
Journal of Hazardous Materials B128 (2006) 265–272

Decolorization of Reactive Red 2 by advanced oxidation processes:
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Abstract

This study investigated the decolorization of the Reactive Red 2 in water using advanced oxidation processes (AOPs): UV/TiO2, UV/SnO2,
UV/TiO2 + SnO2, O3, O3 + MnO2, UV/O3 and UV/O3 + TiO2 + SnO2. Kinetic analyses indicated that the decolorization rates of Reactive Red 2
could be approximated as pseudo-first-order kinetics for both homogeneous and heterogeneous systems. The decolorization rate at pH 7 exceeded
pH 4 and 10 in UV/TiO2 and UV/TiO2 + SnO2 systems, respectively. However, the rate constants in the systems (including O3) demonstrated
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he order of pH 10 > pH 7 > pH 4. The UV/TiO2 + SnO2 and O3 + MnO2 systems exhibited a greater decolorization rate than the UV/TiO2 and
3 systems, respectively. Additionally, the promotion of rate depended on pH. The variation of dye concentration influenced the d

ion efficiency of heterogeneous systems more significant than homogeneous systems. Experimental results verified that decolo
esulfuration occurred at nearly the same rate. Moreover, the decolorization rate constants at pH 7 in various systems followed t
V/O3 �O3 + MnO2 �UV/O3 + TiO2 + SnO2 > O3 > UV/TiO2 + SnO2 �UV/TiO2 > UV/SnO2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The strong color of textile effluent creates both environmen-
al and aesthetic problems. Azo dyes, which contain one or more
zo bonds, are the most widely used synthetic dyes and generally
re major pollutants in dye wastewaters. Due to their toxicity and
low degradation, these dyes are classified as environmentally
azardous materials. Research and development of advanced
xidation processes (AOPs) for textile effluent have made sig-
ificant progress during recent years, particularly the TiO2- and
3-based processes[1–10]. AOPs primarily involve the gener-
tion of a very powerful and non-selective oxidizing agent, the
ydroxyl radical (OH•), for destroying hazardous pollutants.
he principle of photocatalytic degradation is well known since
V illumination onto a photocatalyst excites to produce an elec-

ron and hole pair with a high-energy state, which migrate to the
article surface and initiate various chemical redox reactions

11]. The previous literature has discussed the detailed mecha-
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nism of UV/TiO2 [12] and the reactions causing dye degrada
can be summarized as follows[6]:

TiO2 + hν → TiO2(eCB− + hVB+) (1)

TiO2(hVB+) + H2O → TiO2 + H+ + OH• (2)

TiO2(hVB+) + OH− → TiO2 + OH• (3)

TiO2(eCB−) + O2 → TiO2 + O2
−• (4)

O2
−• + H+ → HO2

• (5)

dye + OH• → degradation products (

dye + hVB+ → oxidation products (7

dye + eCB− → reduction products (8

However, the rapid recombination of photoproduced e
trons and holes in semiconductors significantly reduces p
catalytic efficiency. To enhance the photocatalytic efficienc
semiconductors, Serpone et al.[13] proposed an interpartic
electron transfer process (IPET), which couples two sem
ductors with different redox energy levels to increase ch
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.08.013
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separation for the corresponding conduction and valance bands.
This process can enhance photocatalytic reaction efficiency
[8,13,14].

The literature has reported ozonation of water with or with-
out UV [7,10,15–17]. O3 may attack the dyes via two different
reaction pathways: (1) direct ozonation by the ozone molecule
and (2) radical ozonation by highly oxidative free radicals such
as hydroxyl radicals, which are formed by ozone decomposi-
tion in the aqueous solution[16]. However, this method can be
costly owing to the production cost of O3 and also because of
the low solubility in aqueous solutions. These difficulties have
stimulated research on how to improve ozonation efficiency for
various applications, such as UV/O3 [7] and catalytic ozonation
[18,19]. Combining O3 with UV achieves a net enhancement
of dyes degradation due to direct and indirect production of
hydroxyl radicals following O3 decomposition and H2O2 for-
mation, respectively[15]:

O3 + hν → O2 + O(1D) (9)

O(1D) + H2O → OH• + OH• (10)

O(1D) + H2O → H2O2 (11)

H2O2 + hν → OH• + OH• (12)

UV, TiO2 and H2O2 can promote the degradation of Reactive
Red 2 by photocatalytic oxidation[20]. Neppolian et al.[21]
p llow
1
W
W on of
t ra-
t pho-
t have
c using
d
p oxida-
t cted
r zed
T The
d ared
T azo
d influ
e of
d tion
i luat
F per-
f tion
i

2

2

c use
d Red
2 ith-

Table 1
Structure and properties of Reactive Red 2 (Wu[8])

C.I. number 18200

Structure

Formula C19H10Cl2N6Na2O7S2

Molecular weight (g/mol) 615
λmax (nm) 538

out further purification.Table 1summarizes the structure and
properties of Reactive Red 2[8]. For the supply of chloride
ions, sodium chloride (Merck) was chosen. Other experimen-
tal chemicals were analytical grade. Water used was deionized
and double distilled with MINIQ. A dielectric barrier discharge
(DBD) reactor was used for ozone generation. Moreover, a
stainless steel wire (5.0 mm diameter) as inner electrode was
suspended along the axis of a Pyrex-glass tube (inner diameter:
20.0 mm). The effective length of the DBD reactor was 137 mm.
Glass pellets with a diameter of 5 mm were used as the packing
materials, and were placed in the plasma region between two
electrodes. High voltage was applied to the inner electrodes.
The DBD reactor employed the same power consumption (8 W)
under a gas flow rate of 500 ml/min. The ozone feeding then
was fixed at 2060 ppm in this work. The schematic diagram of
the ozone generator and photoreactor was presented asFig. 1.
The inner diameter and height of the photoreactor were 143
and 230 mm, and those of the quartz tube were 36 and 210 mm,
respectively.

2.2. Decolorization experiments

Decolorization experiments were performed in a 3-l hollow
cylindrical glass reactor. The inner tube was made of quartz
with an 8 W, 365 nm UV-lamp (Philips) placed inside it to pro-
vide the irradiation source. Light intensity of the UV-lamp was
4 alyst
u s, the
w was
s te of
5 active
R , and
t
N wn
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R ACH
D was
d l IC,
c chlo-
r por-
i also
c ctive
R s,
erformed the photocatalytic degradation of Reactive Ye
7, Reactive Red 2 and Reactive Blue 4 using TiO2, ZnO, ZrO2,
O3 and CdS. CdS is less active than TiO2 and ZnO. ZrO2 and
O3 are not associated with any significant photodegradati

he dyes. Hu et al.[5] verified that decolorization and desulfu
ion occurred at almost the same rate in the first step of the
odegradation of Reactive Red 2. Although several works
ompared the degradation efficiency of various azo dyes
ifferent commercial or synthetic photocatalysts[5,20,21], com-
arisons of homogeneous and heterogeneous advanced

ion systems for the decolorization of azo dyes has attra
elatively little attention. Accordingly, the present study utili
iO2, SnO2 and O3 as catalysts to degrade Reactive Red 2.
ecolorization efficiencies of various systems were comp
his work investigated the effect of IPET on decolorizing
ye in the suspension of coupled-photocatalyst and the
nce of MnO2 in the O3 systems. Moreover, the influence
ecolorization efficiency by the variation of dye concentra

n homogeneous and heterogeneous systems was also eva
inally, the experiments with chloride ions additives were

ormed to determine the effects of chloride ions concentra
n the UV/O3 system.

. Materials and methods

.1. Materials

TiO2 was obtained from Degussa P-25 and SnO2 was pur-
hased from Riedel-de Haen. The photocatalysts were
irectly without treatment. The model azo dye Reactive
, obtained from Aldrich Chemical Company, was used w
.

-

ed.

d

.32 mW/cm2. In heterogeneous systems, the total photocat
sed was 0.5 g/l in all experiments. In the coupled system
eight ratio of photocatalyst was 1:1. The reaction system
tirred constantly at 300 rpm and aerated air at a flow ra
00 ml/min to keep the photocatalysts suspended. The Re
ed 2 concentration was 20 ppm in all experimental runs

he solution pH was controlled at 4, 7 or 10 using HNO3 and
aOH via an automatic titrator. A 15-ml aliquot was withdra

rom the photoreactor at pre-determined intervals. The phot
lyst suspension was separated by centrifugation at 5000 rp
0 min, then filtrated using a 0.22�m filter. Decolorization o
eactive Red 2 was detected using a spectrophotometer (H
R/4000U) at 538 nm. Additionally, anion concentration
etected via ionic chromatography (Metrohm 790 Persona
olumn: Metrosep A Supp 5) to determine the sulfate and
ide dissociation concentrations during decolorization. Va
zation, adsorption, and direct photolysis reactions were
onducted to compare the decolorization efficiency of Rea
ed 2 with that in photocatalytic reactions. In O3-base system
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Fig. 1. Diagram of the ozone generator and photoreactor.

O3 was aerated into the reactor at a flow rate of 500 ml/min.
Except for no photocatalyst being added, the other procedures
and agents were the same as for heterogeneous systems.

3. Results and discussion

3.1. Decolorization of azo dye in heterogeneous and
homogeneous systems

Owing to no significant degradation occurring in the vapor-
ization, adsorption, and direct photolysis reactions, the disap-
pearance of Reactive Red 2 could be attributed to photocatalytic
reactions.Fig. 2shows the decolorization efficiency of Reactive
Red 2 (20 ppm) by heterogeneous AOPs under different condi-
tions. Fig. 2 reveals that the catalytic activity of SnO2 in this
study was negligible. This phenomenon is attributed to the band

gap energy (4.13 eV) of SnO2, which is insufficient for initiating
photocatalytic reaction after UV irradiation (365 nm)[8]. Fig. 3
shows the decolorization efficiency of Reactive Red 2 by the
O3-based processes at different pH. Plotting ln(Co/C) against
time provides the decolorization rate constants (k) (Fig. 4). The
k values of azo dyes in heterogeneous and homogeneous pho-
tocatalytic systems fit a pseudo-first-order kinetic, and several
investigations found that the dye decolorization rates generally
can be approximated as pseudo-first-order kinetics[1,3,5,6,8].
The decolorization efficiency of heterogeneous and homoge-
neous photocatalytic systems thus can be compared via thek
values (Table 2).

In heterogeneous photocatalytic systems, the decolorization
rate at pH 7 exceeded that at pH 4 and 10 in UV/TiO2 and
UV/TiO2 + SnO2 systems, respectively (Table 2). Interpreting
how pH influences dye decolorization efficiency in heteroge-

Table 2
Decolorization rate constants (k, h−1) of Reactive Red 2 in different systems

Systems pH 4 pH 7 pH 10

k r2 k r2 k r2

UV/TiO2 0.29 0.994 0.33 0.983 0.29 0.982
UV/SnO2 < 0.01 – <0.01 – <0.01 –
UV/TiO2 + SnO2 0.20 0.987 0.34 0.996 0.32 0.981
O3 1.84 (2.68) 0.975, 0.984 3.55 0.902 7.63 (7.79) 0.994, 0.885
O
U
U .930

N fate i
3 + MnO2 4.51 0.986
V/O3 5.23 0.974
V/O3 + TiO2 + SnO2 5.17 (4.99) 0.983, 0.994

ote: Values in parentheses denote the dissociation rate constants of sul
5.36 0.938 6.13 0.998
5.71 0.985 8.38 0.996
5.20 0.924 8.31 (8.33) 0.996, 0

n different reaction systems.
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Fig. 2. Decolorization of Reactive Red 2 (20 ppm) by heterogeneous AOPs
under different conditions: (a) pH 4, (b) pH 7 and (c) pH 10 (total photocata-
lyst = 0.5 g/l andT = 25◦C) (b) and (c) cited from Wu[8]).

neous systems is very difficult owing to its multiple roles. The
pH influences not only the surface properties of the photocat-
alyst, but also dye dissociation and OH radical formation. The
point of zero charge (pzc) of TiO2 (Degussa P25) is at pH 6.8.
Moreover, the photocatalyst surface is charged positively under
pH < pHpzc. The azo dye used in this study was anionic dye,
and was negatively charged owing to the sulfonate groups under
experimental conditions. Accordingly, electrostatic interactions
between the photocatalyst surface and dye anions lead to adsorp-
tion formation at low pH. In contrast, little adsorption formed on
the surfaces of TiO2 at pH 10. However, in alkaline solution OH
radicals can be more easily generated by oxidizing more hydrox-
ide ions available on the photocatalyst surface, thus enhancing
the process efficiency[2]. Thereby, the Reactive Red 2 decol-
orization efficiency by UV/TiO2 + SnO2 was pH 7 > pH 10 > pH
4. Because several reaction mechanisms can contribute to dye
decolorization, for example OH radical attack, direct oxidation
by the positive holes, and direct reduction by the electrons, the
effect of pH on decolorization efficiency differed from that of
photocatalysts and photodegradation model substrates[8].

Comparing the results listed inTable 2could demonstrate that
IPET significantly improved dye decolorization efficiency under
alkaline conditions. At pH 10, thek value of Reactive Red 2 for
UV/TiO2 + SnO2 (0.32 h−1) was larger than that of UV/TiO2

Fig. 3. Decolorization of Reactive Red 2 (20 ppm) by the O3-based processes
under different conditions: (a) pH 4, (b) pH 7 and (c) pH 10 (total photocata-
lyst = 0.5 g/l, O3 flow rate = 500 ml/min andT = 25◦C).

(0.29 h−1) and UV/SnO2. The improvement in charge separation
achieved by coupling two semiconductor systems with different
energy levels increases the rate of photocatalytic degradation.
Several researchers have demonstrated that the photocatalytic
activity of the coupled semiconductor system exceeded that of
single semiconductor systems[8,13,14]. Although SnO2 exhib-
ited low activity because the UV light energy was insufficient
to excite it in a single semiconductor system, SnO2 acted as
a suitable photogenerated-electrons scavenger in the coupled
semiconductor system.

Fig. 4. The pseudo-first-order rate constants of different systems at pH 7.



C.-H. Wu, C.-L. Chang / Journal of Hazardous Materials B128 (2006) 265–272 269

Fig. 5. UV–vis spectral changes of Reactive Red 2 (20 ppm) in various sys-
tems: (a) UV/O3, (b) O3 + MnO2 and (c) UV/TiO2 + SnO2 (total photocata-
lyst = 0.5 g/l, O3 flow rate = 500 ml/min, reaction time = 60 min andT = 25◦C).

The absorption spectral changes of Reactive Red 2 in UV/O3,
O3 + MnO2 and UV/TiO2 + SnO2 systems are displayed in
Fig. 5. Reactive Red 2 showed a major absorption peak at 538 nm
and it decreased after 60 min photocatalytic reaction. The main
absorption peak declined, but some intermediates may have bee
generated after photocatalytic reaction but this study did not fur
ther elucidate this possibility. However, the EC 50 values, after
the decolorization of the solution of Reactive Red 2, indicated
that the intermediates produced in photocatalytic degradatio
were not toxic[5,20].

In the O3-based processes, decolorization rate constant
in various systems followed the order UV/O3�UV/O3 +

TiO2 + SnO2 > O3 + MnO2 > O3 and the pH effects illustrated
the trend pH 10 > pH 7 > pH 4 (Table 2). The solution pH alters
the chemical composition of the ozone; for example OH radicals
were formed from ozone decomposition at high pH, while the
molecular ozone remains the same as for main oxidant at a low
pH. Alaton et al.[4] indicated that increasing the ozonation sys-
tem pH would increase the OH radical production rate because
of the following reactions:

O3 + OH− → O3
−• + OH• (13)

O3
−• → O−• + O2 (14)

O−• + H+ → OH• (15)

Ozone has oxidation potential of 2.07 V, while the OH radical
has oxidation potential of 2.80 V; notably direct oxidation is
slower than radical oxidation. Therefore, thek values of dye
increased with the pH[1,9].

Ozonation combined with UV radiation is considered a more
effective process for remove organics than ozonation alone.
The combined process is more effective because UV radiation
enhances the ozone decomposition, yielding freer OH radicals
and thus producing a higher ozonation rate. Thek value of Reac-
tive Red 2 at pH 4 for UV/O3 (5.23 h−1) significantly exceeded
that for O3 (1.84 h−1). The ozonation process in the acid con-
dition mainly occurs via the direct oxidation reaction, which
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s selective. Accordingly, UV promotion is more signific
n the acidic than in the alkaline condition. Several resear
lso indicated that UV improved ozonation efficiency[7,10,15].
owever, Shu and Huang[17] demonstrated UV did not signi
antly enhance the degradation ability of the ozonation reac
ince UV light is highly absorbed by azo dyes, only limi
mounts of free radicals can be produced to decompos
yes.

The k value of UV/O3 exceeded those
V/O3 + TiO2 + SnO2 in the experimental conditions. Th
nding can be explained as follows: a significant quantity of
ight may be absorbed by the photocatalyst particles, and
educes the decolorization efficiency; that is a UV-scree
ffect of photocatalyst particles[20]. Restated, the path leng
f photons entering the solution decreased with increasing
entration of photocatalyst particles. Since the decoloriz
bility of UV/O3 exceeded that of UV/TiO2, this effect reduce

he photoactivity for OH radical formation.
Except for the UV light enhancing the efficiency of ozonat

everal investigations also reported that a heterogeneou
lytic ozonation process achieved similar promotion of oz

ion [18,19]. This study found that MnO2 catalytic ozonatio
f Reactive Red 2 at pH 4 had a greaterk value than ozona

ion alone, but catalytic efficiency is not observed at pH 10.
xperimental results indicated that the solution pH is a dom

nfluence on MnO2 catalytic ozonation. Thek value of Reactiv
ed 2 increases clearly when ozonation at acid condition i
resence of MnO2 might due to a surface manganese-dye c
lex, which is easily decolorized by ozone. The characteristi

he MnO2 catalytic ozonation can be attributed to the forma
f surface complexes that are oxidized by dissolved ozone



270 C.-H. Wu, C.-L. Chang / Journal of Hazardous Materials B128 (2006) 265–272

Fig. 6. The effect of NaCl addition in the UV/O3 system (Reactive Red
2 = 20 ppm, O3 flow rate = 500 ml/min, pH 7 andT = 25◦C).

having been proposed by previous studies[18,19]. Andreozzi et
al. [18] found that the pHpzc of MnO2 was 5.6 and MnO2 exhib-
ited almost no catalytic activity during oxalic acid ozonation at
pH exceeding the pHpzc of MnO2.

Fig. 6presents the effect of NaCl concentration in the UV/O3
system at pH 7. The experimental results displayed that the
decolorization efficiency was nearly the same in the NaCl con-
centration between 0 and 5 g/l. The results of homogeneous
systems differed from those of heterogeneous systems. Wang et
al. [22] indicated that the NaCl and Na2SO4 additions showed
inhibitive effect to the reaction at pH 3. For chloride and sulfate
ions, Degussa P25 TiO2 had strong adsorption and reduced the
reaction sites due to the presence of Ti-OH2

+. In homogeneous
systems, the adsorption of chloride ions can be neglected; there-
fore, the addition of chloride ions did not influence the reaction.

Comparing thek values of Reactive Red 2 in TiO2- and
O3-based processes under different conditions reveal that the
k values in O3-based processes exceed those of TiO2-base pro-
cesses by at least one order. Also, the energy inputted into TiO2-
base processes and ozone alone systems was the same (8 W),
nevertheless, the oxidation agent in ozone alone systems (free
ozone + OH radicals) might exceed that in TiO2-base processes
(OH radicals only). The results suggested that the decolorization
efficiency per energy input in O3-based processes was higher
than in TiO2-base processes.

3
h

dye
d tra-
t eou
( ,
a er
d ed
w
a .
I deco
o port
s o
e can

Fig. 7. Decolorization of Reactive Red 2 under different initial dye con-
centrations and reaction systems (total photocatalyst = 0.5 g/l, O3 flow
rate = 500 ml/min, pH 10 andT = 25◦C).

quantity of UV light may be absorbed by the high concentra-
tion dye molecules rather than by the photocatalyst particles,
and thus reducing the decolorization efficiency, namely, the dye
has a UV-screening effect. Hence, this effect thus reduces the
photoactivity of photocatalyst for OH radical formation. Sec-
ond, there are more dyes and reaction intermediates compete
with the OH radicals and the reaction active sites of the pho-
tocatalyst in high initial concentration. Since the quantity of
photocatalyst is constant, OH radical formation on the photocat-
alyst surface is also constant. Accordingly, the relative number
of OH radicals attacking the dye molecules and its reaction
intermediates decreases with increasing in the initial dye con-
centration. These results imply that as the initial concentration
of dye increases, the requirement of photocatalyst needed for
decolorization also increases. The effects of the dye and reac-
tion intermediates competing with the OH radicals were similar
in heterogeneous (UV/TiO2 + SnO2) and homogeneous (O3 and
UV/O3) systems. The UV-screening effect of the dye was the
same in heterogeneous and homogeneous systems; however, the
UV-screening effect of the photocatalyst was stronger in the het-
erogeneous systems. Accordingly, the inhibitive effects of a high
dye concentration were stronger in the heterogeneous system
(Fig. 7). Furthermore, the direct ozonation of dye molecules in
homogeneous systems was important in the addition of a high
concentration of dye; hence, adding a high dye concentration
negligibly inhibited.

3
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.2. Effects of azo dye concentration variation in
eterogeneous and homogeneous systems

The effect of initial dye concentration on the rate of
ecolorization was examined by varying the initial concen

ion of Reactive Red 2 20 and 40 ppm at pH 10 in heterogen
UV/TiO2 + SnO2) and homogeneous (O3 and UV/O3) systems
nd the results as illustrated inFig. 7. The pseudo-first-ord
ecolorization rate constant of 20 and 40 ppm Reactive R
as calculated as 0.32 and 0.14 h−1 in UV/TiO2 + SnO2, 7.63
nd 5.53 h−1 in O3 and 8.38 and 5.83 h−1 in UV/O3, respectively

t can be found that, as the dye concentration increase, the
rization rate constant decreases. Several studies have re
imilar observations[20,21,23]. This can be explained by tw
xplanations for this phenomenon exists. First, a signifi
s

2

l-
ed

t

.3. Evolution of sulfate dissociation in heterogeneous and
omogeneous systems

The temporal evolution of sulfate in heterogene
UV/O3 + TiO2 + SnO2) and homogeneous (O3) systems a
H 4 and 10 is displayed inFig. 8. The k values of O3
7.63 h−1) and UV/O3 + TiO2 + SnO2 (8.31 h−1) were simi-
ar to the dissociation constants of sulfate in O3 (7.79 h−1)
nd UV/O3 + TiO2 + SnO2 (8.33 h−1) at pH 10, respective
Table 2). The results verified that decolorization and de
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Fig. 8. Dissociated concentration of sulfate during decolorization reac-
tion (Reactive Red 2 = 20 ppm, total photocatalyst = 0.5 g/l, O3 flow
rate = 500 ml/min andT = 25◦C).

furation occurred at almost the same rates in the first step of
photodegradation. Consequently, the initial step of Reactive Red
2 can be proposed to be cleaving the bonds of the C–S in Reactive
Red 2, leading to sulfate ion formation. Several studies inves-
tigating dyes with sulfonate groups in photocatalytic reactions
also indicated that sulfonate group removal is an early step in
the degradation process[5,8,20,24–26].

The Reactive Red 2 decolorization converts organic carbon
to CO2 and its intermediates, and while that of nitrogen, sulfur,
and chloride heteroatoms are mineralized into inorganic ions
This study detected the formation of inorganic ions during the
photocatalytic reaction in heterogeneous and homogeneous sy
tems; however, only sulfate ions were monitored and that was
similar to So et al.[20] who degraded the Reactive Red 2 by
UV/TiO2, and the experimental results revealed that no chloride
was obtained.

The stoichiometry dissociation of sulfate for 20 ppm Reac-
tive Red 2 was 6.2 ppm. However, the quantities of sulfate ion
released are lower than that expected from stoichiometry bot
in heterogeneous and homogeneous systems. Two reasons co
tributed such experimental results. First, sulfate released durin
decolorization might adsorb on the surface of photocatalyst
thereby, preventing dyes from releasing the expected stoichio
metric quantities of sulfate. This study was similar to previous
researchers denoted that the quantities of sulfate ions releas
from stoichiometry were below expectations from stoichiometry
[ pre-
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4. Conclusion

This study examined the decolorization of Reactive Red 2 in
TiO2- and O3-based systems under different conditions. The
decolorization rate constants of Reactive Red 2 in heteroge-
neous and homogeneous photocatalytic systems fit a pseudo-
first-order kinetics. Moreover, the Reactive Red 2 decoloriza-
tion efficiency by UV/TiO2 + SnO2 was pH 7 > pH 10 > pH 4.
Although SnO2 displayed low activity because the UV light
energy was insufficient to excite it in a single semiconductor
system, SnO2 performed as a suitable photogenerated-electrons
scavenger in the coupled semiconductor system. In the O3-based
processes,k values in various systems followed the order of
UV/O3�UV/O3 + TiO2 + SnO2�O3 + MnO2 > O3 and the pH
effects exhibited the trend of pH 10 > pH 7 > pH 4. UV radiation
enhanced the ozone decomposition, yielding freer OH radicals
resulting with higher ozonation rate. The experimental results
also confirmed the rates of decolorization and desulfuration were
almost identical in the first step of photooxidation. This work
found that MnO2 catalytic ozonation of Reactive Red 2 at pH
4 had a higherk value than ozonation alone, but catalytic effi-
ciency is not observed at pH 10. This study suggested that the
decolorization efficiency per energy input in O3-based processes
exceeded that of TiO2-base processes.
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