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ABSTRACT

The photocatalyst CoWO4 was synthesized by co-precipitation method with slight modifica-
tion and well characterized by FT-IR, UV–vis diffuse reflectance spectra, X-ray diffraction,
AFM and field emission scanning electron microscope techniques. The elemental composi-
tion present in the photocatalyst was confirmed by recording EDX spectrum. The photocata-
lytic activity of CoWO4 for the decolourization of methyl orange (MO) was investigated
under solar, visible and Ultra-Violet (UV) light irradiation. The remarkable photocatalytic
decolourization of MO was achieved under solar and visible light irradiation than that of
TiO2. The high surface area of 55.0527m/g enhances the adsorption of anionic dye MO on
the surface of the positively charged catalyst at pH 3 thus increases the photocatalytic activ-
ity. Under UV light irradiation, photocatalytic activity increases which may be due to high
energy of photons. The essential parameters such as amount of catalyst, dye concentration
and initial pH influence the photocatalytic efficiency of CoWO4. The first order rate constant
for the decolourization reaction was derived using Langmuir–Hinshelwood kinetic model.

Keywords: Photocatalysis; Methyl orange (MO); UV-light; Solar light; Visible light; CoWO4;
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1. Introduction

The industrial process such as textile manufactur-
ing involves a sequence of steps which produces large
amount of waste water. Usually this effluent has low
BOD and high COD content which is caused by the
intense colour of the dyes, contaminant like surfactant,
sizing agent, high salinity and abnormal pH [1]. In

every year 0.7 millions of synthetic dyes are manufac-
tured [2] and mainly used in textile, leather goods,
industrial painting, food, plastics, cosmetics and con-
sumer electronic sectors. The effluent from the above
industries with high toxicity causes water pollution.
Several techniques were used for the treatment of this
effluent. These are adsorption on activated carbon,
ultra filtration, reverse osmosis, biodegradation, chlori-
nation and ozonation which are relatively inefficient
for almost all dyes and with high operation cost. In*Corresponding author.

1944-3994/1944-3986 � 2014 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 54 (2015) 3134–3145

Junewww.deswater.com

doi: 10.1080/19443994.2014.906324

mailto:jothivenkat@yahoo.com
mailto:s.sprabhuk@gmail.com
mailto:nithiarjunan@yahoo.co.in
mailto:chemcm@gmail.com
mailto:kjeganathan@yahoo.com
http://dx.doi.org/10.1080/19443994.2014.906324


recent years, researchers have mainly focused on the
heterogeneous photocatalysis. Photocatalysis is a
promising technique to decontaminate the environ-
ment and to provide clean and recyclable hydrogen
energy by water splitting. Using this process, solar
energy can be utilized to degrade the harmful organic
and inorganic materials present in air and aqueous
phase [3–6]. This process has gained additional impor-
tance due to its non-toxicity, works at ambient temper-
ature and low cost [7]. Many attempts have been
made to degrade mono-azo dyes particularly Acid
Orange7 and methyl orange (MO). These dyes are
extensively used in textiles, foodstuffs, pulp, paper
and leather industry. The effluent of these dyes and
its by-products can cause environmental problems like
water pollution and toxicity.

TiO2 is the best candidate and widely used photo-
catalytic material. Since fraction of solar light (4%) can
be utilized due to its wide band gap of about 3.2 eV, it
cannot be activated under visible light [8,9]. Nitrogen-
doped TiO2 is recently reported as a visible light
photocatalyst [8,10,11]. The quantum efficiency of nitro-
gen-doped TiO2 is lower under visible light irradiation
[11]. In contrast, a class of “multi metal component”
oxide semiconductors like divalent metal tungstates
(MIIWO4) has gained additional importance. Even
though they have thermal and chemical stability, very
few literature reports are available for MIIWO4 used as
photocatalysts [12,13]. Y. Zhu group was reported the
degradation of Rhodamine B by ZnWO4 [14,15]. The
photocatalytic activity of ZnWO4 has been enhanced by
doping with fluorine [16]. Fu et al. [12] have evaluated
the photocatalytic activity of Bi2WO6 and PbWO4 under
visible light irradiation. Montini et al. [17] have dis-
cussed the photocatalytic performance of transition
metal tungstates under visible light irradiation for the
degradation of methylene blue and MO. The high pho-
tocatalytic activity was achieved by ZnWO4. However,
CoWO4 have inability to degrade the MO.

In this paper, an attempt is made to enhance the
photocatalytic activity of CoWO4 by changing synthesis
method and conditions. To synthesis the metal tung-
state, several methods are available which includes
conventional solid-state reactions, co-precipitation and
hydrothermal methods. Among the several methods,
we adopted co-precipitation method with slight modi-
fication. To further understand the photocatalytic activ-
ity of CoWO4, we have investigated the effect of
various light irradiations such as solar, visible and UV.
The photocatalytic activity was compared with com-
mercially available TiO2. To the best of our knowledge,
this is the first evidence that CoWO4 can be used as an
efficient photocatalyst for the decolourization of MO
under solar, visible as well as UV light irradiation.

2. Experimental set-up

2.1. Materials

All analytical grade reagents of Cobalt(II)acetatetet-
rahydrate, Sodium tungstate dihydrate, MO, TiO2,
NaOH and H2SO4 were used as such without further
purification. Deionized and double distilled water was
used throughout this work. The pH of the solutions
was monitored using ELICO LI120 pH meter.

2.2. Preparation of photocatalyst

The photocatalyst CoWO4 was prepared by co-
precipitation method [18,19] with slight modification
as follows. Aqueous solutions of Cobalt acetate tetra-
hydrate and sodium tungstate dihydrate were pre-
pared separately to obtain a clear solution. Aqueous
solutions were mixed and precipitated as metal tung-
states. The pH of the solution was adjusted to 8.5
using NaOH. The precipitate was kept in ice-cooled
water for 4–5 h, then it was filtered and thoroughly
washed with water to make them free from ions. The
precipitate was dried at 150˚C, homogenized well in
an agate mortar and calcinated at 500˚C for 5 h in
muffle furnace.

2.3. Characterization of photocatalyst

FT-IR analysis was performed using Jasco FT-IR
460 plus spectrophotometer. UV–vis diffuse reflectance
spectra (UV-DRS) were recorded on Shimadzu UV-
2450 Spectrophotometer equipped with an integrated
sphere assembly and BaSO4 used as a reflectance sam-
ple. X-ray diffraction (XRD) measurement was carried
out to study the crystallographic properties with
Bruker AXS Model D8 Advance System using the
Cu Kα radiation. The surface area of the photocatalyst
was analysed by Micromeritics ASAP 2020 surface
area analyser. The surface morphology was studied by
AFM image which was taken using Park system AFM
XE 100 and field emission scanning electron micro-
scope (FESEM), Carl Zeiss SIGMA with the resolution
of 1.2 nm with acceleration voltage of 5 kV. A carbon
plate was used for the sampling to avoid charging of
the surface. The elements present in the catalyst were
investigated using energy dispersive X-ray spectra
(EDX) recorded on INCAx-act Oxford Instruments.

2.4. Experimental set-up and photocatalysis procedure

The photocatalytic activity of CoWO4 was studied
by decolourization of MO in water using solar, visible
and UV light irradiation. The photo reactor for UV
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light irradiation is immersion well type which consists
of two parts. One is quartz tube to place the low pres-
sure mercury pen-ray lamp (provided by cole-parmer)
with a maximum emission of about 245 nm. Another
one is unsealed borosilicate glass vessel with outer
surface water condensation facilities to cancel the heat
generated during the photoreaction. The photoreaction
under solar light was carried out under bright sun-
light between 12 and 2 pm. For visible light irradiation
“Heber Visible Annular Type Photo reactor” (as
shown in Fig. 1) was used. The photo reactor compris-
ing of a borosilicate immersion jacketed tube to hold
the lamp with inlet and outlet for water circulation to
cool the lamp. The immersion well is held at the cen-
tre of a reaction chamber. The inner surface of reaction
chamber is fitted with highly polished anodized alu-
minium reflector. A 300W Tungsten Halogen lamp
was used for visible light irradiation.

The photocatalytic activity of the sample was eval-
uated by taking MO at the concentration of 10 ppm
and 0.1 g/L of the catalyst at pH 3 otherwise stated.
At the given time interval 3.5 mL of the sample was
withdrawn and centrifuged to separate the photocata-
lyst for analysis. The degradation of MO was deter-
mined by measuring the maximum absorbance of the
sample on UV–visible Spectrophotometer.

3. Results and discussion

3.1. Characterization of the photocatalyst

3.1.1. X-ray diffraction (XRD)

The crystalline and phase structure of the photo-
catalyst calcinated at 500˚C was investigated by
recording X-ray powder diffraction and shown in
Fig. 2. The dhkl and 2θ values of the XRD pattern are
well matched with the reported data by ICDD data
card [JCPDS no.72–0479]. Metal tungstate, CoWO4 is
the wolframite type structure, in which oxygen atoms
are in hexagonal closed pack arrangement and Co2+

and W6+ cations are filled in octahedral sites [20–23].
The average size of the crystal was estimated by
Scherrer formula [24] (given in Eq. 1) based on the
broadening of (0 0 2) peak at 2θ = 37˚.

D ¼ Kk
b cos h

(1)

where D is the crystalline size, K is constant equal to
0.9, λ is wavelength of the radiation used (1.5406 Å),
β is the FWHM (full width half maximum) in radians
on the 2θ and θ is Bragg angle for the diffraction peak.
Based on the Eq. (1), we calculated the crystalline size
of the photocatalyst which is to be 17 nm.

3.1.2. FT-IR analysis

The FT-IR spectrum of the prepared photocatalyst
is shown in Fig. 3. The mixed metal oxide absorption
bands in the FT-IR can be obtained in the region of

Fig. 1. Schematic diagram of the photocatalytic reactor. Fig. 2. XRD pattern of CoWO4.
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900–400 cm−1, this region corresponds to metal oxygen
bond stretching vibration. The absorption band
around 890 cm−1 assigned to the WO4 tetrahedron
W–O stretching mode [25,26]. The Co-O stretching
band was observed around 800 cm−1. The absorption
band below 600 cm−1 attributed to the deformation of
W–O or W–O–W bridges [27].

3.1.3. UV-DRS studies

The optical properties of the prepared catalyst can
be obtained by the UV–vis spectroscopic studies and
the spectra are shown in Fig. 4. The UV–vis spectrum
shows broad line which indicates the absorption in
whole of the UV–vis region. The broad absorption
spectrum attributed to the presence of multiple con-
secutive energy levels in the photocatalyst [28].

3.1.4. Morphological study and elemental analysis

The surface morphology of the photocatalyst was
illustrated by FESEM analysis and shown in Fig. 5(a)
which shows the agglomerated particles. This may be
due to sintering the catalyst at high temperature and
the image shows irregular arrangement of grains with
irregular size. The average particle size calculated to
be around 26 nm from the FESEM image. The surface
morphology and nanosize of the particle was further
confirmed by two dimensional and three dimensional
AFM images which are shown in Figs. 5(b) and 5(c),
respectively. The size of minimum 36 nm to maximum
46 nm particles was observed in AFM image. The
three dimensional AFM image in Fig. 5(c) confirms
the irregular arrangement of grains. The BET Surface

Area of the photocatalyst was estimated to be 55.0527
m/g. The elemental composition present in the photo-
catalyst was investigated by recording EDX spectrum
that was shown in Fig. 6. The EDX analysis confirms
the presence of elements Co, W and O in the photocat-
alyst.

3.2. Photocatalytic activity

Photocatalytic activity of CoWO4 was investigated
by choosing MO as a model pollutant. Fig. 7 shows
the time dependent absorption spectrum of the deco-
lourization of MO under solar light. The time depen-
dent absorption spectrum of the decolourization of
MO under visible light and UV light at pH 3 is shown
in Appendix 1 and 2. Due to the stable intermediate
formed on the surface of the photocatalyst, the whole
photons cannot be reached to the surface of the photo-
catalyst, which leads to decrease the rate of decolouri-
zation after 10min. The absorption maximum at 506
nm is due to azo group present in the dye which
decreases on increasing irradiation time. At natural
pH the absorption maximum of MO will be 463 nm
but the maximum absorption is shifted to 506 nm at
pH 3. The high photocatalytic activity of CoWO4

under visible light irradiation was achieved when
compared with commercially available TiO2 and
shown in Fig. 8. The blank experiment under visible
light irradiation shows no significant decolourization.
The experimental data reveal that, only adsorption
and desorption occurred by TiO2. High adsorption of
30% was achieved in 20min then desorbed to 9% in
30min.

Fig. 3. FT-IR spectrum of CoWO4.

Fig. 4. UV-DRS spectrum of CoWO4.
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Fig. 5b. Two dimensional AFM image of CoWO4.

Fig. 5a. FESEM image of CoWO4.
Fig. 5c. Three dimensional AFM image of CoWO4.
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3.2.1. Effect of light irradiation

To clarify the photocatalytic efficiency with the
effect of different light irradiation, a set of experiments
were carried out by changing light irradiation as solar,
visible and UV which is shown in Fig. 9 and
Appendix 3. The experiment under dark was also con-
ducted to study the role of light on photocatalytic
activity. The high photocatalytic efficiency was
observed under UV light irradiation which may be
due to the high energy of photons. The photocatalytic
efficiency of the CoWO4 under solar and visible light
irradiation was almost same. Under dark, 51% of the
dye molecule has adsorbed in 20min then desorption
was occurred slowly and reached to 18% in 60min.
This experiment under dark suggested that the

photocatalyst can be utilized as a good adsorbent for
the removal of organic pollutants.

3.2.2. Effect of catalyst amount

The amount of catalyst plays a key role on the
photocatalytic activity for the decolourization of MO.
We investigated the effect of catalyst amount varying
from 0.1 g/L to 0.5 g/L at 10 ppm of dye under visible
light irradiation and the results are shown in Fig. 10
and Appendix 3. It shows on increasing the amount of
catalyst, the efficiency on decolourization of MO
increases from 60.17 to 86.44% in 60min. However,
there are no significant changes observed without cat-
alyst under visible light which attributed to the role of

Fig. 6. EDX spectrum of CoWO4.

Fig. 7. Time dependent absorption spectrum for the
degradation of MO under solar light.

Fig. 8. % Decolourization of MO under Visible light
irradiation.
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photocatalyst on decolourization of MO. On increasing
the catalyst amount, the available active sites
increased on the surface of the catalyst at which MO
can be adsorbed. More the catalyst amount can
enhance the absorption of photons which leads to the
high photocatalytic activity.

3.2.3. Effect of dye concentration

The effect of various initial dye concentrations
from 5 ppm to 20 ppm on the photocatalytic decolouri-
zation was studied by keeping 0.1 g/L of catalyst as
constant. As shown in Fig. 11 and Appendix 5, the

photocatalytic efficiency under visible light irradiation
decreases on increasing MO concentration. The active
sites of the photocatalyst will be covered by dye
molecules as the concentration of MO increases, hence
the photons cannot be reached at the surface of the
photocatalyst [29,30]. The high concentration of MO
will absorb much light required in the photocatalysis
thus the decolourization efficiency will decreases [30].

3.2.4. Effect of pH

The effluent from the industry may be in different
pH. Therefore, it is important to study the decoloriza-
tion of MO at various pH. We have demonstrated the
decolourization of MO at pH 3, 5, 7 and 9 with 10 ppm
of dye concentration under UV light irradiation which
shown in Fig. 12 and Appendix 6. The decolourization
of MO under other light irradiation was not observed at
pH 5, 7 and 9 by CoWO4. The high photocatalytic effi-
ciency at pH 3 of 6.200 × 10−2 and very low efficiency at
pH 5 of 2.444 × 10−2 was observed which is shown in
Fig. 12. Then, by increasing the initial pH of the solu-
tion the photocatalytic activity also increases slightly
may be due to the following reason. MO is an anionic
dye, at acidic pH the surface of the photocatalyst will
be positively charged therefore, adsorption of MO
increases as a result the photocatalytic activity
increases. The higher pH value can provide high con-
centration of hydroxyl ions to react with holes to form
hydroxyl radicals [31]. At the pH 5, the hydroxyl radi-
cal may be present in low concentration and also like
charges of photocatalyst and dye molecule may repel
each other, this results in the lower efficiency of
decolourization. On increasing the pH from 5 to 7 and

Fig. 9. % Decolourization of MO under different light
irradiation.

Fig. 10. % Decolourization of MO on varying catalyst
amount.

Fig. 11. % Decolourization of MO on varying initial dye
concentration.
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9, due to the presence of hydroxyl ions in high
concentration the photocatalytic activity also increases
slightly from 2.444 × 10−2 to 2.557 × 10−2 and 2.704 × 10−2

at pH 5, 7 and 9, respectively. The photocatalytic deco-
lourization of MO other than UV irradiation at pH
more than 3 was not observed this may be due to the
reasons as follows: (1) The like charges of catalyst and
dye molecules may repel each other this result in low
adsorption of dye on the surface of the photocatalyst (2)
lower energy of solar and visible light than that of UV
light.

3.3. Kinetic study

The Langmuir–Hinshelwood kinetic equation is
more suitable for photocatalytic degradation of many
organic dye compounds [32,33]. This can be expressed
in Eq. 2 as follows.

r ¼ dC

dt
¼ kKC

ð1þ KCÞ (2)

In the above equation, KC is very smaller than 1. Inte-
grating the Eq. 2 after neglecting KC with respect to
time t, the Eq. 2 can be simplified to a pseudo-first-
order kinetic equation (Eq. 3). This equation is repre-
sented as follows.

In
Co

C

� �
¼ kKt ¼ kappt (3)

where r is the rate of the reaction (mol L−1 min−1), Co

is the initial concentration of the dye solution

(mol L−1), C is the concentration of the dye solution at
time t (mol L−1), k is the rate constant (min−1) and
K is the adsorption coefficient of the dye on the photo-
catalyst (L mol−1).

The photocatalytic decolourization of MO follows
pseudo-first-order kinetics model. Fig. 13 shows the
linear plot of ln (Co/C) vs irradiation time under dif-
ferent light irradiation and the rate constant of the
reaction is given in Table 1. The high rate of about
0.09806min−1 was observed for the decolourization of
MO under UV light irradiation. The kinetics profile
for the decolourization of MO at different parameters
such as amount of catalyst, concentration of dye and
initial pH is shown in Figs. 14(a)–(c), respectively, and
the rate constant are given in Table 1. As shown in
kinetic profile, the rate constant increases on increas-
ing the amount of catalyst. The rate constant decreases
on increasing the concentration of dye. On varying the
initial pH under UV light irradiation, rate constant is
high at pH 3 and decreases to very low at pH 5. Then
the rate constant increases on increasing the pH
after 5.

3.4. Reaction mechanism

The various photocatalytic process involved in the
decolourization of MO is proposed as follows. Upon
irradiation, the catalyst will absorb energy in the form
of photons which may provide energy to excite the
electrons to the bottom of the conduction band and
leaving holes in the top of the valence band.

CoWO4 þ hm ! e� þ hþ (4)

Fig. 12. Effect of pH for the decolourization of MO.

Fig. 13. Kinetic profile for the decolourization of MO
under different light irradiation.
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The photogenerated electron-hole pair will migrate to
the surface of the catalyst and react with the adsorbed
species on the surface.

O2 þ 2e� þ 2Hþ ! H2O2 (5)

H2Oþ hþ ! �OHþHþ (6)

The active hydroxyl radicals and peroxide formed
from the above steps will react with the dye molecule
and thus the degradation will occur.

�OH=H2O2 þMO ! Products (7)

The photocatalytic decolourization of MO was moni-
tored by UV–vis spectrophotometer in the range of
350–700 nm (visible region). On irradiation of MO
with catalyst, the main characteristic band of azo

Table 1
Rate constant for the decolourization of MO under different light irradiation and at different parameters

On varying light
irradiation Effect of dye concentration Effect of catalyst amount Effect of pH

Light
Rate constant ×
10−2 (min−1)

Dye
concentration
(ppm)

Rate constant ×
10−2 (min−1)

Catalyst
amount (g/L)

Rate constant
(min−1) pH

Rate constant ×
10−2 (min−1)

UV 9.806 5 1.919 0 0 3 6.200
Solar 1.317 10 1.245 0.1 0.01245 5 2.444
Visible 1.245 15 1.135 0.3 0.0279 7 2.557
Dark 0.179 20 0.0896 0.5 0.02423 9 2.704

Fig. 14b. Kinetic profile for the decolourization of MO on
varying dye concentration.

Fig. 14a. Kinetic profile for the decolourization of MO on
varying catalyst amount.

Fig. 14c. Kinetic profile for the decolourization of MO on
varying initial pH.
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group (–N=N–) in visible region was decreases gradu-
ally as shown in Fig. 7. This decrease in the UV–vis
spectrum attributed to the degradation of azo group
(–N=N–) which results in decolourization of MO.

4. Conclusion

The photocatalyst CoWO4 was successfully synthe-
sized and well characterized by FT-IR, UV-DRS, XRD,
EDX, BET, AFM and FESEM techniques. CoWO4

exhibited good photocatalytic activity for the decolou-
rization of MO under different light irradiation (such
as solar, visible and UV) at pH 3. The results show
minimum amount of (0.1 g/L) catalyst can be effec-
tively decolourize 10 ppm of MO. The enhanced pho-
tocatalytic activity was observed under UV light.
Moreover, the experiment under dark reveals that the
catalyst can be used as a good adsorbent. High surface
area of the photocatalyst enhanced the adsorption of
anionic dye MO on the surface of the positively
charged catalyst at pH 3 hence the activity increased.
However, the photocatalytic activity is low at pH 5,
this may be due to the presence of hydroxyl radical in
low concentration and also like charges of photocata-
lyst and dye molecule may repel each other. The activ-
ity at pH 7 and 9 increases considerably because of
the increasing hydroxyl ion concentration at basic pH.
We also evaluated the rate constant of the reaction
using collected data with the help of Langmuir–Hin-
shelwood pseudo-first-order kinetics model.
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Appendix 1

Time dependent absorption spectrum for the degrada-
tion of MO under visible light irradiation at pH=3.

Calculation of %Decolourization:

The % decolourization was calculated using the follow-
ing formula

%D ¼ (C��C)
C � 100

Where, %D is % decolourization of MO, C0 is the ini-
tial concentration of the MO solution; C is the concentra-
tion of MO solution at time t.

Appendix 2

Time dependent absorption spectrum for the degrada-
tion of MO by UV light irradiation at pH=3.
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Appendix 3

Plot of C/C0 as a function of irradiation time under
different light irradiation for the decolourization of MO.
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Appendix 4

Plot of C/C0 as a function of irradiation time for the
decolourization of MO on varying catalyst amount.

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

0 g/L

0.1g/L

0.3g/L

0.5g/L

Appendix 5

Plot of C/C0 as a function of irradiation time for the
decolourization of MO on varying dye concentration.
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Appendix 6

Plot of C/C0 as a function of irradiation time at different
pH for the decolourization of MO under UV light irradation.
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