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Photodegradation of a textile dye catalyzed by sol–gel derived
nanocrystalline TiO2 via ultrasonic irradiation
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Abstract

Nanocrstalline pure anatase titania were prepared by sol–gel process at room temperature followed by ultrasonication (Ti–US). The
photocatalytic activity of Ti–US has been evaluated by the degradation of textile dye, Methylene Blue in presence and absence of common
inorganic salts (NO3−, C2O4

2−, SO4
2−, citrate). It was observed that, in presence of anions, the degradation of the dye increases significantly.
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he influence of the presence of H2O2 on the degradation rate was studied. The dependence of photodegradation of the dye rates o
arameters such as dye concentration, photocatalyst concentration and pH were also investigated. The photodegradation rate
rder kinetics. H2O2 and UV light have a negligible effect in absence of Ti–US catalyst. The relative photonic efficiency of the sy
eported using phenol as a standard organic compound.
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. Introduction

Dyestuffs are important class of synthetic organic pig-
ents, which represent an increasing environmental prob-

em. With in the overall category of dye stuffs, methylene
lue is one of the most important basic dye, used in dif-

erent applications such as dyeing and printing industries.
he release of this colored wastewater in the eco-system is
dramatic source of aesthetic pollution, eutrophication and

erturbation in aquatic systems[1]. The available physical,
hemical and biological methods are available for the treat-
ent of textile wastewater is cost effective. However, it has
een reported that most of the dyes are adsorbed on the ad-
orbent and are not degraded. Hence, physical, chemical and
iological methods are not cost effective to Indian context.
his leads to search for highly effective method to degrade the
yes into environmentally compatible products. It has been
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revealed from the literature that photocatalysis can be
to destroy the dyes using semiconductor catalyst under
irradiation[2–5].

Among the semiconductors used, TiO2 is considered pa
ticularly efficient owing to the formation of electron-hole p
under illumination with near UV light. Nevertheless, the
combination of electron-hole inhibit the photocatalytic re
tion process. Many researchers have reported that TiO2 and
ZnO are two most active catalyst in the degradation of d
pesticides, phenols, etc.[6–10].

The efficiency of titania is influenced by several fac
such as crystallinity of the anatase phase[11,12], particle size
surface area[13,14]and the method of preparation[15,16]. It
is known that the transformation from amorphous to ana
or rutile phase is influenced by the preparative experim
tal conditions[17]. Different preparation methods such
hydrolysis, sol–gel, micro emulsion or reverse miscelles
drothermal and mechno chemical method[18] are reporte
by several researchers[19–25]to synthesize nanoparticles
titania. The ultrasonication technique is extensively use
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.07.005
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the preparation of mesoporous titania[26], anatase and rutile
titania [27] and brookite titania[28], titania nanotubes[29]
ZnO nanocrystals[30], MCM–41 silica [31]. Anatase and
rutile phases are prepared to study the surface area and pH
dependent surface structures of TiO2 powders suspended in
aqueous AgNO3 solution is also reported[32].

In this present work, we report on the novelty of ultra-
sonication technique coupled with sol–gel method for the
synthesis of nanocrystalline single phase pure anatase tita-
nia (Ti–US) at room temperature while others have reported
mixed phases[20,27]. The influence of this irradiated pho-
tocatalyst in the degradation of MB in aqueous system was
reported. Its structure is presented inFig. 1. The parameters
studied include irradiation time, effect of initial MB con-
centration, concentration of nanocrystalline Ti–US, effect of
H2O2, effect of common inorganic salts and pH.

2. Materials and methods

2.1. Chemicals

Titanium (IV) n-butoxide (99%) purchased from Lan-
caster and used as such. Analar grade glacial acetic acid
andn-butanol were obtained from Sd’s fine chemicals and
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But titanium butoxide is extremely water sensitive precursor.
Therefore, the maximum titania loading that can be achieved
without second phase precipitation of titania is limited. In
general, as the loading of the dispersed phase is increased,
we can see the precipitation of a second phase[33].

2.3. Photocatalytic decomposition of methylene blue

Experiments were performed in a open thermostated pyrex
reactor of 250 ml capacity and provided with water circula-
tion arrangement in order to maintain the temperature. The
suspensions in the reactor were left for 60 min in dark in
order to achieve the maximum adsorption of the dye on to
Ti–US surface. The irradiation was carried out using 125 W
(311 nm) medium pressure Hg arc lamp. The average light
intensity on the reaction vessel at a distance of 15 cm from
the lamp was found to be 1.6× 10−4 Einstein min−1.

In all studies, 200 ml of MB solution contain an appro-
priate amount of Ti–US was magnetically stirred, before
and during illumination. At specific time intervals, 5 ml of
the sample was withdrawn and filtered through 0.45�m fil-
ters. Changes in the concentration of MB were observed
from its characteristic absorption at 666 nm using a UV–vis
spectrophotometer (Schimadzu UV-1601). The influences of

Fig. 2. Synthesis of nanocrystalline TiO2.
ere triply distilled. The analar quality sodium salt of NO3 ,
O4

2−, C2O4
2−, Citrate, H2O2 (100 volumes) and dy

ethylene blue (MB) were procured from Sd’s fine ch
cals and used as received.

.2. Synthesis of nanocryatalline TiO2

The experimental flow chart for the synthesis of TiO2 bulk
as given inFig. 2. Detailed procedure for the preparat
f TiO2 is discussed as follows: titanium (IV)n-butoxide
3.5 g) is added to 4 g of glacial acetic acid with cons
tirring. To the reaction mixture,n-butanol (42.5 g) is adde
lowly. The total volume of the reactants is maintaine
e 50 ml. The contents are stirred vigorously for 6–8 h.
xcess solvent is evaporated by drying in a vacuum air
t 150◦C for 12 h. The TiO2 sol obtained was ultrasonica

reated for 30 min. The derived gel is subjected to calcina
t 500◦C for 30 min and labeled Ti–US. The final prod

s ground to get fine particles. In case of titanium alkox
recursors, dilute solutions of the reactants, i.e., water
roxyl group precursor) and alkoxide (titanium precur

n excess ethanol allow physical separation of the reac

Fig. 1. Structure of methylene blue.
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(0.025 M) anions such as nitrate, oxalate, sulphate and cit-
rate on the photodegradation of MB (10 mg/l) in presence of
Ti–US (250 mg/l) at pH (6.80) were studied. All experiments,
except were otherwise mentioned in the text, were carried out
at natural pH (6.80).

3. Results and discussion

3.1. Characterization of photocatalyst

The XRD patterns were recorded on Schimadzu X-Ray
diffractometer over a 2θ range of 20–80◦ with a step size
of 0.02◦ and a collection time of 0.3 s. (λ = 1.541). The
spectra were plotted and compared with data from Joint
Committee Powder Diffraction Standards (JCPDS) for anal-
ysis. The crystallite size of Ti–US was calculated using
Debye–Scherrer Eq.(1),

t = Kλ

B cos θ
(1)

where the numberK = 0.9 is a coefficient,λ = 1.541Å is
the X-Ray wavelength, B is the full width half maximum
(FWHM) of the catalyst,θ is the diffracting angle. Specific
surface area of the sample was calculated from the formula
[34],
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3.3. Change of absorption spectra

Fig. 3 shows the change in absorption spectrum of
10 ppm MB on irradiation in an aqueous solution contain-
ing 0.125 mg/l Ti–US. The absorption spectra is seen to de-
crease in intensity with increase in irradiation time. The rapid
decrease in the intensity of 666 nm band inFig. 3 suggests
that the chromophore responsible for characteristic color of
the MB is breaking down. Since there is a linear correlation
between the initial concentrations of dye at 666 nm, during
the experimental procedure the photodecomposition occurs
at this wavelength.

3.4. The effect of initial MB concentration and
irradiation time

Fig. 4shows the normalized concentration versus irradia-
tion time for different initial MB concentration at fixed Ti–US
concentration. It is seen fromFig. 4, a very small decrease
in the concentration of MB was observed in absence of light.
The additional decreases in concentration are caused by sub-
sequent light illumination of the suspensions.

The experimental kinetic data follows the first order ki-
netic expression,

log[Ct ] = −kt + log[C0] (5)
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= 6 × 103

ρL
(2)

hereSis the specific surface area (m2 g−1), L is the averag
rystallite size,ρ is the density of the titania. (3.9 gcm3) [34].
he crystallite size and surface area calculated from X
atterns from Eqs.(1) and (2)were 12 nm and 128.21 m2 g−1.

.2. Adsorption isotherm

Adsorption tests in dark conditions were carried ou
rder to evaluate the equilibrium constants of the adsor
f dye on the TiO2 surface at different concentration. T
xtent of equilibrium adsorption was determined from
ecrease in dye concentration. The amount of dye mole
dsorbed on Ti–US was determined through Eq.(3),

= V�C

W
(3)

heren is the number of dye molecules adsorbed per g
f Ti–US,�C the decrease in the dye concentration in m

the weight of Ti–US in grams andV the volume of dye
olution in litre. The value ofnmax for the equilibrium o
dsorption of MB was calculated as 1.7584 mg/g from

ollowing Eq.(4),

Ceq

n
= 1

Knmax

+ Ceq

nmax

(4)

heren is the number of adsorption sites on Ti–US,Ceq is
he equilibrium concentration of dye andK is the equilibrium
onstant for MB adsorption[35].
here [C0] and [Ct] represent the concentration of the s
trate in solution at time zero and timet of illumination re-
pectively, andk represent the apparent rate constant (min−1).

The straight line plots of logC versust suggest the ap
licability of first order kinetics with respect to MB (Fig. 5).
he first order rate constants were found to be 4.85× 10−3,
.9 × 10−3 and 1.987× 10−3 for dye concentrations 2,
nd 8 mg/l, respectively. It is observed that the rate con

ncreases with increase in initial concentration of the
imilar observation was also reported by Neppolian e

Fig. 3. Change of absorption spectra of MB with irradiation time.
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Fig. 4. Effect of initial concentration and irradiation time on MB degrada-
tion. Conditions: [Ti–US] = 0.125 mg/l; pH = 6.80.

[3–5]. Further, Davis et al.[36] and Mathew[37] explained
this behavior that the path length of the photons entering the
solution decreases and in low concentration the reverse ef-
fect has observed, there by increasing the number of photon
absorption by the catalyst in low concentration.

Mengyue et al.[38] suggests that as the initial concentra-
tion of the dye increases, the amount of catalyst required for
the degradation also increases. Since irradiation time and the
amount of catalyst are constant, the OH• (primary oxidant)
formed at the surface of the catalyst is also constant. So the
relative number of free radicals attacking the dye molecule
increases with the amount of catalyst[39]. Hence, at higher
concentration the degradation decreases with increase in the
concentration of dye.

F ] =
0

3.5. Effect of catalyst concentration

Experiments were carried out with different concentra-
tions of catalyst (0.125–0.750 g/l) at fixed MB concentration
(10 mg/l). It has been observed that the initial rate increases
with an increase in the amount of catalyst and that it re-
mains almost constant above a certain level and is presented
in Table 1. This has been explained as the concentration of
the catalyst is increased; the number of photons absorbed and
the number of dye molecules adsorbed are increased with re-
spect to an increase in the number of catalyst molecules. The
density of the molecule in the area of illumination also in-
creases and thus the rate gets enhanced. After a certain level,
the dye molecules available are not sufficient for adsorption
by the increased number of catalyst molecule. Hence, the ad-
ditional catalyst powder is not involved in the photocatalytic
activity and the rate does not increased with increase in the
amount of catalyst beyond certain limit. It is also expected
that the aggregation of the catalyst molecules at high concen-
tration must also be considered, which causes the decrease
in the number of active surface sites. The experimental data
are found in good agreement with those reported by Sauer
et al. [40] for the degradation of Safira dye using Degussa
P-25. Neppolian et al.[6] also reported the decreased per
cent degradation of reactive dyes at higher catalyst concen-
t cti-
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ig. 5. Kinetics of photocatalytic MB degradation. Conditions: [Ti–US
.125 mg/l; pH = 6.80.
ration. Further, it is explained that the deactivation of a
ated molecule by collision with the ground state mole
ith the shielding of TiO2 may also take place according
q.(6),

i–US∗ + Ti–US → Ti–US• + Ti–US (6)

here Ti–US* is the Ti–US with active species adsorbed in
urface and Ti–US• the deactivated form of Ti–US. Henc
n optimum catalyst concentration has to be maintain
nsure total absorption of photons for efficient photode
ation[41].

Galindo et al.[42] reported an empirical initial degradati
ate and catalyst concentration asr0 ∝ [TiO2]n [dye], wheren
s the exponent less than one for the dye studied in react
he lower concentration of catalyst. In our present work
nitial degradation rate follows a similar relationship and
n’ value was found to be 0.61 when the Ti–US concentra
as less than 1 g/l (Fig. 6).

able 1
ffect of Ti–US concentration on the decolorization rate

TiO2] (g/l) ro (mg/l min)

.125 0.0183

.250 0.0328

.375 0.0387

.500 0.0417

.625 0.0408

.750 0.0396
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Fig. 6. Effect of catalyst concentration on MB degradation rate. Conditions:
[MB] = 10 mg/l; pH = 6.80.

3.6. Effect of pH

The influence of pH on the decolorization of MB is shown
in Fig. 7. The results showed that, there was a strong depen-
dence of pH of the solution on the heterogeneous photo pro-
cess. It is known that the metal oxide particles suspended in
water behave similar to diprotic acids. For TiO2, hydroxyl
groups undergo two acid base equilibria:

Generally, for charged substrates, a significant depen-
dency of the photocatalytic degradation efficiency on pH
value had been observed, since the overall surface charge
and hence the adsorptive properties of TiO2 particles depend
strongly on solution pH[43,44].

F /l;
[

Fig. 8. Effect of H2O2 on MB degradation. Conditions: [MB] = 10 mg/l;
[Ti–US] = 0.125 mg/l; pH = 10.0.

In our experiments, any changes in initial degradation rate
with varying pH values must be ascribed to variations of the
acid/base properties of the Ti–US particle surface (Eq. (7) and
(8). Since the phototoxidation of dyes is accompanied by the
release of protons[45], its efficiency may then change be-
cause of the reversible protonation of the Ti–US surface. The
MB is a cationic dye in aqueous solution. In acidic pH range
(pH < 5.0) Ti–US acquire positive charge and hence elec-
trostatic repulsion between Ti–US and dye cation retards the
degradation rate. On the other hand, in basic pH (pH > 5.0),
electrostatic interaction between the negative Ti–US and dye
cation lead to strong adsorption with the corresponding high
rate of degradation and reached a maximum at pH 10. This
behaviour is characteristics for many photocatalytic systems
and similar results have been reported by the photodegrada-
tion of other dyes[45].

3.7. Effect of H2O2 on the photodegradation of MB

Experiments were conducted to evaluate the effect of
H2O2 on the MB photodegradation (Fig. 8). In our study,
photocatalytic efficiency increases as the concentration of
H2O2 increases and reaches optimum at 3.4 mg/l and further
increase in concentration up to 6.8 mg/l leads to decrease in
the photodegradation rate. The addition of H2O2 increases
t
r

T

H cat-
a ction
b .
a

H

ig. 7. Effect of initial pH on MB degradation. Conditions: [MB] = 10 mg

Ti–US] = 0.125 mg/l; Irradiation time = 4 h.
he concentration of OH• radical since it inhibit the e−, h+

ecombination according to the Eq.(9),

iO2(e−) + H2O2 → TiO2 + OH− + OH• (9)

2O2 is considered to have two functions in the photo
lytic degradation. It accepts a photogenerated condu
and electron thus promotes the charge separation (Eq(10))
nd it also forms OH• (Eq.(11)).

2O2 + e− → OH− + OH• (10)
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Fig. 9. Effect of common inorganic salts on MB degradation. Conditions: [MB] = 10 mg/l; [inorganic salt] = 250 mg/l]; [Ti–US] = 0.250 mg/l; pH = 6.80.

H2O2 + O2
•− → OH− + OH• + O2 (11)

The addition of H2O2 is a well known mechanism to
increase the rate of photocatalytic degradation with higher
quantum yield of formation of OH• [46,47]. Consequently,
the degradation rate is expected to increase. Further in-
crease of H2O2 after the quantum level, decrease the rate
of degradation slowly. This negative effect of high concen-
tration of H2O2 may be due to the formation of OH2

•. When
the H2O2 concentration is higher, OH2• formed is signif-
icantly less reactive than OH•. Wang and Hong[48] re-
ported that the H2O2 on the catalyst surface acts as a power-
ful OH• scavenger (Eqs.(12) and (13)) along with a pho-
togenerated holes (Eq.(14)) and thus inhibit the genera-
tion of OH• radical and thereby decrease the degradation
rate.

H2O2 + OH• → H2O + HO2
• (12)

HO2
• + OH• → H2O + O2 (13)

H2O2 + hvb
+ → HO2

• + H+ (14)

Several researchers have reported the beneficial effect of
H2O2 on the photocatalytic degradation of pesticides[49,50],
benzene, organo phosphorous derivatives, organo halides and
dioxins [51,52], whereas, a negative effect have also been
r n
o

3

cess
w s ni-
t n be

seen from theFig. 9, the effectiveness of Ti–US/UV sys-
tem was significantly increased. The order of reactivity to-
wards the decomposition of MB was found to be oxalate >
sulphate > citrate > nitrate. Adsorption of MB on TiO2 was
significantly increased in presence of anion species. It can
be explained as the reaction of the positive hole (h+) formed
on the Ti–US with anions and those anions behave like h+

scavengers resulting prolonged color removal in 0–30 min
irradiation. Probably, the adsorbed anions compete with the
dye for the photooxiding species on the surface to form ox-
idizing inorganic radicals. It is expected that the recombi-
nation of h+ and the electron will be prohibited by these
anions leaving the electron for the photodecomposition of
MB. It is also expected that some of these radical anions re-
act with the chromophoric groups of surface adsorbed dye,
may enhance the rate of degradation. The observed effect
is still thought to be strong adsorption of anions on Ti–US
surface[54,55].

3.9. Calculation of relative photonic efficiency

In order to compare the degradation and efficiency of
Ti–US, the relative photonic efficiency (ξr) was calculated
using Eq.(15).

ξ

w ame
c gra-
d ting
t the
d

eported by Chemsedine and Bohem[53] for the degradatio
f chloro acid on TiO2.

.8. Effect of Inorganic salts

The effect of inorganic salts on the degradation pro
as investigated with common inorganic salts such a

rate, sulphate, citrate and oxalates (0.025 M). As ca
r = Rate of disappearance of dye

Rate of disappearance of phenol
(15)

here both (initial) rates are obtained under exactly the s
ondition. The relative photonic efficiency of the dye de
ation is 1.06. The efficiency is greater than unity, indica

hat the initial photocatalysed oxidative degradation of
ye is more efficient than for phenol[56].
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4. Conclusions

• Nanocrystalline, pure anatase titania (Ti–US) were pre-
pared by sol–gel process via ultrasonic irradiation.

• The average crystallite size calculated from
Debye–Scherrer equation was found to be 12 nm.

• From the XRD data, the surface area of Ti–US were cal-
culated and found to be 128.2 m2/g.

• It was observed that Ti–US is efficient for the degradation
of MB from aqueous solution.

• From the experimental results, the dependence of the
Ti–US concentration on the initial decolorization rate fol-
lows a relationship,r0 ∝ [TiO2]n. The value ofnwas found
to be 0.61.

• The photocatalytic rate of MB increased in presence of
H2O2.

• The influence of H2O2 on the decomposition rate reveals
the fact that the most possible oxidation mechanism of MB
is the dual hole–radical mechanism.

• The optimum concentration of 3.4 mg/l of H2O2 is required
for the effective degradation of 10 mg/l of MB at pH 10.
However, at higher concentration the H2O2 would quench
the OH• and decrease the rate of the reaction.

• The experimental data suggests the degradation of MB
follows first order kinetics.
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The sol–gel coupled with ultrasonic technique is a fast
gives uniform distribution of crystallites of pure anat
with average crystallite size of 12 nm.
Ultrasonication does not only reduce the crystallite
but also enhances the hydrolysis of titanium alkoxide
faster and better crystallization of anatase nanopartic
From the result of present work and the literature, one c
understand that photocatalytic treatment of textile indu
wastewater as a promising tool for the decolorizatio
colored wastewaters.
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