation on catalyst
surface and probability of OH radical reacting with dye molecule. When the initial concentration
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of the dye increases, the path length of photon entering into the solution decreases and the
photocatalytic degradation efficiency also decreases [24, 25].
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Figure 13. Effect of initial dye concentration (UV). Catalyst suspended = 1.2 g L–1,
airflow rate = 8.1 mL s –1, pH = 7, irradiation time = 20 min.

3. 9. Long-term stability
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Figure 14. Long-term stability (UV). [MB] = 310–4 M, catalyst suspended = 1.2 g L–1,
airflow rate = 8.1 mL s –1, pH = 7.
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The recyclability results of catalyst are shown in Figure 14. To test reusability of
CeVO4 under identical reaction conditions, the catalyst was recovered and used for further
cycles. The results of CeVO 4 exhibit excellent photostability and almost 98% degradation
was observed for all the five cycles. There is no significant change in the degra dation
efficiency of CeVO4 after 5th cycle. This makes the catalyst suitable for continuous
treatment of wastewater.
3. 10. CeVO 4 Photocatalytic mechanism
Under UV-A light irradiation, the CeVO 4 nanocatalyst as a photocatalyst were excited
to form electrons (e−) in conduction band and holes (h+) in valence band. Subsequently, the
photoexcited electrons in conductionband of CeVO4 was transferred to the adsorbed O2 on the
surface of CeVO4 to form O2− radicals (Scheme 1). Concurrently, OH −/H2O ions/molecules
were protonated by h + on valence band of CeVO 4 to form OH radicals. Finally, O 2− and
 OH radicals attacked the MB molecules to form decomposed molecules, such as CO and
2
water.

Scheme 1. Mechanism of dye degradation

3. 11. COD measurements
In order to confirm the mineralization of dye, COD measurements were made for the
degradation of MB with CeVO4 under optimum conditions. COD reduction values for the dye
at different times of UV irradiation are given in (Table 1) COD values show 95% COD
reduction (MB) for 120 min UV irradiation. These results confirm the mineralization of the dye
with CeVO4 process.
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Table 1. COD measurements of CeVO4catalystunder optimum conditions
Time (min)

0

30

60

90

120

COD reduction (%)

0

31.0

57.1

86.2

95.0

[MB] = 310–4 M, catalyst suspended = 1.2 g L –1, airflow rate = 8.1 mL s –1, pH = 7,
irradiation time = 120 min.

4. CONCLUSIONS
A tetragonal zircon type cerium vanadate (CeVO4) photocatalyst was successfully
synthesized by facile hydrothermal method. This nanomaterial was characterized by XRD, FTIR, SEM-EDX with elemental color mapping and UV-vis-DRS, In XRD analysis, the average
size of nanoparticle was 27.2 nm. The photocatalytic decomposition of MB was also
analyzed under UV-A light irradiation. The optimization process parameters such as initial
pH catalysts loading and initial dye concentration were studied. The optimum pH and
catalyst loading dosage were found to be 7 and 3 g L –1, respectively. The COD
measurements confirmed that, the completeness of mineralization process. The stability of
the catalyst was demonstrated by reusing the catalyst for a multiple number of times. Almost
99% degradation was observed for all the five runs. A suitable degradation mechanism is also
proposed.
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