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a b s t r a c t

Water contamination by organic substances such as dyes is of great concern worldwide due to their uti-
lization in many industrial processes and environmental concerns. To cater the needs for waste water
treatment polluted with organic dyes, laser-induced photocatalytic process was investigated for removal
of a dye derivative namely Acid Red 87 using n-type WO3 semiconductor catalyst. The degradation was
investigated in aqueous suspensions of tungsten oxide under different experimental conditions using
laser instead of conventional UV lamp as an irradiation source. The degradation process was monitored
by measuring the change in dye concentration as a function of laser irradiation time by employing UV
spectroscopic analysis. The degradation of dye was studied by varying different parameters such as laser
energy, reaction pH, substrate concentration, catalyst concentration, and in the presence of electron accep-
ungsten oxide
aste water treatment

aser applications

tors such as hydrogen peroxide (H2O2), and potassium bromate (KBrO3). The degradation rates were found
to be strongly dependent on all the above-mentioned parameters. Our experimental results revealed that
the dye degradation process was very fast (within few minutes) under laser irradiation as compared to
conventional setups using broad spectral lamps (hours or days) and this laser-induced photocatalytic
degradation method could be an effective means to eliminate the pollutants present in liquid phase. The
experience gained through this study could be beneficial for treatment of waste water contaminated with

ganic
organic dyes and other or

. Introduction

Water contamination is caused by various sources such as indus-
rial effluents, agricultural runoff and chemical spills. Industrial
ffluents contain several non-biodegradable substrates that can be
armful to the environment [1]. The industries like textiles, paint,
arnishes, ink, plastics, pulp, paper, petrochemical and cosmetics
se different types of organic matter, dyes and dye intermediates.
hese colored dye effluents pose a major threat to the water reser-
oirs and the surrounding ecosystem. The contaminated water with
rganic dyes could trigger many illnesses and not only harmful to
umans but also to water living species (animals, plants, etc.). Some
f the organic matter specifically dyes are highly toxic [2]. A sub-

tantial amount of dye-stuff is discharged into waste water during
he dyeing process in the textile industry [3], which poses a major
hreat to the environment [3–6]. Due to these reasons, waste water
ontaminated with carcinogenic dyes has gained strong attention.

∗ Corresponding author at: Physics Department, King Fahd University, KFUPM Box
72, Dhahran, Eastern 31261, Saudi Arabia. Tel.: +966 38602351; fax: +966 38602293.

E-mail address: magondal@kfupm.edu.sa (M.A. Gondal).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.099
pollutants.
© 2009 Elsevier B.V. All rights reserved.

During the past two decades, photocatalytic processes using semi-
conductor metal oxides under UV and visible light illumination
have been applied in the treatment of waste water pollutants. Var-
ious studies have been carried out for the removal of photo-stable
dyes [7–20]. The mechanism constituting heterogeneous photocat-
alytic oxidation processes has been discussed extensively in the
literature [21,22]. Briefly, when a semiconductor absorbs a photon
of energy equal to or greater than its bandgap, an electron may be
promoted from the valence band to the conduction band (e−cb)
leaving behind an electron vacancy or “hole” in the valence band
(h+vb). Once the charge separation is maintained, the electron and
hole may migrate to the catalyst surface where they participate in
redox reactions with sorbed species. Specially, h+vb may react with
surface-bound H2O or OH− to produce the hydroxyl radical (OH•)
and e−cb is picked up by electron accepting species to generate
radical anion, as indicated below.

SC + hv → e−cb + h+vb (1)
H2O + h+vb → OH• + H+ (2)

OH− + h+vb → OH• (3)

A + e−cb → A•− (4)

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.2009.05.099
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C—semiconductor, A—electron acceptor (generally dissolved
xygen).

It has been suggested that the hydroxyl radicals (OH•) and rad-
cal anions are the primary oxidizing species in the photocatalytic
xidation processes. These oxidative reactions would result in the
leaching of the dye. Alternatively, direct absorption of light by the
ye, can lead to charge injection from the excited state of the dye
o the conduction band of the semiconductor as summarized in the
ollowing equations:

yeads + hv → Dye∗
ads (5)

ye∗
ads + SC → Dye+

ads + SC(e−) (6)

Earlier studies [7–20] have shown that heterogeneous photo-
atalytic oxidation processes can be used for removing coloring
aterial from dye effluent in the presence of light. Acid Red 87 is

he most widely used counterstain in routine staining of histological
issue sections (erythrocytes, collagen, epithelial cells, etc.) [23,24].
everal biological stains, such as Acid Red 87, auramine O, hema-
oxylin, rose bengal, etc. are widely used in biomedical research
aboratories and also for diagnostic purposes. Some of these stains
re known to be toxic or mutagenic for human and animals
25,26].

It is worth mentioning that all the previous work on removal
f dyes from waste water using heterogeneous photocatalysis has
een carried out with broad spectral radiation sources such as

amps and TiO2 as a photocatalyst. Several problems are associ-
ted with the use of lamps emitting over broad spectral wavelength
ange. For example, the long term power stability due to over heat-
ng of lamps during the operation, low photonic efficiency, longer
xposure time (h) for complete mineralization of pollutants are the
ajor drawbacks associated with UV lamps as a source of irradia-

ion.
Since laser light has unique properties like mono-chromaticity,

igh intensity, and low beam divergence, it is of great interest to
se laser radiations as an excitation source to study the activity
f photocatalysts. Due to these properties laser beam can transmit
ver long range in water and could expose a longer column which is
ot possible with broad spectral lamps which has high beam diver-
ence and could not expose samples over a broad range. Due to
hese reasons, lasers are excellent tools to build a tandem facility
27]. However, the initial cost of laser-based systems will be much
igher than lamp based systems.

The main objective of this study is not concerned with the
conomical aspects of laser application rather to test the concept
ow lasers are effective in removal of dyes as compared with the
onventional setup using UV lamps as reported in the literature
28,29].

In the present study, special laser-based setup was developed at
ur laboratory to study the removal of dye from water using 355 nm

aser radiations The selection of 355 nm laser wavelength is based
n the bandgap energy of the WO3 which is around 440 nm. Hence
he laser excitation energy is much higher than bandgap energy at
55 nm to pump appreciable amount of WO3. The unique features
f our setup are that it is free of many logistics to overcome the
bstacles such as heating of lamps, longer irradiation times, and

ow degradation rates, etc. associated with conventional photocat-
lytic setups using UV lamps. The photo-degradation study of a dye

erivative Acid Red 87, xanthene tetrabromofluorescent dye, was
arried out by using a locally synthesized WO3 as photocatalyst
n aqueous solution under a variety of experimental conditions in
rder to optimize the degradation. The chemical structure of the
ye has been presented below:
Materials 170 (2009) 584–589 585

2. Materials and methods

2.1. Chemicals

Acid Red 87 was obtained from BDH Chemicals Ltd. (minimum
dye content ∼88%). Tungsten oxide was used as a photocatalyst in
all the studies. The WO3 was prepared following the similar pro-
cedure described elsewhere [30]. A brief detail of the preparation
method is as follows. For the synthesis of WO3, tungstic acid was
heated for 7 h at 300 ◦C (after which the sample color changes to
yellow green and the temperature was further raised to 500 ◦C at
a slow rate of 10 ◦C min−1). The temperature was kept constant at
500 ◦C for another 7 h after which the color became pale yellow
which indicates the complete removal of water and oxygen from
the synthesized WO3. The other chemicals used in this study such
as H2O2 and KBrO3 were obtained from Merck.

2.2. Procedure

Stock solutions of the dye containing desired concentrations
were prepared in water. For irradiation experiments, 100 mL solu-
tion of desired concentration of the dye was taken into the reaction
vessel and the required amount of photocatalyst was added and
the solution was stirred for at least 15 min in the dark to allow
equilibration of the system so that the loss of compound due to
adsorption can be taken into account. The pH of the reaction mix-
ture was adjusted by adding a dilute aqueous solution of HNO3
or NaOH. The zero time reading was obtained from a blank solu-
tion kept in the dark but otherwise treated similar to the irradiated
solution. Irradiations were carried out using a 355 nm wavelength
high power laser beam generated from the third harmonic of the
Spectra Physics Nd:YAG laser (Model GCR 250), with a pulse width
of ∼8 ns. In order to avoid the destructive effect of radiation, laser
beam diameter was expanded to 1.0 cm. A schematic diagram of the
experimental set-up is depicted in Fig. 1 and is described in detail in
earlier publications [31–33] Samples (2 mL) were collected before
and at regular time intervals during the irradiation. The catalyst was
removed through filtration before the UV analysis.

2.3. Analysis
The degradation was monitored by measuring the absorbance
on a UV–vis spectrophotometer. The absorption maxima of the dye
derivative has been found to be 517 nm. Therefore, the degrada-
tion of the dye was estimated at this wavelength as a function of
irradiation time. For each experiment, the degradation rate for the
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Fig. 2. Typical UV–vis spectra showing the change in absorption intensity as a func-
tion of laser exposure time for an aqueous solution of Acid Red 87 in presence of
ig. 1. A schematic diagram of the experimental setup applied for the removal of
ye using laser-induced photocatalysis process.

ecomposition of the model pollutant was calculated from the ini-
ial slope obtained by linear regression from a plot of the natural
ogarithm of absorbance of the dye as a function of irradiation time,
.e. first order degradation kinetics. It was calculated in terms of
M min−1).

. Results and discussion

.1. Photolysis of WO3 suspensions containing Acid Red 87

Fig. 2 depicts typical UV absorption spectrum representing the
rend of removal of Acid Red 87 dye for WO3 at different times
0–12 min) under laser irradiation. It can be seen from Fig. 2 that
95% degradation was achieved within very short laser exposure

ime (12 min) using 355 nm laser radiations. Initially, the degrada-
ion of the dye was found to be very fast and it became slower with
he increase in irradiation time. This may be due to the fact that
s oxidation proceeds, less and less of the surface of the WO3 par-
icle is covered as the pollutant is decomposed. Evidently, at total
ecomposition, the rate of degradation is zero and a decreased pho-
ocatalytic rate is to be expected with increasing irradiation time.
lank experiment was also carried out by irradiating the aqueous
olution of the dye derivative in the absence of WO3, where ∼20%
egradation of the dye was observed.

In a previous study based on the photocatalytic removal of Acid
ed 87 or Eosin Y using a 16 W UV lamp, it has been reported that
nly ∼90% degradation of dye was observed even after 2 h irra-
iation [28]. Moreover, they removed 50 ppm dye concentration,
hile in the present study, ∼95% degradation was achieved using
50 ppm within 12 min of laser irradiation using 100 mJ energy. In
his study, it is proved experimentally that laser-based heteroge-
eous photocatalysis could be an efficient and effective method for
aste water treatment for removal of dye derivatives as compared
WO3. Experimental conditions: dye concentration = 0.25 mM, V = 100 mL, pH = 4.8,
WO3 = 2 g L−1, laser energy = 100 mJ, laser exposure time = 12 min. (Inset) Change in
absorption intensity as a function of irradiation time for an aqueous solution of Acid
Red 87 in presence of WO3 and curve fit data for the degradation kinetics.

to conventional UV lamp based methods reported in the literature
in earlier publications.

For each experiment, the rate constant was calculated from the
plot of natural logarithm of dye concentration as a function of irra-
diation time. The degradation rate for the decomposition of the dye
under investigation was calculated using the formula [7,8] given
below:

−d[A]/dt = kcn

where A = absorbance, k = rate constant, c = concentration of the pol-
lutant, n = order of reaction. A typical plot of A/A0 versus time is
depicted in figure inset of Fig. 2 for dye degradation. The least square
fit, R = 0.99 and rate constant = 0.08 min−1.

3.2. Effect of incident laser energy on degradation process

The effect of incident laser energy on the degradation of dye was
investigated and the results obtained are presented in Table 1. It is
obvious from the table that the degradation of the dye was signif-
icantly influenced by the laser energy and degradation was found
to increase almost linearly with the increase in laser energy up to
a certain energy level. When 150 mJ of laser energy was applied,
maximum 95% degradation was recorded within 8 min of irradi-
ation and a further increase in the laser energy was not found to
be beneficial for the degradation of dye. This phenomenon may
be explained in terms of the fact that when higher laser energy
is employed, incident photon flux increases in the solution excit-
ing more and more catalyst particles which, in turn, increases the
degradation of the dye derivative. The dependency of photocatalytic
property on the light intensity observed in this study followed simi-
lar trend as explained by Ollis et al. [34], in which, it was concluded
that there is a linear relationship between the rate and the light
intensity up to a certain level.

3.3. Effect of solution pH on the dye removal
The effect of solution pH of dye derivative was studied in the
range of 3–13 and the values obtained are listed in Table 1. The
photocatalytic degradation was found to decrease with the increase
in reaction pH and the best result for photocatalytic degradation for
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Table 1
Laser induced photocatalytic degradation of Acid Red 87 in aqueous suspen-
sions of WO3 under different experimental conditions.

Parameters Degradation rates (×10−3 M min−1)

Energy (mJ)
40.00 0.0075
70.00 0.0148

100.0 0.0378
130.0 0.0460
150.0 0.0501
180.0 0.0523
200.0 0.0529

Reaction pH
3.10 0.0450
4.80 0.0378
7.20 0.0285
9.20 0.0250

12.3 0.0196

Substrate concentration (mM)
0.10 0.0114
0.15 0.0167
0.25 0.0378
0.40 0.0293

Catalyst concentration (g L−1)
0.50 0.0190
1.00 0.0378
2.00 0.0535
3.00 0.0715
4.00 0.0790

d
p
t

c
e
v
r
d
t
t
t
r
t

F
s
t

5.00 0.0805
6.00 0.0812
7.00 0.0809

ye was obtained at pH 3.2. This behavior is characteristic for many
hotocatalytic systems and similar results have been obtained by
he photo-degradation of other dyes [35,36].

The interpretation of pH effect on the photocatalytic pro-
ess is very difficult task because of its multiple roles such as
lectrostatic interactions between the semiconductor surface, sol-
ent molecules, substrate and charged radicals formed during the
eaction process. A possible explanation for the retardation of
egradation rate with increasing reaction pH may be offered in
erms of the surface charge of catalyst and its relation to the adsorp-

ion tendency of dye. In this study, it was found that the dye tend
o adsorb slightly on the surface of catalyst more in acidic envi-
onment as compared to basic, i.e., the higher is the adsorption,
he higher is the degradation. Fig. 3 depicts the trend of adsorption

ig. 3. Change in dye concentration as a function of pH after stirring the aqueous
uspensions of dye in the dark, showing the adsorption of the dye on the surface of
he photocatalyst.
Materials 170 (2009) 584–589 587

versus the solution pH. The adsorption of the dye on the surface
of photocatalyst was investigated by stirring the aqueous solution
in the dark at different pH. After removing the catalyst, analysis
of the samples with UV spectrophotometer indicates some loss of
the compound as shown by the change in absorption intensity as a
function of solution pH in Fig. 3.

Another possible reason for the different reaction rates at differ-
ent pH values may be correlated to the generation of active hydroxyl
radicals and occupancy of active sites of catalyst surface for the pro-
duction of OH• radicals by formed intermediate products. Values of
solution pH can alter the degradation route and lead the formation
of different intermediate products [37]. 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.

3.4. Effect of dye concentration on dye removal process

It is important both from mechanistic and application points of
view to study the dependence of the photocatalytic reaction rate
on the substrate concentrations. Hence, the influence of substrate
concentration varying from 0.10 to 0.40 mM on the degradation
rate of the dye derivative was studied. It can be accessed from
Table 1 that the degradation rate increased with the increase in sub-
strate concentration from 0.10 to 0.25 mM and a further increase
in the concentrations of the substrate led to a decrease in the
degradation rate. The decrease in degradation rate at higher con-
centration of the dye may be rationalized in terms of the fact that
as the initial concentrations of the dye increases, the color of the
irradiating mixture becomes more and more intense which pre-
vents the penetration of light to the surface of the catalyst. The
absorbance the of the zero time samples versus the dye concen-
tration were measured and found that the absorbance linearly
increases with the increase in dye concentration that supports our
observation that the color of the suspensions become more and
more intense as the dye concentration increases. Hence, the gen-
erations of relative amount of reactive species on the surface of
the catalyst do not increase as the intensity of light, illumination
time and concentration of the catalyst are constant. Consequently,
the degradation of the dye decreases as the dye concentration
exceeds the optimum limit [38,39]. Another explanation could be
that the light reaching the catalyst’s particles is sufficient to acti-
vate active sites but the catalyst’s active sites are not enough to
convert the dye within the 10 min period of this type of experi-
ments.

3.5. Effect of catalyst concentration on dye removal process

The effect of photocatalyst concentration on the degradation
kinetics of Acid Red 87 was investigated employing different
concentrations of WO3 varying from 0.5 to 7 g L−1 (Table 1). As
expected, the degradation rate for decomposition of the model
compound under investigation was found to increase with the
increase in catalyst concentration up to a certain catalyst loading
(5 g L−1) and reaches to saturation limit which is in agreement with
a number of studies reported earlier [38,40,41]. At lower catalyst

loading much of light may be transmitted through the solution.
However, higher reaction rates at higher amount of catalyst load-
ing may be explained in terms of complete utilization of incident
photons striking on the catalyst surface and/or availability of active
sites at the surface, i.e., higher adsorption of incident light can lead
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he formation of high photoactivated volume in suspension thereby
ncreasing the efficiency of the system.

Whether in static, slurry or dynamic flow reactors, the initial
eaction rates were found to be directly proportional to catalyst
oncentration indicating a heterogeneous regime. However, it has
een observed that above a certain concentration, the reaction rate

evels off and becomes independent of the catalyst concentration.
aneshwar et al. [42], for instance, found that the optimum cat-
lyst loading for the best degradation is 160 mg L−1. In another
tudy, on the other hand, the optimum catalyst concentration was
ound to be 1 g L−1 [40] and moreover, the effect of higher dose

as not investigated. Many other examples could be presented here
emonstrating the different optimum catalyst loading for the dif-

erent investigations. Similarly, the nature of the organic molecules
nder investigation can also affect the optimum catalyst loading. In
recent study, for example, it has been found that the initial reac-

ion rate increases with increase in catalyst concentration up to
g L−1 for the 1,2-diphenylhydrazine [41]. In contrast, under iden-

ical reaction conditions, the best degradation of benzidine was
chieved at 2 g L−1 catalyst concentration and a further increase
n catalyst concentration led a decrease in rate [41]. This limit,
herefore, depends on the geometry and working conditions of the
hotoreactor, concentration and nature of organic contaminants,
nd a defined amount of catalyst in which all the particles, i.e. the
ntire surface exposed, are totally illuminated. When the catalyst
oncentration is very high, after traveling a certain distance on an
ptical path, turbidity impedes further penetration of light in the
eactor lowering the efficiency of the system.

.6. Effect of added electron acceptors on dye degradation

One practical problem in photocatalytic reactions using semi-
onductors is the undesired electron/hole recombination, which,
n the absence of proper electron acceptor or donor, is extremely
fficient and hence represents the major energy-wasting step thus
imiting the achievable quantum yield. One strategy to inhibit
lectron–hole pair recombination is to add other (irreversible) elec-
ron acceptors to the reaction. They could have several different
ffects such as (1) to increase the number of trapped electrons

nd, consequently, avoid recombination, (2) to generate more rad-
cals and other oxidizing species, (3) to increase the oxidation rate
f intermediate compounds and (4) to avoid problems caused by

ow oxygen concentration. It is pertinent to mention here that in

ig. 4. Influence of hydrogen peroxide on the degradation rate for the decomposition
f Acid Red 87. Experimental conditions: dye concentration = 0.25 mM, V = 100 mL,
H = 4.8, WO3 = 1 g L−1, laser energy = 100 mJ, H2O2 = 5.0, 10.0, and 15.0 mM, laser
xposure time = 10 min.
Fig. 5. Influence of potassium bromide on the degradation rate for the decom-
position of Acid Red 87. Experimental conditions: dye concentration = 0.25 mM,
V = 100 mL, pH = 4.8, WO3 = 1 g L−1, laser energy = 100 mJ, KBrO3 = 1.0, 3.0, and
5.0 mM, laser exposure time = 10 min.

highly toxic waste water where the degradation of organic pollu-
tants is the major concern, the addition of additives to enhance the
degradation rate may often be justified. In this connection, we have
studied the effect of electron acceptors such as hydrogen peroxide,
and bromate ions on the photocatalytic degradation of the model
compound under investigation. The effect of H2O2 and KBrO3 on
the degradation of the dye under investigation has been illustrated
in Figs. 4 and 5, respectively. These acceptors are known to generate
hydroxyl radicals according to Eqs. (7)–(10):

H2O2 + e−cb → OH• + OH− (7)

H2O2 + hv → 2OH• (8)

BrO3
− + 2H+ + e−cb → BrO2

• + H2O (9)

BrO3
− + 6H+ + 6e−cb → [BrO2, HOBr] → Br− + 3H2O (10)

The respective one-electron reduction potentials of different
species are: E (H2O2/OH) = 800 mV, and E (BrO3

−/BrO2
•) = 1150 mV

[43]. From the thermodynamic point of view, H2O2 and KBrO3 addi-
tives should therefore be efficient electron acceptors. As expected,
the addition of these electron acceptors was found to accelerate
the degradation of dye and after an optimal concentration the rate
was decreased. The decrease in degradation rate may be due to the
generation of secondary radical species which are less reactive than
the OH• radicals. At higher concentration, for instance, it has been
demonstrated that the reactive OH• radicals could be consumed
by H2O2 and formation of less reactive OOH• takes place Eqs. (11)
[44,45]:

H2O2 + OH• → OOH• + H2O (11)

The effect of H2O2 and KBrO3 on the degradation of dye under
identical conditions but in the absence of WO3 was also investi-
gated. The dye removal trend was found approximately similar as
observed in the case of blank experiment which indicates that the
presence of these additives in the absence of catalyst is not effective
for the degradation of the dye. We also investigated the degradation
of dye in presence of WO3 and H2O2/KBrO3 but in the absence of
light where no noticeable loss of the dye was observed.
4. Conclusions

A linear dependence of dye degradation was found on the inci-
dent laser energy. Experimental results revealed that an acidic
environment was highly favorable for the degradation of Acid
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ed 87. The most appropriate dye concentration for the maxi-
um degradation was found = 0.25 mM. A linear increase in dye

egradation was observed with the increase in catalyst concen-
ration. The maximum removal of dye was achieved using laser
nergy = 150 mJ and catalyst concentration = 5 g L−1. The addition of
lectron acceptors such as H2O2 and KBrO3 significantly enhanced
he degradation process under investigation. This study clearly
emonstrates that the laser-induced photocatalytic degradation
ethod could be applied as an effective method to remove the

rganic pollutants present in waste water in shorter time dura-
ions as compared to conventional setups. The optimization of
arious operational parameters demonstrates the significance of
election of the optimum experimental conditions to obtain a high
egradation rate. The removal of dye was achieved with a rate
onstant = 0.08 min−1 which is quite high as compared with rates
eported for conventional setups.
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