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bstract

This study elucidates the decolorization of C.I. Reactive Red 2 (RR2) by homogeneous catalytic ozonation. The effects of pH and catalyst dosage
ere evaluated in O3/Mn(II), O3/Fe(II), O3/Fe(III), O3/Zn(II), O3/Co(II) and O3/Ni(II) systems. In O3/Mn(II), O3/Fe(II) and O3/Fe(III) systems,

ncreasing the catalyst concentration increased the rate of RR2 decolorization; however, further increasing the catalyst concentration caused no
urther significant increase. When 0.6 mM catalyst was added, the decolorization rates of O3/Mn(II), O3/Fe(II), O3/Fe(III), O3/Zn(II), O3/Co(II)
nd O3/Ni(II) systems at pH 2 were 3.295, 1.299, 1.278, 1.015, 0.843 and 0.822 min−1, respectively. Under all of the experimental conditions, the

ecolorization efficiency of catalytic ozonation exceeded that of ozonation alone. The decolorization rate markedly exceeds the TOC removal rate
n all tested systems. The effect of the radical scavenger on the catalytic ozonation processes suggests that the decolorization reaction in catalytic
zonation systems proceeds by mainly radical-type mechanisms, except in the O3/Mn(II) system.

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

The textile dyeing and finishing industry generates large
mounts of discharge effluent, which is regarded as a major
ndustrial polluter. The pollution constituents that present in
arge quantities are unreacted dyeing compounds, dispersing
gents and organics that are washed out of the dyed material.
extile preparation, dyeing and finishing plants are currently
eing forced to treat their effluents. Since small quantities of
yes are clearly visible and detrimentally influence the water
nvironment; hence, removing the color from wastewater is
ore important than treating other colorless organics. Biologi-

al treatment is cheaper than other methods, but it decolorizes
ess efficiently because the wastewater is toxic. Such treatments

s adsorption, flotation and coagulation merely transform the
ollutants from one form to another but do not destroy them. In
ecent years, ozonation has emerged as a process for removing

∗ Corresponding author. Fax: +886 5 5334958.
E-mail address: chunghsinwu@yahoo.com.tw (C.-H. Wu).
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he color of dyes, since the chromophore groups with conjugated
ouble bonds, which are responsible for color, can be broken
own by ozone either by direct oxidation by ozone molecules
r by indirect radical oxidation [1–7]. Ozone has a great advan-
age over other oxidants because of its strong oxidizing property.
he efficiency of the combination of direct oxidation by ozone
olecules and radical oxidation by hydroxyl and/or hydroper-

xyl radicals depends on the pollutants, the solution pH and the
ose of fed ozone. The oxidation potential of hydroxyl radicals
ignificantly exceeds that of ozone molecules; therefore, radical
xidation is faster and more efficient than direct oxidation.

A disadvantage of using only ozonation for treating wastew-
ter is the large amount of energy that is required for its
eneration, such that any improvement that reduces the required
eaction time would be welcomed from a practical perspective.

etal-catalyzed homogeneous ozonation of organic substrates
s currently attracting considerable interest, because of the intent

o improve ozonation efficiency and optimize economic effi-
iency. Catalytic ozonation allows a quicker removal of organic
ollutants, because catalysts improve the oxidizing power of
zone, markedly reducing the economic cost. Several cat-

mailto:chunghsinwu@yahoo.com.tw
dx.doi.org/10.1016/j.jhazmat.2007.10.087
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lytic ozonation systems, such as O3/Mn(II) [8–13], O3/Fe(II)
8–13], O3/Fe(III) [14,15], O3/Zn(II) [8,10–12], O3/Co(II)
11,12,16,17] and O3/Ni(II) [10–13], have been investigated.
he degradation efficiency of organics in catalytic ozonation
ystems exceeds that in ozone alone. However, some studies
ave demonstrated that the degradation efficiency of organics
n O3/Mn(II) [13], O3/Ni(II) [11,12], O3/Zn(II) [11,12] and

3/Fe(II) [11] systems does not exceed that in ozone alone,
uggesting that the catalytic performance in ozonation is quite
ompound-selective. Additionally, the observed effects depend
n such treatment conditions as pH and the ozone/catalyst ratio.
lthough the aforementioned catalysts have been extensively

xamined to elucidate their ability to destroy various pollutants,
heir effectiveness in the decolorization of azo dyes has seldom
een examined. Hence, C.I. Reactive Red 2 (RR2) azo dye with
he most commonly used anchor – the dichlorotriazine group –
as adopted as the parent compound herein. Despite growing

nterest of the scientific community and intensive studies, cat-
lytic ozonation remains insufficiently studied. Therefore, more
ork must be conducted with numerous pollutants and different

atalysts. This investigation employed Mn(II), Fe(II), Fe(III),
n(II), Co(II) and Ni(II) as the catalysts in the catalytic ozona-

ion of RR2. The objectives of this study are (i) to compare
he decolorization efficiency of different homogeneous catalytic
zonation systems; (ii) to evaluate the effects of pH and catalyst
osage in homogeneous catalytic ozonation systems; (iii) to pro-
ose possible reaction mechanisms for various metal-catalyzed
zonation systems based on the experimental results and the
iterature.

. Materials and method

.1. Materials

Parent compound RR2 was obtained from Aldrich and used
ithout further purification. The formula, molecular weight

nd maximum light absorption wavelength of RR2 were
19H10Cl2N6Na2O7S2, 615 g/mol and 538 nm, respectively. In
omogeneous catalytic ozonation experiments, MnSO4·H2O,
eSO4·7H2O, Fe2(SO4)3, ZnSO4·7H2O, CoSO4·7H2O and
iSO4·6H2O were the sources of Mn(II), Fe(II), Fe(III), Zn(II),
o(II) and Ni(II), respectively, and all were purchased from
erck. The pH of the solution was controlled using H3PO4 (J.T.
aker) and NaOH (Merck). In inhibition experiments, ethanol

C2H5OH), obtained from Merck, was employed as the radical
cavenger. All experimental chemicals were of analytical grade.

dielectric barrier discharge (DBD) reactor was utilized to pro-
uce ozone. The DBD reactor, which consumed 10 W of power
t a gas flow rate of 200 ml/min, was used in the catalytic ozona-
ion process. The schematic diagram of the ozone generator
erein is the same as that of Wu et al. [6] and Wu and Chang [7].

.2. Homogeneous catalytic ozonation experiments
Homogeneous catalytic ozonation experiments were per-
ormed in a bubble-column reactor, which is a cylindrical quartz
eactor (100 cm high and 3.1 cm in diameter). The reaction sys-

w
t
0
a
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em was aerated with ozone at a flow rate of 200 ml/min and
he solution was pumped at a flow rate of 110 ml/min in con-
inuum mode. The schematic catalytic ozonation apparatus was
iven in our previous study [18]. The dye concentration in each
xperiment was 100 mg/l and the pH was adjusted in the ini-
ial reaction. In the experiments on the effect of the catalyst
osage, each species metallic ion was added to concentrations
f 0.2, 0.6 and 1 mM, to elucidate the effects of the catalyst
ose in catalytic ozonation. In the experiments on the effect
f pH, pH 2 and pH 5 were set in each catalytic ozonation
ystem with the addition of 0.6 mM metallic ions. In radical
cavenging experiments, ethanol (5%, (v/v)) was added to cat-
lytic ozonation systems (metallic ion = 0.6 mM) at pH 2. A
5 ml-aliquot was withdrawn from the sampling pores in the
ubble-column reactor. The suspension was separated by cen-
rifugation at 5000 rpm for 10 min, and then filtered through a
.22 �m filter. The decolorization of RR2 was measured using
spectrophotometer (HACH DR/4000U) at 538 nm. The decol-
rization efficiency was determined from the difference between
ye concentrations before and after each experiment. The miner-
lization of RR2 was identified by the reduction in total organic
arbon (TOC), determined using an O.I. 1010 TOC analyzer.

. Results and discussion

.1. Effects of metallic ion dosage in metal-catalyzed
zonation systems

.1.1. O3/Mn(II) system
Fig. 1 presents the effects of metallic ion dosage in various

atalytic ozonation systems. Fig. 1(a) plots the decolorization
fficiency of the O3/Mn(II) system. The correlation coefficient
r2) is regarded as an index of the goodness-of-fit to the pseudo-
rst-order kinetics; the r2 values for RR2 decolorization in all
atalytic ozonation systems are generally greater than 0.960
Table 1). As has been reported elsewhere for dye decolorization
5,7,18,19], decolorization rates (k) followed pseudo-first-order
inetics. Incorporating Mn(II) into the O3 system markedly
ccelerated the RR2 decolorization rate. Ozone oxidizes organ-
cs via two possible degradation routes; (i) at basic pH, it
ecomposes rapidly to yield hydroxyl and other radicals in solu-
ion, as specified by Eqs. (1)–(3), and (ii) at acidic pH, ozone is
table and reacts directly with organic substrates [20].

3 + OH− → O2
•− + HO2

• (1)

3 + O2
•− → O2 + O3

•− (2)

3
•− + H+ → HO3

• → O2 + HO• (3)

ince the reaction pH is 2 herein, the main decolorization agents
re ozone molecules, but not radicals in the O3 alone system. In
he O3/Mn(II) system, the decolorization rate increased with the

n(II) dosage in the range 0.2–1 mM. Accordingly, experiments

ere performed with the addition of 1.8 and 2.7 mM Mn(II). In

he O3/Mn(II) system, the k values with the addition of 0.2,
.6, 1, 1.8 and 2.7 mM Mn(II) were 1.418, 3.295, 3.957, 3.173
nd 3.087 min−1, respectively. The k values increased with the



750 C.-H. Wu et al. / Journal of Hazardous Materials 154 (2008) 748–755

F n(II)
(

M
a
[
d
o
t
a
i

r
h
a
c

T
P

S

O
O
O
O
O
O

V

ig. 1. Effects of metallic ion dosage in catalytic ozonation systems (a) O3/M
RR2 = 100 mg/l and initial pH 2).

n(II) concentration in the range 0.2–1 mM and then declined
s the Mn(II) concentration increased further. Ma and Graham
21] also stated that the optimal Mn(II) concentration for the
egradation of atrazine was in the range 0.3–0.6 mg/l; the extent

f degradation varied slightly in this range and decreased as
he concentration increased above 0.6 mg/l. In the Mn(II) cat-
lytic ozonation of citric acid, increasing Mn(II) concentration
n the range 0.05–0.5 mg/l increased the rate of removal of cit-

w
o
a
a

able 1
seudo-first-order decolorization rate constants (k, min−1) and correlation coefficien

ystems 0 mM 0.2 mM

k r2 k r2

3/Mn(II) 0.481 (0.034) 0.962 (0.839) 1.418 (0.057) 0.987 (0.923

3/Fe(II) 0.481 0.962 1.096 0.988

3/Fe(III) 0.481 0.962 1.044 0.994

3/Zn(II) 0.481 0.962 1.011 0.993

3/Co(II) 0.481 0.962 0.959 0.997

3/Ni(II) 0.481 0.962 0.834 0.993

alues in the parentheses denoted the results of TOC degradation.
, (b) O3/Fe(II), (c) O3/Fe(III), (d) O3/Zn(II), (e) O3/Co(II) and (f) O3/Ni(II)

ic acid; however, further increasing the Mn(II) concentration
ad no significant effect [12]. Li et al. [9] indicated that adding
small amount of Mn(II) slightly increased the removal per-

entage of alachlor; however, oxidation was clearly inhibited

hen the concentration of Mn(II) reached 1.0 mg/l. The decol-
rization rate in the O3/Mn(II) system exceeded that of ozone
lone. Various studies have also demonstrated that Mn(II) cat-
lytic ozonation was more effective in degrading organics than

ts (r2) of different systems at pH 2

0.6 mM 1 mM

k r2 k r2

) 3.295 (0.064) 0.987 (0.943) 3.957 (0.070) 0.960 (0.931)
1.299 (0.039) 0.986 (0.901) 0.793 0.986
1.278 (0.041) 0.991 (0.886) 1.036 0.986
1.015 0.993 0.881 0.983
0.843 0.995 0.959 0.998
0.822 0.996 0.841 0.996
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zone alone [9,11,12,21–26]. Furthermore, the optimum Mn(II)
osage has been suggested to vary with the parent compound.
his investigation summarizes the suggestions of previous stud-

es [11,23–26] and proposed possible reaction pathways for
3/Mn(II) (Eqs. (4)–(10)).

n2+ + O3 + 2 H+ → Mn4+ + O2 + H2O (4)

n4+ + 1.5 O3 + 3 H+ → Mn7+ + 1.5 O2 + 1.5 H2O (5)

ye + Mn7+ + 1.5 H2O → Mn4+ + 3 H+ + products (6)

n2+ + Mn4+ → 2 Mn3+ (7)

n2+ + O3 + H+ → Mn3+ + O2 + HO• (8)

n3+ + O3 + (Dye)2− + H+

→ Mn2+ + O2 + HO• + products (9)

ye + HO• → products (10)

Mn(II) can react with O3 to generate hydrous manganese
xide, which attacks pollutant molecules and accelerates
egradation [22]. Legube and Leitner [24] suggested that
n(II)-catalyzed oxidation proceeds by complexing between

he pollutant and Mn(III), forming an intermediate product,
hich may be easily oxidized by ozone, which reoxidizes the
n(II) to Mn(III, IV). This fact may reveal that the improvement

n the catalytic ozonation performance is caused by additional
zone decomposition in the presence of the catalyst, resulting in
he supplementary formation of reactive species and improved
zone utilization [13].

.1.2. O3/Fe(II) and O3/Fe(III) systems
Fig. 1(b) and (c) plots the effects of iron dosage in O3/Fe(II)

nd O3/Fe(III) systems, respectively. The k values in O3/Fe(II)
ith 0.2, 0.6 and 1 mM Fe(II) addition were 1.096, 1.299 and
.793 min−1, respectively, and those in O3/Fe(III) for 0.2, 0.6
nd 1 mM Fe(III) addition were 1.044, 1.278 and 1.036 min−1,
espectively (Table 1). The optimum Fe(II) and Fe(III) doses
ere both 0.6 mM; moreover, the decolorization efficiency of
3/Fe(II) exceeded that of O3/Fe(III). A synergetic effect was
bserved in both O3/Fe(II) and O3/Fe(III) systems, implying
hat Fe(II) and Fe(III) catalyze the decomposition of ozone
o species that are more active than ozone molecules. This
tudy proposes possible reaction pathways for O3/Fe(II) (Eqs.
11)–(14)) [9,10,20,26–28] and O3/Fe(III) (Eqs. (15) and (14))
14], based on suggestions made in earlier works. Moiseeva et al.
29] noted that HO2

• formed in Eq. (1) can recombine sponta-
eously to yield H2O2, as described in Eq. (16). Even though the
mount of H2O2 formed in Eq. (16) may be limited, the Fenton
nd/or Fenton-like reactions caused by Fe(II) or Fe(III) accel-
rate decolorization (Eqs. (17) and (18)). All of the reactions in
3/Fe(II) and O3/Fe(III) systems clearly reveal that the mecha-

ism of catalytic ozonation with Fe(II) and Fe(III) involves an
zone decomposition reaction that is followed by the generation
f radicals.

e2+ + O3 → Fe3+ + O3
•− (11)

H

Materials 154 (2008) 748–755 751

3
•− + H+ → O2 + HO• (12)

e2+ + O3 → FeO2+ + O2 (13)

eO2+ + H2O → Fe3+ + HO• + OH− (14)

e3+ + O3 + H2O → FeO2+ + H+ + HO• + O2 (15)

HO2
• → H2O2 + O2 (16)

e2+ + H2O2 → Fe3+ + HO• + OH− (17)

e3+ + H2O2 → Fe2+ + HO2
• + H+ (18)

f the Fe(II) dose exceeds the optimal amount, then Eqs. (19) and
20) apply and inhibit the decolorization in O3/Fe(II) [9,20,27].
ince Fe(II) undergoes additional scavenging reactions, the
ecolorization rate of O3/Fe(II) declined more significantly than
3/Fe(III) when more than the optimum amount of catalyst was

dded (>0.6 mM) (Table 1). Various investigations have also
hown that the addition of iron catalyst accelerated the ozonation
nd a particular dose was optimal [9,15,20,26].

e2+ + HO• → Fe3+ + OH− (19)

e2+ + FeO2+ + 2 H+ → 2 Fe3+ + H2O (20)

.1.3. O3/Zn(II), O3/Co(II) and O3/Ni(II) systems
Fig. 1(d), (e) and (f) plots the decolorization efficiency as a

unction of catalyst dose in O3/Zn(II), O3/Co(II) and O3/Ni(II)
ystems, respectively. The effects of Ni(II) dosage are negligible
n the O3/Ni(II) system (Fig. 1(f)). When either 0.2 or 0.6 mM
atalyst was added, the decolorization rates followed the order
3/Zn(II) > O3/Co(II) > O3/Ni(II). Mn(II), Fe(II), Fe(III), Co(II)

nd Ni(II) metallic ions can all be oxidized to higher valences by
zone. Accordingly, the mechanisms of metal-catalyzed ozona-
ion (except Zn(II)-catalyzed) herein can be briefly expressed
s Eq. (21). If the catalyst dosage exceeds the optimum, then
ydroxyl radicals will be scavenged and the decolorization rate
eclined (Eq. (22)).

(n−1)+ + O3 + H+ → Mn+ + HO• + O2 (21)

(n−1)+ + HO• → Mn+ + HO− (22)

ased on the suggestions of Rakitskaya et al. [16], this study pro-
oses possible reaction mechanisms of O3/Co(II) and O3/Ni(II)
ystems in Eqs. (23)–(25). However, to our knowledge, no satis-
actory hypothesis concerning the mechanism in the O3/Zn(II)
ystem has been presented. Hence, the details of the mechanisms
or O3/Zn(II) system remain unknown.

o2+/Ni2+ + O3 + H2O

→ Co(OH)2+/Ni(OH)2+ + O2 + HO• (23)

O• + O3 → HO2
• + O2 (24)
O2
• + Co(OH)2+/Ni(OH)2+ → Co2+/Ni2+ + H2O + O2

(25)
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Table 2
Effects of pH on pseudo-first-order decolorization rate constant (k, min−1) in
ozone-based systems (metallic ion = 0.6 mM)

Systems pH 2 pH 5

k r2 k r2

O3 0.481 0.962 0.532 0.960
O3/Mn(II) 3.295 0.987 0.666 0.940
O3/Fe(II) 1.299 0.986 1.046 0.991
O3/Fe(III) 1.278 0.991 1.657 0.898
O3/Zn(II) 1.015 0.993 0.683 0.982
O
O

3
s

w
d
s
0
d
t
h
a
w
t
(

F
2

3/Co(II) 0.843 0.995 0.682 0.951

3/Ni(II) 0.822 0.996 0.701 0.974

.2. Comparisons of various metal-catalyzed ozonation
ystems

The pH effects of various metal-catalyzed ozonation systems
ere evaluated with the addition of 0.6 mM catalyst. Table 2
emonstrates the effects of pH on k for various ozone-based
ystems. The k values at pH 2 and pH 5 in ozone alone were
.481 and 0.532 min−1, respectively. When ozonation was con-
ucted at pH 2, the decomposition of ozone was too weak and
he formation of hydroxyl radicals was therefore limited. At a
igher pH, HO2

•was generated from the reaction between O3
− • •
nd OH , accelerating the production of HO , and HO which

as more active than molecular ozone (Eqs (1)–(3)). Therefore,
he k value at pH 5 exceeded that at pH 2 in the O3 system
Table 2). Catalytic decomposition depends substantially on the

ig. 2. Comparisons of effective factors in catalytic ozonation systems (a) pH
and (b) pH 5 (RR2 = 100 mg/l).

F
(

p
t
i
s
m
r
5
i
o
a

F
O

ig. 3. UV–vis spectral changes of RR2 (a) O3 and (b) O3/Fe(III)
RR2 = 100 mg/l, Fe(III) = 0.6 mM and initial pH 2).

H value. Typically, at pH < 4, direct ozonation dominates; in
he range pH 4–9, both are important, and above pH > 9 the
ndirect pathway dominates [30]. In ozonation alone, as the
olution becomes more acidic, the decolorization rate declines
arkedly. However, in metal-catalyzed ozonation, the situation

eversed, such that decolorization was better at pH 2 than at pH

except in the O3/Fe(III) system (Table 2). At pH 5, insoluble

ron hydroxides (Fe(OH)3) precipitated when the concentration
f Fe(III) exceeded 2.79 × 10−12 M. When 0.6 mM Fe(III) was
dded, Fe(OH)3 precipitated and acted as a coagulant. Hence,

ig. 4. Comparisons of TOC removals in O3, O3/Mn(II), O3/Fe(II) and

3/Fe(III) systems (RR2 = 100 mg/l, metallic ion = 0.6 mM and initial pH 2).
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he decolorization efficiency at pH 5 exceeded that at pH 2 in
he O3/Fe(III) system.

The effective factor was defined herein as (k value in cat-
lytic ozonation)/(k value in ozonation alone). Fig. 2 compares
he effective factor in catalytic ozonation systems at different
H. At pH 2, the effective factor was in the range 1.1–8.2
Fig. 2(a)); and at pH 5, the effective factor was in the range
.3–3.1 (Fig. 2(b)). The enhancement of catalytic ozonation
as more significant at pH 2 than at pH 5. Ni et al. [8]

evealed that the rate of improvement of catalytic ozona-
ion at the initial pH 3 clearly exceeds that at pH 7 or pH
. Moreover, O3/Mn(II) and O3/Fe(III) were associated with
he highest effective factor at pH 2 and pH 5, respectively.

hen 0.6 mM catalyst was added, the effective factors at pH
followed the order Mn(II) > Fe(II) ≥ Fe(III) > Zn(II) > Ni(II) >
o(II) and those at pH 5 followed the order Fe(III) > Fe(II) >

i(II) ≥ Zn(II) ≥ Co(II) ≥ Mn(II). El-Raady et al. [12] stated

hat the order of catalytic efficiencies of metallic ions in ozona-
ion followed the order Mn(II) > Co(II) > Fe(II). Other studies
ave proposed other orders, such as Mn(II) > Fe(II) > Zn(II) [8],

l
A
d
f

ig. 5. Effects of ethanol addition in catalytic ozonation systems (a) O3/Mn(II),
RR2 = 100 mg/l, ethanol = 5% (v/v), metallic ion = 0.6 mM and initial pH 2).
Materials 154 (2008) 748–755 753

e(II) > Mn(II) > Zn(II) > Ni(II) [10], Co(II) > Mn(II) [11] and
o(II) > Ni(II) ≥ Fe(II) > Mn(II) [13]. A particular catalyst is
ctive only under specific conditions and in the oxidation of
particular group of organic compounds [31]. Based on the

xperimental results for pH and metallic ion dosage, this study
uggests that ozone decomposition rates depend strongly on the
oncentration of the catalyst and the pH. Trapido et al. [13] also
ndicated that a particular catalyst is active only under certain
onditions of pH, ozone-to-catalyst ratio, amount of by-products
n solution and surface area of the catalyst.

Fig. 3(a) and (b) displays the UV–vis spectral changes of
R2 at pH 2 in O3 and O3/Fe(III), respectively. Before treat-
ent, the UV–vis spectra of RR2 have three main absorption

ands—two in the UV region (285 and 330 nm) and one in the
isible region (538 nm). The UV band is characteristic of two
djacent rings, whereas the visible band is associated with a

ong conjugated � system that is linked by two azo groups [32].
fter 4 min of reaction, the intensity of absorption at 538 nm
eclines extremely rapidly from 2.54 to 0.06 in O3 alone and
rom 2.54 to 0.01 in O3/Fe(III). The UV bands at 285 nm and

(b) O3/Fe(II), (c) O3/Fe(III), (d) O3/Zn(II), (e) O3/Co(II) and (f) O3/Ni(II)
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30 nm disappeared after 4 min of reaction at a slower rate
han did the visible band in the O3 and O3/Fe(III) systems.
he experimental results imply that the N N bonds more eas-

ly destroyed than aromatic structures. Lucas and Peres [33]
btained a similar result for Reactive Black 5 in a photo-Fenton
ystem.

Since adding Mn(II), Fe(II) and Fe(III) markedly pro-
oted RR2 decolorization at pH 2, only these metal-catalyzed

zonation systems determined the TOC removal efficiency.
fter 4 min of reaction, the TOC removal efficiencies of O3,
3/Mn(II), O3/Fe(II) and O3/Fe(III) were 13%, 23%, 14% and
6%, respectively (Fig. 4). Additionally, the TOC removal rates
f O3, O3/Mn(II), O3/Fe(II) and O3/Fe(III) were 0.034, 0.064,
.039 and 0.041 min−1, respectively (Table 1). The O3/Mn(II)
ystem exhibited the highest decolorization and TOC removal
ates. The decolorization rate markedly exceeded the TOC
emoval rate in all tested systems, and the extents of TOC
emoval did not vary significantly among the O3, O3/Fe(II) and

3/Fe(III) systems. In the mineralization of RR2, the triazine
ing of RR2 was converted to cyanuric acid, which was very
table [19]. Arslan [34] also showed that no significant TOC
eduction occurred in the ozonation or the catalytic ozonation
ystem for dispersed dye-bath effluent. This study suggests that
etal-catalyzed ozonation systems can complete decolorization

or RR2; however, a reduction in the color does not necessarily
mply a reduction in TOC.

Fig. 5 depicts the effects of adding ethanol in catalytic ozona-
ion systems. Ethanol is known to react with hydroxyl radicals
aster (kethanol, hydroxyl = 1.7–2.2 × 109 M−1 s−1) than at other
rganic compounds [35]. Accordingly, ethanol was selected as
he scavenger for hydroxyl radicals. If the catalytic ozonation
as to proceed by the hydroxyl radical reaction mechanism,

hen the presence of ethanol would rapidly consume hydroxyl
adicals and reduce the decolorization rate. Previous works
ave shown that ethanol quenches hydroxyl radicals, reduc-
ng the photodegradation rate [18,36–38]. The decolorization
ates of 5% ethanol addition in O3/Fe(II), O3/Fe(III), O3/Zn(II),

3/Co(II) and O3/Ni(II) were 0.060, 0.191, 0.201, 0.227 and
.195 min−1, respectively. Adding ethanol substantially reduced
he decolorization rate except in the O3/Mn(II) system. Based
n the experimental results, hydroxyl radicals may be assumed
ot to be the dominating active species in catalytic O3/Mn(II)
zonation, because the effect of adding ethanol was negligi-
le. This study suggests that Eqs. (6) and (9) were the primary
eaction pathways and Mn7+ and Mn3+ were the major oxi-
ants in the O3/Mn(II) system. The experimental findings imply
hat the hydroxyl radicals participate importantly in decoloriza-
ion in O3/Fe(II), O3/Fe(III), O3/Zn(II), O3/Co(II) and O3/Ni(II)
ystems. However, decolorization is not completely prevented
y adding 5% ethanol. This experimental result suggests that
nother reactive species, which does not react with ethanol,
articipates in the decolorization. This species is most likely
olecular ozone that was involved in direct ozonation in cat-
lytic ozonation systems. Sanchez-Polo and Rivera-Utrilla [10]
resented the degradation of 1,3,6-naphthalenetrisulfonic acid
n a metal-catalyzed ozonation system by a radical mecha-
ism, while catalytic ozonation by Mn(II) proceeded mainly
Materials 154 (2008) 748–755

y the mechanism of “active sites” [9]. No clear conclusion has
et been drawn regarding the catalytic oxidation mechanism.
he effect of the radical scavenger on the catalytic ozonation
rocesses herein suggests that the decolorization reaction in
etal-catalyzed ozonation systems, except the O3/Mn(II) sys-

em, involved mainly radical-type mechanisms.

. Conclusion

This study employed Mn(II), Fe(II), Fe(III), Zn(II), Co(II)
nd Ni(II) ions to catalyze ozonation. The experimental
esults revealed that these metallic ions can increase the
fficiency of ozone in RR2 decolorization. In ozonation alone,
s the solution becomes more acidic, the decolorization rate
eclines markedly. However, in metal-catalyzed ozonation,
he situation was reversed: decolorization was better at pH 2
han at pH 5, except in the O3/Fe(III) system. When 0.6 mM
atalyst was added, the effective factors at pH 2 followed
he order Mn(II) > Fe(II) ≥ Fe(III) > Zn(II) > Ni(II) > Co(II)
nd those at pH 5 followed the order Fe(III) > Fe(II) >
i(II) ≥ Zn(II) ≥ Co(II) ≥ Mn(II). Based on the experimental

esults for pH and metallic ion dosage, this investigation
uggests that ozone decomposition rates depend strongly on the
atalyst concentration and the pH. This work indicated that the
etal-catalyzed ozonation systems can complete decolorization

or RR2; however, the diminution of the color does not nec-
ssarily imply a reduction in TOC. The experimental findings
oncerning the radical scavenger indicate that the hydroxyl
adicals participate importantly in decolorization in O3/Fe(II),

3/Fe(III), O3/Zn(II), O3/Co(II) and O3/Ni(II) systems.
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