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bstract

The photodecolourization of ponceau 4R dye has been carried out using a combination of TiO2 and UV irradiation (λ = 254 nm) at a pH of 6. Dye
ecolourization was also assessed by adding low concentrations of inorganic oxidants, such as Na2S2O8 (5 × 10−4 to 1.8 × 10−2 M) and NaIO4

1 × 10−4 to 5 × 10−4 M) to TiO2 in the presence of UV radiation. It was observed that dye decolourization was enhanced using UV/TiO2/Na2S2O8

nd UV/TiO /NaIO catalytic systems over UV/TiO alone. First-order kinetics adequately described the disappearance of the dye. Reaction rate
2 4 2

rders with respect to the oxidant species were 0.46, 0.58, and 1.55 for, respectively, TiO2, Na2S2O8, and NaIO4. The most effective catalytic
ystem for dye decolourization was found to be UV/TiO2/NaIO4. The influence of dye concentration varying from 4 × 10−5 to 1 × 10−4 M on the
egradation rate was studied. It can be seen that the degradation rate increases with the increase in dye concentration.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Textile dyeing generates large quantities of liquid effluents,
nd although there are increasing incentives to practice greater
conomy in the use of water through recycling schemes [1],
ost dye wastewaters are discharged into the environment. The
ost common dyes present in textile industry wastewater are the

zo dyes [2]. Due to the stability of the modern dyes, biological
reatment methods for textile effluents are ineffective [3–5]. In
ecent years, due to the non-toxic, insoluble, inexpensive, and
ighly reactive nature of TiO2 under UV irradiation, the TiO2
hotocatalytic degradation technique has been used to oxidize
astewater containing dyes and has attracted much attention as

n alternative to conventional methods [6].
This work investigates the decolourization of ponceau 4R in

queous medium by different photocatalytic systems (UV/TiO2,
V/TiO2/Na2S2O8, and UV/TiO2/NaIO4) in a slurry batch reac-

or. The effect of initial dye concentration on the degradation rate
as also examined.
∗ Corresponding author. Tel.: +20 3 0109407971.
E-mail address: wagih sadik@yahoo.com (W.A. Sadik).
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. Experimental procedures

.1. Reagents

Ponceau 4R (Fig. 1) was obtained from Fluka, whereas TiO2
Degussa P25) with average particle size of 30 nm and surface
rea of 50 m2 g−1 was obtained from Aldrich. The other chemi-
als (Na2S2O8, NaIO4, acid and alkali for pH adjustment) were
urchased from Fisher.

.2. Irradiation experiments

The photochemical reactor employed in this study consists
f a 1000 ml cylindrical reservoir (Fig. 2). Irradiation was per-
ormed with a low pressure mercury vapour source with a UV
utput at 254 nm (43 W, Voltarc Tubes Inc., USA) located 10 cm
rom the surface of reservoir solution. The UV intensity at the
entre point of the reservoir solution was measured using a
V radiometer (Model UVX, UV Products Ltd., Cambridge)

quipped with a sensor with peak sensitivity at 254 nm was
mW cm−2. Aqueous solution of dye (1 × 10−4 M) was pre-

ared before each measurement. The initial working volume of
he reactor was 1000 ml of the dye solution and TiO2 (0.7, 1.5, or
g l−1). The solution was stirred magnetically and the tempera-

ure was kept constant at 20 ± 1 ◦C. A stream of air was sparged

mailto:wagih_sadik@yahoo.com
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Fig. 1. Structure of ponceau 4R.
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first-order kinetics. The lines shown in the figure were obtained
using least squares linear regression techniques. Increasing the
loading of TiO2 from 0.7 to 3 g l−1 resulted in an increase in the
rate of dye decolourization.
Fig. 2. Schematic diagram of the batch photoreactor.

nto the reactor at a flow rate of 2800 ml min−1 during the reac-
ion. The pH of the solution was 6 (the natural pH of the dye
olution at the concentration employed here). The dye–catalyst
ixture was irradiated immediately after addition of the catalyst

o the dye solution to minimize the effect of dye adsorption on the
atalyst surface, and to be sure that the decrease in absorbance is
ostly due to dye degradation rather than adsorption on catalyst

urface.

.3. Analytical procedure

Analytical determination of the dye was carried out by mea-
uring the absorbance decrease at a wavelength of 508 nm
the maximum absorbance of the dye) using UV–visible Spec-
rophotometer (1601 PC, Shimadzu). Aliquots of solution drawn
rom the reactor at different intervals of time were filtered
hrough 0.2 �m polyethersulfone membrane to remove the cat-
lyst (TiO2).

. Results and discussion

The decolourization of ponceau 4R was carried out by dif-
erent catalytic systems using UV/TiO2, UV/TiO2/S2O8

2−, and
V/TiO2/IO4

−. The most effective system for decolourization
f the dye will be assessed.
.1. Effect of TiO2 concentration

Irradiation of TiO2 (0.7 g l−1) with UV light of wavelength
54 nm resulted in decolourization of ponceau 4R dye. This can

F
p

otobiology A: Chemistry 189 (2007) 135–140

e explained as follows: TiO2 has a band gap of 3.2 eV, therefore
iO2 is photoexcited by near-UV illumination (λ ≤ 380 nm).
xcitation of TiO2 with light of wavelength shorter than the
and gap results in formation of electron–hole pairs as follows:

iO2 + hν → e− + h+ (1)

These electrons and holes may either recombine, releasing
eat, or they may migrate to the surface of the semiconductor,
here they can undergo redox reactions with molecules and ions
n and near the surface [7].

The positively charged holes reaching the surface react within
few picoseconds with water or hydroxide ions to produce

ydroxyl radicals, which are the primary oxidizing species due
o their highly electrophilic character.

+ + H2O → H++•OH (2)

+ + −OH → •OH (3)

The hydroxyl radical reacts readily with surface adsorbed
ye molecules, either by electron or hydrogen atom abstrac-
ion, forming organic radical cations, or by addition reactions to
nsaturated bonds [8].

Since holes at the particle interface usually react faster than
lectrons, the particles under illumination contain an excess of
lectrons. Removal of these excess of electrons is necessary
o complete the oxidation reaction, by preventing the recom-
ination of electrons with holes. The most easily available and
conomic electron acceptor is molecular oxygen. Thus, in the
resence of air or oxygen, the predominant reaction of electrons
s that with O2 as electron acceptor [9],

− + O2 → O2
•− (4)

The effect of increasing TiO2 from 0.7 to 3 g l−1 on the
ecolourization of the studied dye was investigated (Fig. 3).
lotting the experimental data in this form is diagnostic of the
ig. 3. First-order model for UV-induced decolourization of ponceau 4R in the
resence of TiO2 (g l−1).
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the concentration of periodate to 5 × 10−4 M resulted in com-
plete decolourization of the dye after about 8 min of UV
irradiation, indicating the effectiveness of periodate over per-
sulfate.
ig. 4. The influence of TiO2 concentration on the apparent first-order rate
onstant.

The results of analysis of the effects of TiO2 concentration
ccording to a power law model [10]:

app = k′[TiO2]n (5)

here kapp is the apparent rate constant, k
′
the true rate constant,

nd n is an exponent shown in Fig. 4. The reaction order with
espect to TiO2 concentration is 0.46.

Increasing the concentration of TiO2 from 0.7 to 3 g l−1 leads
o an increase in the number of photons absorbed by TiO2 from
he UV source. Therefore, excitation of more electrons from
he valance to the conduction band will be observed and the
oncentration of holes will be increased. Thus, increasing the
umber of hydroxyl radicals generated and the decolourization
ate also will be enhanced [11–13].

.2. Effect of addition of S2O8
2− to TiO2

In the irradiated aqueous TiO2 suspensions, oxygen on TiO2
urface provides a natural sink for the photogenerated elec-
rons. OH radicals are then formed via the oxidation of TiO2
urface-sorbed H2O or hydroxyl ions by the surviving holes. The
ntroduction of a more effective electron acceptor than oxygen

ight be beneficial [14–16].
Fig. 5 shows the effect of addition of persulfate to TiO2

0.7 g l−1) on decolourization of ponceau 4R dye. It was
ound that addition of a low concentration of the persulfate
5 × 10−4 M) to TiO2 (0.7 g l−1) enhances the rate of decolour-
zation over UV/TiO2 only.

The reaction rate order with respect to persulfate, obtained
rom Fig. 6, was found to be 0.58.

The persulfate anions can trap the photogenerated conduc-
ion band electrons of TiO2 more than O2, and generate strong
xidizing SO4

•− according to the following reaction [14]:
2O8
2− + eCB

− → SO4
2− + SO4

•− (6)

Sulfate radical anion is also generated at wavelength of
54 nm and can participate in reactions with the solvent, accord-

F
o

ig. 5. First-order model for UV-induced decolourization of ponceau 4R in the
resence of TiO2 (0.7 g l−1) and different concentrations of sodium persulfate
M).

ng to the following reactions [17–19]:

2O8
2− + hν → 2SO4

•− (7)

O4
•− + H2O → •OH + SO4

2− + H+ (8)

Sulfate radical does also react with H2O2 according to:

O4
•− + H2O2 → HSO4

− + HO2
• (9)

Thus, HO2
• generated can also participate in the photodegra-

ation reaction.

.3. Effect of addition of IO4
− to TiO2

The effect of addition of periodate to TiO2 (0.7 g l−1) for
ecolourization of the studied dye is shown in Fig. 7. It can
e seen that addition of very low concentration of periodate
1 × 10−4 M) to TiO2 (0.7 g l−1) resulted in higher decolouriza-
ion rate than UV/TiO2 and UV/TiO2/S2O8

2−. Also increasing
ig. 6. The influence of sodium persulfate concentration on the apparent first-
rder rate constant.
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ig. 7. First-order model for UV-induced decolourization of ponceau 4R in the
resence of TiO2 (0.7 g l−1) and different concentrations of sodium periodate
M).

The reaction rate order with respect to periodate was found
o be 1.55 (Fig. 8) higher than that for persulfate.

The enhancement of dye decolourization may be due to the
cavenging of the photogenerated conduction band electrons of
he excited TiO2 which is more efficient than trapping with O2
r S2O8

2− as follows [14]:

O4
− + 8e(CB) + 8H+ → 4H2O + I− (10)

Also, the photolytic decomposition of periodate under UV
rradiation (254 nm) involves the formation of a number of
ighly reactive radical- and non-radical intermediates (IO3

•,
OH, and IO4

•) as follows [20]:

O4
− + hν → IO3

• + O•− (11)

•− + H+ ↔ •OH (12)

OH + IO4
− → OH− + IO4

• (13)
This study has shown that the two oxidants, persulfate and
eriodate, enhance the rate of UV-induced decolourization of
he azo dye ponceau 4R in the presence of TiO2. The rate
f decolourization was greatest in the presence of periodate

ig. 8. The influence of sodium periodate concentration on the apparent first-
rder rate constant.
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r persulfate and slowest for UV/TiO2. The rate enhancing
ffects of these oxidants does not appear to have been stud-
ed previously with reference to ponceau 4R dye but studied
or other organic dyes. Qamar et al. [21] found that the addi-
ion of peroxide or periodate enhanced the rate of breakdown of
hrysoidine R and Acid Red 29 dyes when irradiated with UV in

he presence of TiO2. The reaction rate was found to follow the
rder: UV/TiO2/S2O8

2− > UV/TiO2/H2O2 > UV/TiO2. Simi-
arly, Qamar et al. [22] reported enhanced rates of photocatalytic
egradation of chromotrope 2B and amido black 10 B in the pres-
nce of H2O2, KBrO3, and (NH4)2S2O8. The degradation rate
as in the order UV/TiO2/BrO3

− > UV/TiO2/S2O8
2− > UV/

iO2/H2O2 > UV/TiO2. Qamar et al. [23] found a beneficial
ffect in adding H2O2 or KBrO3 to UV irradiated suspensions of
iO2 to degrade Chrysoidine Y azo dye compared to UV/TiO2
lone. Saquib and Muneer [24] studied the photocatalytic degra-
ation of Acid Orange 8 dye in aqueous suspensions in the
resence of inorganic oxidants (H2O2 or KBrO3). The degra-
ation rate of the dye was enhanced and H2O2 was found to
e the more effective oxidant. Also Saquib and Muneer [25]
ound that the addition of H2O2 or (NH4)2S2O8 enhanced the
egradation rate of gentian violet in the presence of UV and
iO2. They found that (NH4)2S2O8 had a greater effect than
2O2. Similarly, Augugliaro et al. [26] reported increased rates
f photocatalytic degradation of Methyl Orange and Orange
I dyes in the presence of H2O2 or (NH4)2S2O8. The photo-
atalytic degradation of Remazol Brilliant Blue R dye under
unlight and artificial light source has been studied by Saquib
nd Muneer [27] in the presence of H2O2, K2S2O8, and KBrO3.
t was found that all additives increase the degradation rate of
he dye under sunlight, whereas under UV light K2S2O8 and
BrO3 show a higher activity than that of H2O2 or TiO2. Sadik

t al. [28] investigated the effect of H2O2 and Na2S2O8 addi-
ion on the decolourization of indophenol dye in the presence of
nO photocatalyst. Addition of low concentration of H2O2 or
a2S2O8 to ZnO irradiated with UV (λ = 254 nm) resulted in an

nhancement in the rate of dye decolourization compared to ZnO
nly. It was observed that UV/ZnO/S2O8

2− is the most effec-
ive catalytic system than that of UV/ZnO/H2O2 or UV/ZnO.
lso, the photodecolourization of neutral red dye by UV/ZnO,
V/ZnO/S2O8

2− and UV/ZnO/IO4
− systems was reported by

adik et al. [6]. They found that the decolourization rate follows
he order: UV/ZnO/IO4

− > UV/ZnO/S2O8
2− > UV/ZnO. Simi-

arly, Wang and Hong [17] found that the addition of 10−2 M of
IO4, K2S2O8, or H2O2 into the UV/TiO2 system with a TiO2

oncentration of 25 mg l−1 resulted in a much faster degrada-
ion rate of 2-chlorobiphenyl compared to that in the UV/TiO2
ystem. The most effective oxidant for the degradation is found
o be KIO4.

The photocatalytic degradation in the previous studies was
arried out for different types of organic dyes having different
hemical structures and under different experimental conditions.
n accordance with our results presented here for ponceau 4R,

ll the work studied in literatures shows that the UV/TiO2/IO4

−
ad a greater effect than UV/TiO2/S2O8

2− or UV/TiO2 in pho-
odegradation of dyes. These results are in agreement with our
esults for photodecolourization of ponceau 4R.
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Table 1
Effect of initial ponceau 4R concentration on the kinetic parameters

Initial dye concentration,
Co (mol l−1)

Apparent rate constant,
kapp (min−1)

Initial reaction rate, rin

(mol l−1 min−1) rin = kapp × Co

t1/2 (min) t1/2
* (min) k (mol l−1 min−1) K (mol−1 l)

4 × 10−5 11.87 × 10−2 4.75 × 10−6 5.84 4.72 6.71 × 10−6 59346.6
5 × 10−5 9.99 × 10−2 5.0 × 10−6 6.94 5.47
8 × 10−5 6.78 × 10−2 5.42 × 10−6 10.22 7.7
1 × 10−4 5.86 × 10−2 5.86 × 10−6 11.83 9.19

t1/2: experimental half-life time; t1/2
*: theoretical half-life time; k: reactivity constant; K: Langmuir adsorption constant.
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This may be explained as follows: at low dye concentration
(4 × 10−5 M), the intermediate products concentration formed
during the degradation of the parental dye is very low. They
may compete with the dye molecules for the limited adsorp-
ig. 9. Effect of initial ponceau 4R concentration (M) in the presence of TiO2

0.7 g l−1) and IO4
− (1 × 10−4 M).

.4. Effect of initial dye concentration

As the effect of pollutant concentration is of importance in
ny process of water treatment, it is necessary to investigate
he effect of initial concentration on the photocatalytic degra-
ation of ponceau 4R, as shown in Fig. 9. The straight-line
elationship of ln(C/Co) versus irradiation time is obtained. This
hotodegradation follows a first-order expression up to an ini-
ial concentration of 1 × 10−4 M. The apparent first-order rate
onstant (kapp) decreased with the increasing of concentration of
onceau 4R when other parameters are kept constant, as shown
n Table 1.

In heterogeneous media, the dependence of the rate of degra-
ation on the concentration of the solutes often follows the
angmuir–Hinshelwood expression, with the initial rate (Rinitial)
eing [29,30]:

1

Rinitial
= 1

k
+ 1

Kk

1

Co
(14)

here Co is the initial concentration of the substrate, K taken to
epresent the Langmuir adsorption constant, and k is a reactivity
onstant, providing a measure of the reactivity of the surface
f the catalyst with the substrate. A linear expression can be
onveniently obtained by plotting reciprocal initial rate against
eciprocal initial concentration (Fig. 10). The linear transform

f this expression yields k = 6.71 × 10−6 mol l−1 min−1 and
= 59346.6 mol−1 l.
Fig. 11 shows the change of half-life time (min) with the

nitial ponceau 4R concentration. t1/2 and t1/2
* represent the

F
U

ig. 10. Change of initial rate (rin) with initial ponceau 4R concentrations using
V/TiO2 (0.7 g l−1) and IO4

− (1 × 10−4 M).

xperimental and theoretical half-life times, respectively.

1/2 = 0.693

kapp
(15)

1/2
∗ = 0.5Co

k
+ ln 2

kK
(16)

It can be seen that at low initial dye concentration
4 × 10−5 M), the difference between t1/2 and t1/2

* is small
s shown from Table 1 (t1/2 = 5.84 min and t1/2

* = 4.72 min).
ig. 11. Change of half-life (min) with initial ponceau 4R concentration using
V/TiO2 (0.7 g l−1) and IO4

− (1 × 10−4 M).
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ion and catalytic sites on the TiO2 particles. This effect may
e neglected as the intermediates concentration is very low,
o t1/2 increases a bit relative to t1/2

*. However, the difference
etween t1/2 and t1/2

* increases with increasing the initial dye
oncentrations (5 × 10−5 to 1 × 10−4 M) due to increasing the
ntermediates concentration and thus inhibit the dye degradation.
hus, t1/2 will be increased compared to t1/2

* [31–34]. Another
ossible cause for such results is the UV-screening effect of the
ye itself. At a high dye concentration, a low amount of UV
ay be absorbed by the TiO2 particles and thus reduces the effi-

iency of the catalytic reaction [35]. Similar observations have
lso been reported for the degradation of other dyes and organic
ompounds [36–38].

. Conclusions

Photodecolourization of ponceau 4R was carried out using
egussa P25 TiO2 and ultraviolet (UV). The effect of addition of

lectron acceptor, such as Na2S2O8 or NaIO4, on the degradation
inetics of the dye compound was investigated as well. It was
ound that UV/TiO2/Na2S2O8 and UV/TiO2/NaIO4 systems
ere more effective than UV/TiO2 system. The most effective

ystem for the dye decolourization was UV/TiO2/NaIO4. It can
e seen also that the photodecolourization follows a first-order
inetics and Langmuir–Hinshelwood behaviour.

eferences

[1] W. Sadik, G. Shama, Trans. I ChemE 80 (2002) 310–314.
[2] V. Augugliaro, C. Baiocchi, A.B. Prevot, E. Lopez, V. Loddo, S. Malato,

G. Marci, L. Palmisano, M. Pazzi, E. Pramauro, Chemosphere 49 (2002)
1223–1230.

[3] S. Dai, W. Song, Y. Zhuang, H. Yan, Proceedings of the Fourth
Mainland—Taiwan, Environmental Technology Seminar, vol. 1, 1996, pp.
407–411.

[4] S. Dai, Y. Zhuang, Y. Chen, L. Chen, Environ. Chem. 14 (1995) 354–367.
[5] K.T. Chung, G.E. Fulk, A.W. Andres, Appl. Environ. Microbiol. 42 (1981)

641–648.
[6] W.A. Sadik, O.M. Sadek, A.M. El-Demerdash, Polym. Plast. Technol. Eng.
43 (2004) 1675–1686.
[7] A.-G. Rincon, C. Pulgarin, Appl. Catal. B: Environ. 51 (2004) 283–302.
[8] M.M. Halmann, Photodegradation of Water Pollutants, CRC Press, Boca

Raton, 1996.
[9] H. Gerischer, Electrochim. Acta 38 (1993) 3–9.

[

[

otobiology A: Chemistry 189 (2007) 135–140

10] G.M. Shama, D.W. Drott, Chem. Eng. Commun. 158 (1997) 107–
122.

11] M.H. Habibi, A. Hassanzadeh, S. Mahdavi, J. Photochem. Photobiol. A:
Chem. 172 (2005) 89–96.

12] S. Senthilkumaar, K. Porkodi, R. Vidyalakshmi, J. Photochem. Photobiol.
A: Chem. 170 (2005) 225–232.

13] M.H. Habibi, H. Vosooghian, J. Photochem. Photobiol. A: Chem. 174
(2005) 45–52.

14] E. Pelizzetti, V. Carlin, C. Minero, M. Gratzel, New J. Chem. 15 (1991)
351–359.

15] C.K. Gratzel, M. Jirousek, M. Gratzel, J. Mol. Catal. 60 (1990) 375–387.
16] S.T. Martin, A.T. Lee, M.R. Hoffmann, Environ. Sci. Technol. 29 (1996)

2567–2573.
17] Y. Wang, C.-S. Hong, Water Res. 33 (1999) 2031–2036.
18] K.L. Ivanov, E.M. Glebov, V.F. Plyusnin, Y.V. Ivanov, V.P. Grivin, N.M.

Bazhin, J. Photochem. Photobiol. A: Chem. 133 (2000) 99–104.
19] M. Muneer, M. Qamar, M. Saquib, D.W. Bahnemann, Chemosphere 61

(2005) 457–468.
20] K.L. Weavers, I. Hua, M.R. Hoffman, Water Environ. Res. 69 (1997)

1112–1119.
21] M. Qamar, M. Saquib, M. Muneer, Desalination 186 (2005) 255–271.
22] M. Qamar, M. Saquib, M. Muneer, Dyes Pigments 65 (2005) 1–9.
23] M. Qamar, M. Saquib, M. Muneer, Desalination 171 (2004) 185–193.
24] M. Saquib, M. Muneer, Desalination 155 (2003) 255–263.
25] M. Saquib, M. Muneer, Dyes Pigments 56 (2003) 37–49.
26] V. Augugliaro, C. Baiocchi, A.B. Prevot, E. Garcia-Lopez, V. Loddo, S.

Malato, G. Marci, L. Palmisano, M. Pazzi, E. Pramauro, Chemosphere 49
(2002) 1223–1230.

27] M. Saquib, M. Muneer, Dyes Pigments 53 (2002) 237–249.
28] W.A. Sadik, A.M. El-Demerdash, A.M. Nashed, Polym. Plast. Technol.

Eng. 43 (2004) 1649–1661.
29] C.S. Turchi, D.F. Ollis, J. Catal. 119 (1989) 483–496.
30] C.S. Turchi, D.F. Ollis, J. Catal. 122 (1990) 178–192.
31] D.F. Ollis, E. Pelizzetti, N. Serpone, in: N. Serpone, E. Pelizzetti (Eds.),

Heterogeneous Photocatalysis in the Environment: Application to Water
Purification, Wiley, New York, USA, 1989, pp. 603–637.

32] N. Serpone, R. Terzian, C. Minero, E. Pelizzetti, in: C. Kutal, N. Serpone
(Eds.), Heterogeneous Photocatalyzed Oxidation of Phenol, Cresols, and
Fluorophenols in Aqueous Suspensions, American Chemical Society, New
York, USA, 1993, pp. 281–314.

33] O. d’Hennezel, P. Pichat, D.F. Ollis, J. Photochem. Photobiol. A: Chem.
118 (1998) 197–204.

34] A. Mills, R.H. Davis, D. Worsley, Chem. Soc. Rev. 22 (1993) 417–434.
35] K. Tanaka, K. Padermpole, T. Hisanaga, Water Res. 34 (2000) 327–333.
50–53.
37] J. Lea, A.A. Adesina, J. Photochem. Photobiol. A: Chem. 118 (1998)

111–122.
38] I. Poulios, I. Aetopoulou, Environ. Technol. 20 (1999) 479–487.


	Photodecolourization of ponceau 4R by heterogeneous photocatalysis
	Introduction
	Experimental procedures
	Reagents
	Irradiation experiments
	Analytical procedure

	Results and discussion
	Effect of TiO2 concentration
	Effect of addition of S2O82- to TiO2
	Effect of addition of IO4- to TiO2
	Effect of initial dye concentration

	Conclusions
	References


