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removal of the dye was monitored by UV-vis spectrophotometer. The blank experiments for either laser
irradiated only Safranin-O solution or the suspension containing WO5 and Safranin-O in the dark showed
that both laser illumination and the photocatalyst were essential for the removal of Safranin-O. The effect
of experimental parameters including laser energy, catalyst loading, solution pH and the initial dye con-
centration on photocatalytic degradation of Basic Red 2 were also investigated. Results indicate that the
rate of reaction is strongly influenced by the adsorption of an azo dye into the surface of the photocatalyst
materials and suggests an optimum catalyst loading and dye concentration for the degradation reaction.
It was investigated that the adsorption of the dye decreases at higher alkaline pH because both catalyst
and substrate are negatively charged, developing repulsive forces between them. Kinetic data obtained
reveals that the rate of the reaction obeys the first-order kinetics.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction Among advanced oxidation processes, semiconductor photocatal-

ysis has emerged an important destructive technology leading to

Dyes are an important class of chemicals which are widely
used in many industrial processes in the leather, textile and print-
ing industries. The discharge of these dyes in the effluents by
these industries may cause a major environmental problem by
contaminating the water reservoir [1,2]. Most of these dyes are
major environmental concern because of their known carcinogenic
properties [3]. As a result of this, various chemical and physical
treatment processes have been developed including precipitation,
adsorption, air stripping, flocculation, reverse osmosis and ultra
filtration. These processes are not cost effective since they only
transfer the non-biodegradable matter into sludge, giving rise to
new problems which need further treatment [4,5]. Advanced oxi-
dation processes are best alternatives for removal of dyes and many
other persistent organic and effluents from wastewater. These pro-
cesses generally, involve UV/H,0,, UV/O3 or UV/Fenton’s reagent
for the oxidative degradation of contaminants. Heterogeneous pho-
tocatalysis has emerged as an effective technique for the removal
and degradation of pollutants of organic, biological and inorganic
origins leading to the total mineralization of these pollutants [6-9].
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the total mineralization of most of the organic pollutants [10]. The
ability of the semiconductor to enhance the photodegradation of
the dye is attributed to its electronic structure which is character-
ized by filled valence band and an empty conduction band. When
the semiconductors are illuminated with energy greater than their
band gap energy (Eg) excited high-energy states of electron (e~ CB)
and hole (hvB*) pairs are produced.

SC+hy — Sc(e”CB+ hvB*) (1)

where SC=semiconductor (metal oxide)

e CB + 0;—> 0y~ (2)
hvBT +H,0 — H* +OH* 3)
OH* + dye — H,0 + Dyeintermediate (4)
Dyeintermediate + OH* — CO; + Hy0 (5)

The reason for the large interest in this process is the use of
atmospheric air as an oxidant and sun light under ambient con-
ditions. Moreover, this process utilizes cheaply available nontoxic
semiconductors (TiO,, ZnO, WO3) and leads to total mineraliza-
tion of organic compounds to environmental friendly compounds
like CO,, and water. Many studies have been reported on the pho-


dx.doi.org/10.1016/j.jhazmat.2010.11.133
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:magondal@kfupm.edu.sa
dx.doi.org/10.1016/j.jhazmat.2010.11.133

K. Hayat et al. / Journal of Hazardous Materials 186 (2011) 1226-1233 1227

tocatalytic degradation of refractory organics. Degussa P-25 TiO,
has been used for many systems either in suspended or in sup-
ported forms [11]. In few studies, other semiconductors, such as
Zn0 [12,13] and CdS [14] have also been applied.

The aim of the present work is to investigate the potential
of nanocrystalline WO3 as a photocatalyst under unique source
(laser) of UV radiation for the oxidation of textile dyes in aqueous
solutions. Safranin-O (C.I name is Basic Red 2) is a representative
example of an organic dye, which belongs to the quinone-imine
class, and is widely used for counterstaining purposes, for example,
as a metachromatic method for cartilages which is stained yellow.
Since the dye is known to be carcinogenic in nature, any presence of
this dye in wastewater would have detrimental effects on marine
environment. Effects of different operational parameters such as
catalyst-loading, initial dye concentration, pH, and UV radiation
intensity on the rate of photodegradation of the dye were studied.
These are the major variables governing the efficiency of the pro-
cess. The initial rates of reaction were calculated for various initial
dye concentrations. The observesd data obey the first order kinetic
model. The Chemical structure of the dye was shown below.

HC N CH;,

o

HoN N NH

+

o

Chemical structure of Safranin O

2. Materials and methods
2.1. Materials

The commercial azo dye Safranin-O, obtained from Colour
Chem, Pondicherry, was used without further purification. The
absorption spectrum of Safranin-0 is given in Fig. 1.The Nanocrys-
talline WO3 was synthesized by precipitation method. It has a
particle size 31 nm as estimated by XRD. HCIO4, NaOH were used to
adjust the pH of the solution whenever was necessary. Deionized
water was used throughout this work.

2.2. Synthesis of nano W03

The WOs3 nanostructures were synthesized by precipitation
technique from aqueous solution of ammonium tungstate pen-
tahydrate ((NHg4)19-W12041-5H50) and nitric acid (HNO3, Merck).
WO3 nanoparticles were synthesized by the precipitation method
as reported by Supothina et al. [15]. A pre-determined amount of
the tungstate salt was dissolved in deionized water and the result-
ing solution was heated up to 85°C slowly. Appropriate amount
of a warm, concentrated nitric acid was added dropwise to this
solution with continuous vigorous stirring. The mixed solution
was kept at 85 °C for 25 min under continuous stirring conditions.
The precipitate was allowed to settle for 24 h at room tempera-
ture. The precipitate was washed by addition of a large amount of
deionized water followed by stirring for about 15 min and allow-
ing the precipitates to settle down for 24 h before decanting the
liquid. This same washing procedure was carried out for three
times. Finally, the precipitates were separated by ultra-filtration
procedure by using a polymer membrane (pore size=0.2 um).
Then, the precipitate was dried at 80°C for 24 h. After drying,
it was calcined at 500°C for 7h at the rate of 1°C/min. The
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Fig. 1. Typical UV absorption spectrum for Basic Red 2.

synthesized nanostructure WO3 in powder form was then char-
acterized.

2.3. Characterization

The morphologies of the synthesized WO3 were characterized
using transmission electron microscopy (TEM, JEM 200CX, 120kV)
and scanning electron microscopy (SEM, Hitachi S-4700 II, 25 kV).
Size and morphologies of the synthesized WO3 nanopowder is pre-
sented in the TEM images as depicted in Fig. 2. TEM images of
synthesized WO3; showed that most of the particles are plate like
in shape ranging from 50 to 100 nm, while some of the particles are
cylindrical as shown in SEM image (Fig. 3). The mean particle size
of nano WO3 was 50 nm as investigated by SEM. The energy dis-
persive spectrometry (EDS) analysis was employed to determine
the composition of the tungsten oxide. As depicted in Fig. 4, only
oxygen and tungsten elements existed in the nanoparticles of WO3
with molar ratio of about 3 (O/W).

The X-ray diffraction (XRD) measurements were performed
using a Bruker X-ray diffractometer in the range of 10-70(26), using
a monochromatized Cu Ko radiation (A =0.154 nm). A representa-
tive XRD pattern for our synthesized tungsten oxide is presented
in Fig. 5. All the main peaks can be indexed to hexagonal WO3
(JCPDS card 35-1001) which are consistent with general features of
nanomaterials. Diffraction peaks of (00 1) are stronger compared
with the rest, indicating that the [00 1] is the major growth direc-
tion. The crystallite size was calculated from peak broadening (in
nm) using the Scherrer approximation [16], which is defined as

. [ 0.9 }

Bcosf
where A is the wavelength of the X-ray (15.418 nm), B is the full
width at half maximum (FWHM, radian) and 6 is the Bragg angle
(°). The FWHM value was obtained by performing profile fitting
using an XRD pattern processing software. Scherrer’s equation

lead to average particle size of 31 nm for the WOj3 calcined at
500°C which is in conformity with the results obtained from TEM
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Fig. 2. TEM image of nanocrystalline WOs3 calcined at 500°C.

and SEM. EDS analyses fairly agreed with the stoichiometry of the
synthesized compound.

2.4. Photocatalytic activity
The experimental setup designed locally for the study of

removal of dye from water using laser induced photocatalysis pro-
cess is described in detail in our earlier publications [17,18]. A

Fig. 3. SEM image of nanocrystalline WO5 calcined at 500°C.
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Fig. 4. EDX of nanocrystalline WOs.

stock solution containing 200mgL-! of the dye was prepared to
investigate the photocatalytic degradation of Safranin-O. 100 mg of
nanocrystalline WO3 was added to 100 mL of the dye solution and
allowed to equilibrate for 15 min without laser irradiation. Then the
sample was irradiated using the third harmonic at A =355 nm gen-
erated from Nd:YAG laser. The photochemical reaction was carried
out in batches. During irradiation, the glass reactor was mounted
on a magnetic stirrer to keep the suspension homogenous and
after regular time intervals, 5mL of the sample was withdrawn
by the syringe and filtered using 0.2 pum Millipore membranes.
The photocatalytic removal of the dye from water was monitored
by recording the changes in the absorption spectra of Safranin-O
at different laser irradiation times with a UV-vis spectropho-
tometer in the wavelength range from 200 to 700 nm. The data
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Fig. 5. X-ray diffractrogram for nanocrystalline WOs3.
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Fig. 6. A plot showing the comparison of dye removal by adsorption with different
amount of catalyst and photocatalytic degradation using laser.

obtained was used to estimate the rate of the photo degradation of
Safranin-O.

3. Results and discussions
3.1. Effect of laser UV irradiation and photocatalyst

Since some dyes are photo-degraded by direct UV irradiation.
Therefore, prior to study the photo-catalytical removal, it was
observed to what extent the dye (BR2) is degraded under UV
laser irradiation without the presence of catalyst. For this pur-
pose, blank experiments were carried out for the dye solution
without catalyst. No significant degradation (less than 5.0%) was
observed without the catalyst. The adsorption of the dye under dif-
ferent amount of catalyst was investigated. The results obtained
and comparison of only adsorption and photocatalytic degrada-
tion is depicted in Fig. 6. The adsorption of Safranin-O increases
as the amount of the catalyst increases from 1.0gL~! to 8.0gL!
ranging from ~5% to 19% even after 30 min but 94.0% degra-
dation was achieved within 10 min using 1.0gL~! WO3 .under
laser induced phtotocatalytic process which is considered very
high as compared with adsorption alone with out laser irardi-
tion.

Fig. 7 shows the change in absorption intensity as a function of
laser irradiation time of an aqueous solution of Basic Red 2 (BR2) in
the presence of nano-structured WOs. Fig. 8 shows a plot of In Cy/C
versus laser irradiation time for an aqueous solution of dye (BR2) in
presence of nanocystalline WO5 and fitted data for the first order
degradation kinetics of BR2.

The concentration of BR2 was 0.57 mM. It is evident from the
results depicted in Fig. 9 that 94.0% degradation was achieved
within very short laser irradiation time (10 min) using 355 nm
laser, a coherent UV irradiation source. These results indicate that
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Fig. 7. Typical UV-visible spectra showing the change in absorption intensity as
a function of laser exposure time for an aqueous solution of Basic Red 2 in pres-
ence of WO;. Experimental conditions: dye concentration=0.57 mM, V=100 mL,
WO3=1.0gL"1, pH 8.2 laser energy = 140 mJ, laser exposure time = 10 min.
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Fig. 8. A plot of In Cy/C versus laser irradiation time for an aqueous solution of BR2
in presence of nanocystalline W05 and curve fit data for the first order degradation
kinetics of BR2.
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Fig. 9. The diagram showing the % degradation of BR2 with the increase in irradia-
tion time.

both UV laser light and photocatalyst are essential for the effective
removal of the dye.

3.2. Kinetics of photocatalytic degradation of Basic Red 2

The results of photocatalytic degradation of Basic Red 2 under
laser UV irradiation over WOj5 are depicted in Fig. 7. The degrada-
tion rate for the decomposition of the dye under investigation was
calculated [19,20] using the formula given below,

—d|[C] n

G - kC (6)
where C=concentration of Safranin-O remaining after time t,
k=rate constant and n=order of reaction. A typical plot of
InCy/C versus laser irradiation time is depicted in Fig. 8 for
dye degradation. The least square fit, r2=0.9649 and rate con-
stant=0.2566 min~! as estimated from Fig. 8 are also indicted. This
photodegradation rate could be considered very high as compared
with the reported values using conventional setups using broad
band spectral sources like lamps. A plot of percentage dye degra-
dation (Safranin-O) removal is depicted in Fig. 9. Almost 94.0%
removal of Safranin-O was achieved during only 10 min laser irra-
diation using nanocrystalline WO3 semiconductor catalyst which
is very high in this short span of time.

The results regarding the comparison of the rates for Degussa
P-25 TiO,, WO3 ppt and WO3 sol-gel are depicted in Fig. 10.The
rate constant for photocatalytic degradation of Safranin-O using
WO3; synthesized by ppt method,WOs3 synthesized by sol-gel and
Degussa P-25 TiO, obtained are 0.2595min~!, 0.1835min~! and
0.006 min~! respectively. The sample prepared by precipitation
method showed better degradation rate as compared to WO3 syn-
thesized by sol-gel method. The experiments were done using the
laser irradiation (355 nm). Degussa P-25 TiO, exhibit lower pho-
todegradation of Safranin-O at this wavelength (355) nm because it
may not absorb the light radiations generated from third harmonic
at A=355nm (Nd:YAG laser). This could be due to the unsuitability
of band gap of TiO, at 355 nm.

3
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Fig. 10. A graph showing In Cy/C versus laser irradiation time for an aqueous solu-
tion of BR2 in presence of Degussa P-25 TiO,, nanocystalline WO3 prepared by ppt
method and nanocystalline W03 synthesized by sol-gel method.

The results indicate that the percentage degradation of Basic Red
2 increases with the increase in laser irradiation time. This increase
in degradation of Safranin-O with time could be due to the fact that
with increase in the laser irradiation time, the number of absorbed
laser photons increases, producing more amount of OH radicals,
thereby facilitating more degradation of the dye.

3.3. Effect of laser energy

The effect of incident laser energy on the photocatalytic degra-
dation of the dye was investigated and the results obtained are
presented in Table 1. The results indicate that the degradation
of the dye was significantly influenced by the laser energy and
photodegradation of BR2 was increased almost linearly with the
increase in laser energy up to a certain energy level as shown in
Fig. 11. When 140 m] of laser energy was applied, maximum 94%
degradation was recorded within 10 min of irradiation and a fur-

Table 1
Laser induced photocatalytic degradation of Basic Red 2 in aqueous suspensions of
nanocrystalline WO3 under different operational parameters.

S.No. Parameters Rate constant (min—1) Photodegradation
rates (mM min~!)
1 Initial pH
5.0 0.169 0.096
8.0 0.246 0.140
10.0 0.314 0.179
11.6 0.012 0.007
2. Energy (m])
40 0.0128 0.0073
70 0.0515 0.0294
100 0.173 0.0986
140 0.256 0.1459
170 0.405 0.2308
200 0.701 0.3996
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Fig. 11. Percentage removal of Basic Red 2 as a function of laser energy for nanocys-
talline WOs.

ther increase in the laser energy was not found to be beneficial for
the degradation of the dye. This phenomenon may be explained
in terms of the fact that when laser energy is increased, incident
photon flux increases in the solution exciting more and more cat-
alyst particles which, in turn, increases the degradation of the dye.
The influence of laser energy on the rate of dye decolorization was
examined at constant initial dye concentration (Co=5.7 x 10~4 M,
pH 8.2) and catalyst loading (WO3 = 1000 mg L~1). The dependency
of photocatalytic removal of the dye on the light intensity observed
in this study followed similar trend as explained in earlier studies
[21,22]in which, it was concluded that there is a linear relationship
between the rate and the light intensity up to a certain level.

3.4. Effect of catalyst concentration

The effect of photocatalyst concentration was studied by vary-
ing catalyst concentration from 1.0 to 8.0 gL~ for the dye solutions
of 0.57 mM at natural pH. The degradation efficiency for various
catalysts loading for Basic Red 2 has been depicted in Fig. 12. The
results reveal that the rate constant increases greatly by increas-
ing the catalyst loading from 1.0 to 4.0 gL~ for the dye, the rate of
photodegradation remains almost constant for the higher catalyst
loading. This can be explained on the basis that optimum catalyst
loading is found to be dependent on initial solute concentration
because with the increase of catalyst dosage, total active surface
area increases, hence availability of more active sites on catalyst
surface. The photocatalytic destruction of other organic pollutants
has also exhibited the same dependency on catalyst dose [23]. At

Table 2
Effect of recycling on the photocatalytic activity of WO3 synthesized by ppt method
for the degradation of Safranin-O.

Number of cycle k (min—1) r? Degradation rates
(mMmin-1)

0 0.2614 0.9875 0.1489

1st cycle 0.2473 0.9922 0.1409

2nd cycle 0.2314 0.9939 0.1319

3rd cycle 0.2102 0.9875 0.1198
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Fig. 12. Effect of catalyst concentration on photocatalytic degradation of BR2.

the same time, due to an increase in turbidity of the suspension
with high dose of photocatalyst, there will be a decrease in pene-
tration of UV light and hence photo activated volume of suspension
decreases[24]. This limit, therefore, depends on the nature and con-
centration of organic contaminants and the working conditions of
photo reactor. When the catalyst concentration is very high, the
efficiency of the catalyst is hindered by the turbidity of suspen-
sion which decreases the penetration of light in the reactor. Thus
it could be concluded that the higher dose of catalyst may not be
useful both in view of aggregation as well as reduced irradiation
field due to light scattering. Therefore the catalyst dose 1.0gL!
was fixed for further studies.

In order to assess the recyclability of WO3 prepared by ppt
method experiments were carried out under the identical con-
ditions as applied for the evaluation of photocatalytic activity of
different fresh catalysts for the degradation of the dye under inves-
tigation. After the completion of the reaction (cycle I), the WO3
catalyst was collected and utilized for the second and third cycle
under the similar conditions. The results obtained are presented in
Table 2. After completion of the third cycle, a decrease of approx-
imately 20% was observed in the photocatalytic activity of the
catalyst.

3.5. Effect of initial pH of the dye solution

The solution pH appears to play an important role in the photo-
catalytic process of various pollutants [25,26]. The effect of pH on
the photocatalytic degradation of BR2 was investigated in the pH
range 5.0-11.6.The pH of the solution is adjusted before irradiation

Table 3
Effect of dye concentration on photocatalytic degradation of BR2 using nanocrys-
talline WO3 prepared by ppt method.

Initial dye conc. x10-4 mol L' k(min-1) 1?2 Photodegradation

rate x10-°
2.85 0.5737 0.9790 16.35
5.70 0.2483 0.9633 14.15
8.55 0.0609 0.9801 5.21
114 0.0479 0.9860 5.46
14.25 0.0335 0.9811 4.77
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Fig. 13. A plot showing change of photodegradation rate with the increase in pH.

and it is not controlled during the course of the reaction. Fig. 13
depicts that the degradation efficiency increases with increase in
pH from 5 to 10 and then decreases with further increase in pH. At
acidic pH range the removal efficiency is less and it is due to the
dissolution of WOs. So the optimum pH for efficient BR2 removal
is pH 10.0. The pH influences not only the surface properties of the
photocatalyst but also the dye dissociation and OH radical forma-
tion. The values of degradation rates obtained are listed in Table 1.
The photocatalytic degradation rate was found to increase with the
increase in reaction pH and maximum photocatalytic degradation
was achieved at 10.0 pH as shown in Fig. 13.

The possible reason for the different reaction rates at different
pH values may be correlated to the generation of active hydroxyl
radicals and occupancy of active sites of catalyst surface for the
production of OH* radicals by intermediate products. Values of
solution pH can alter the degradation route and lead the formation
of different intermediate products [27]. Based on the photocatalytic
mechanism, the active OH* radicals are produced on the surface of
catalyst by the reaction of h* and adsorbed OH~. During the course
of photocatalytic reactions, formation of some negatively charged
species (e.g., intermediate products) can occur and compete with
OH~ for occupancy of catalyst surface. This competition reduces the
possibility of adsorption of OH™ on the surface of catalyst which,
in turn, affect the generation of active OH* thereby decreasing the
efficiency of the process. The isoelectric point (pHIEP) corresponds
to the zeta potential equal to zero. The surface of photocatalyst
was charged positively under pH<pHIEP. The dye used in this
study was cationic dye and was positively charged under experi-
mental conditions. Accordingly, electrostatic interactions between
the photocatalyst surface and dye cation lead to the formation
of little adsorption at low pH range. Gomes Silva and Luis Faria
[28] observed the same trend for the photocatalytic degradation
of phenol using nanocrystalline TiO,.This phenomenon may occur
because of the cationic nature of the dye. OH radical formation
might be suppressed at more alkaline pH and the degradation rate
of the dye is decreased. Because several reaction mechanisms can
contribute to dye degradation, including OH radical attack, direct

4_
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Fig. 14. A plot of In Co/C versus laser irradiation time for an aqueous solution of BR2
representing the effect of the initial dye concentration.

oxidation by the positive holes, and direct reduction by the elec-
trons, the effect of pH on degradation efficiency differs from that of
photocatalysts and photodegradation model substrates.

3.6. Effect of substrate concentration

In order to investigate the influence of initial dyes concentra-
tion on the degradation rate, the various initial dye concentrations
were used. The initial concentration of the Safranin-O (SO) was var-
ied from 2.85 x 10~4 M to 1.425 x 103 M. In all cases, 100 mL of the
dye solutions containing 1.0 gL~ of naocrystalline W03 were irra-
diated. The observed data were plotted as the experimental rate
constant versus initial dye concentration. The results obtained are
shown in Fig. 14 and presented in Table 3. It was observed that
for this range of concentrations the reaction rate gets slower as
the initial concentration of the dye in solution increases. As the
concentration of SO increases, more reactant and reaction interme-
diates are adsorbed on the surface of the photocatalyst, therefore,
the generation of hydroxyl radicals will be reduced because only a
fewer active sites are available for adsorption of hydroxyl anions.
The removal rate decreases with the increase in concentration of
the dye. Similar results have been reported for the photocatalytic
oxidation of other dyes [29]. Increase in the concentration of dye
from 2.85 x 104 M to 1.425 x 10-3 M decreases the rate constant
from 0.5737 to 0.0355 min~! in 10 min.

The linearity of the function with high values of r2 was observed
forall investigated dyes but only in the limited range of their Cy .The
rate constant varies considerably with the increase in the initial dye
concentration. It was found that when the initial concentration of
the dye was high, their k were significantly lower as compared to
the lower concentration of the dye. The possible explanation for this
behavior is that as the initial concentration of the dye increases, the
path length of the photons entering the solution decreases and in
low concentration the reverse effect is observed, thereby increasing
the number of photon absorption by the catalyst in lower concen-
tration [30-32]. At high concentration of dye, the dye molecules
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may absorb a significant amount of light rather than the catalyst
and this may also reduce the catalytic efficiency [33]. The same
effect was observed by Neppolian et al. [34] during the photocat-
alytic degradation of three commercial textile dyes using TiO, as
photocatalyst under solar light.

4. Conclusions

Safranin-O0 is carcinogenic and the rate of the removal of the dye
using nanocrystalline WOs5 is very high as compared to the con-
ventional UV lamps. Laser induced photocatalysis is more efficient
and could be used for the degradation of toxic organic pollutants.
Experimental results demonstrate that the maximum degradation
of the dye was achieved at pH 10.0. The optimum dye concentra-
tion, the amount of catalyst and laser energy used in our experiment
were 0.57 mM, 1.0gL~! and 140 m]. A linear increase in dye degra-
dation was observed with the increase in laser energy up to
certain level. The removal of the dye was achieved with a degra-
dation rate=1.46 x 10~ M min~! which is quite high as compared
with rates reported for conventional UV lamps. This study clearly
demonstrates that the laser-induced photocatalytic process could
be able to degrade organic pollutants present in waste water in
shorter time durations as compared to conventional setups. The
optimization of various operational parameters is beneficial to
increase the degradation efficiency.
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