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bstract

This study investigated the decolorization efficiency of C.I. Reactive Red 2 (RR2) in O3, O3/H2O2, O3/Fe3+, O3/H2O2/Fe3+, UV/O3, UV/O3/Fe3+,
V/O3/H2O2 and UV/O3/H2O2/Fe3+ systems at various pHs. The effective energy consumption constants and the electrical energy per order of
ollutant removal (EE/O) were also determined. The experimental results indicated that the energy efficiency was highest at [H2O2]0 = 1000 mg/l
nd [Fe3+]0 = 25 mg/l. Accordingly, the H2O2 and Fe3+ doses in the hybrid ozone- and UV/ozone-based systems were controlled at these values.
his work suggests that the dominant reactant in O3, O3/Fe3+ and O3/H2O2 systems was O3 and that in the O3/H2O2/Fe3+ system was H2O2/Fe3+.
he experimental results revealed that the combinations of Fe3+ or H2O2/Fe3+ with O3 at pH 4 and of H2O2 or H2O2/Fe3+ with UV/O3 at pH 4
r 7 yielded a higher decolorization rate than O3 and UV/O3, respectively. At pH 4, the EE/O results demonstrated that the UV/O3/H2O2/Fe3+
ystem reduced 85% of the energy consumption compared with the UV/O3 system. Moreover, the O3/H2O2/Fe3+ system reduced 62% of the energy
onsumption compared with the O3 system. At pH 7, the EE/O results revealed that the UV/O3/H2O2/Fe3+ system consumed half the energy of the
V/O3 system.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The textile industry utilizes numerous dyes and pigments.
mong these, azo dyes represent the largest and the most impor-

ant class of commercial dyes. Most commercial dyes are not
irectly toxic. Colored wastewater is subject to strict environ-
ental legislation because they have a negative effect on the

hotosynthetic activity in Taiwan. Accordingly, decolorization
f dye effluents has attracted increased attention. The C.I. Reac-
ive Red 2 (RR2), dye with the most commonly used anchor – the
ichlorotriazine group – was selected as the parent compound
n this study. Conventional treatment cannot efficiently remove
yes from textile wastewater, because they are stable against

ight and biological degradation. Treatments such as adsorption,
otation and coagulation only perform the phase transfer of pol-

utants but do not destroy them. Hence, further treatments are

∗ Fax: +886 55334958.
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Power consumption

equired. Advanced oxidation processes (AOPs) are alternative
ethods for decolorizing and reducing recalcitrant wastewater

oads from textile companies. AOPs are based on the genera-
ion of hydroxyl radicals in water, which are highly reactive
nd nonselective oxidants that can oxidize organic compounds.
ydroxyl radicals have an oxidation potential that exceeds that
f ozone and H2O2 – 2.80 V for hydroxyl radicals, 2.07 V for
zone and 1.78 V for H2O2. Ozone may either react directly with
rganic compounds or decompose highly reactive species, such
s hydroxyl radicals. Ozonation has potential in decolorization
or the following reasons: (1) no sludge remains; (2) danger is
inimal; (3) decolorization and degradation occur in one step;

4) it is easily performed; (5) little space is required, and (6)
ll residual ozone can be easily decomposed to oxygen and
ater [1]. Accordingly, the ozone-based systems are feasible

or decolorizing azo dyes.

Combining various AOPs commonly causes interesting syn-

rgistic effects that can markedly reduce the reaction time and
conomic cost. Various studies have explored the synergistic
ffects of the decolorization of dyes in ozone-based systems,

mailto:chunghsinwu@yahoo.com.tw
dx.doi.org/10.1016/j.jhazmat.2007.06.073
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uch as O3/H2O2 [2–4], O3/Fe2+ [5,6], UV/O3/H2O2 [2,4,7],
3/H2O2/Fe2+ [2], UV/O3/Fe2+ [5,6,8], UV/O3/Fe3+ [9],
V/TiO2/O3 [4,10], UV/O3/H2O2/Fe3+ [4], UV/O3/Fe2+/Cu2+

6,8], UV/O3/H2O2/Fe2+ [2] and UV/O3/TiO2/SnO2 [11]. Since
e3+ in hybrid ozone-based systems has rarely been examined
nd iron catalysts are abundant in nature, this study incorpo-
ates Fe3+ into the hybrid ozone-based systems to evaluate the
ecolorization efficiency of RR2 at various pHs.

The photodegradation of aqueous organic pollutant is an
lectric-energy-intensive process, and electric energy typically
epresents a major fraction of the operating costs. Simple figures-
f-merit based on electric energy consumption can therefore be
ery useful. The electrical energy per order of pollutant removal
EE/O) is a powerful scale-up parameter and a measure of the
reatment rate in a fixed volume of contaminated water as a
unction of the applied specific energy dose [12]. The EE/O
alue was adopted to compare the energy efficiency of differ-
nt systems. In the case of low-pollutant concentrations, the
E/O (kW h m−3 order−1) can be determined from the following
quations.

E/O = Pt × 1000

V × 60 × log (Ai/Ao)
(1)

n

(
Ai

Ao

)
= kat (2)

here P is the power (kW) of the AOPs; t is the reaction time

min); V is the volume (l) of the water in the reactor; Ai and Ao
re the inflow and outflow RR2 absorbance and ka is the pseudo-
rst-order rate constant (min−1) for the decay of the pollutant

n the pollutant concentration [12,13]. Combining Eqs. (1) and

i
f
l

Fig. 1. Schematic diagram of the pho
us Materials 152 (2008) 120–127 121

2) yields Eq. (3) for EE/O.

E/O = 38.4 × P

Vka
(3)

Most related studies compared efficiency using reaction rate
onstants. Few works considered the effects of power con-
umption [12,13]. Wu et al. [14] had plotted ln(Ai/Ao) against
otal energy consumption and determined the effective energy
onsumption constants (kb, kJ−1). Since the ozone reaction path-
ays depend strongly on the characteristics of the wastewater to
e treated, including pH, promoters and scavengers in the solu-
ion, this study simultaneously employs ka, EE/O and effective
nergy consumption constants, as proposed by Wu et al. [14],
o evaluate the decolorization efficiency and power consump-
ion of ozone-based systems at different pHs. The objectives of
his investigation are (i) to calculate the ka, kb and EE/O values
f ozone-based systems O3, O3/H2O2, O3/Fe3+, O3/H2O2/Fe3+,
V/O3, UV/O3/Fe3+, UV/O3/H2O2 and UV/O3/H2O2/Fe3+ sys-

ems at pH 4, 7 and 10; (ii) to clarify the effects of UV irradiation
n these ozone-based systems; (iii) to determine the synergistic
ffects of different pHs and (iv) to compare the variations of ka,
b and EE/O with pH.

. Materials and methods

.1. Materials
The parent compound, RR2, obtained from Aldrich Chem-
cal Company, was employed without further purification. The
ormula, molecular weight and maximum light absorption wave-
ength (λmax) of RR2 were C19H10Cl2N6Na2O7S2, 615 g/mol

toreactor (Wu and Chang [11]).
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dosage of H2O2 and Fe3+ in the hybrid ozone-based systems
was maintained at these values. Hydrogen peroxide/catalyst
22 C.-H. Wu, H.-Y. Ng / Journal of Ha

nd 538 nm, respectively. The λmax of RR2 did not vary with pH
data not shown for lack of space). Ferric sulfate (Fe2(SO4)3)
Merck) was adopted as the supply of Fe3+. Hydrogen perox-
de solution (H2O2, 30%, w/w) was also provided by Merck.
he solution pH was controlled by adding HNO3 and NaOH
ia an automatic titrator. Other experimental chemicals were
nalytical grade. The water was deionized and doubly distilled
ith Milli-Q. A dielectric barrier discharge (DBD) reactor was

pplied to generate ozone, as was used by Wu and Chang [11].
he DBD reactor consumed the same power (8 W) at a gas flow

ate of 500 ml/min. The schematic diagram of the photoreactor
as presented in Fig. 1.

.2. Decolorization experiments

The concentration of RR2 was 40 mg/l in all experiments.
ecolorization experiments were conducted in a 3-l hollow

ylindrical glass reactor. The inner diameter and height of the
hotoreactor were 143 and 230 mm, and those of the quartz tube
ere 36 and 210 mm, respectively. The inner tube was made of
uartz, and in it was placed an 8 W, 254 nm UV-lamp (Philips)
laced as the source of irradiation. The emission wavelength
f the UV-lamp ranged from 230 to 320 nm. H2O2 was added
o concentrations of 500, 1000, 3000, 5000 and 10,000 mg/l to
etermine the appropriate concentration of added H2O2 in the
V/H2O2 system. Fe3+ doses of 10, 25 and 50 mg/l were adopted

o determine the optimal Fe3+ dosage in the UV/H2O2/Fe3+ sys-
em. All of the systems were stirred continuously at 300 rpm.

15 ml aliquot was withdrawn from the photoreactor at pre-
pecified intervals. The suspended solids were separated by
entrifugation at 5000 rpm for 10 min, and then filtered through
0.22 �m filter (Millipore). The decolorization of RR2 was

etected using a spectrophotometer (HACH DR/4000U) at
38 nm and the decolorization ratio was calculated from the
ollowing equation.

ecolorization ratio = Ai − Ao

Ai
(4)

. Results and discussion

.1. Effects of Fe3+ and H2O2 dosage

The effects of H2O2 dosage at pH 7 in the UV/H2O2 system
ere evaluated at H2O2 500, 1000, 3000, 5000 and 10,000 mg/l.
q. (5) specifies the reaction of the UV/H2O2 system.

2O2 + hν → 2OH• (5)

The ka values at 500, 1000, 3000, 5000 and 10,000 mg/l
2O2 in the UV/H2O2 system were 0.060, 0.068, 0.059, 0.043

nd 0.025 min−1, respectively. The degradation rate of organ-
cs normally increased as the H2O2 concentration increased
ntil a critical H2O2 concentration was reached, because more

ydroxyl radicals were formed as the H2O2 concentration
ncreased (Eq. (5)). At high H2O2 concentration, competition
xists between the substrate and H2O2. H2O2 at high concen-
ration acts as a scavenger of hydroxyl radicals to generate

r
m
h
s

ig. 2. Effects of Fe3+ dose in UV/H2O2/Fe3+ system (RR2 = 40 mg/l,

2O2 = 1000 mg/l, pH = 7 and T = 25 ◦C).

erhydroxyl radicals, which have much lower oxidation capac-
ties than hydroxyl radicals (Eq. (6)) [15–20]. Furthermore,
he recombination of hydroxyl radicals also reduced the decol-
rization efficiency (Eq. (7)). As the H2O2 concentration in the
V/H2O2 system increased from 500 to 1000 mg/l, the decol-
rization efficiency increased, but above this range, no further
mprovement could be obtained. Therefore, experiments on the
ffects of Fe3+ dose were conducted at a H2O2 concentration of
000 mg/l.

H• + H2O2 → HO2
• + H2O (6)

OH• → H2O2 (7)

The amount of Fe3+ is one of the main parameters that
ffect the UV/H2O2/Fe3+ system. In this investigation, var-
ous concentrations of Fe3+ were utilized to determine its
ptimal original concentration. Fig. 2 plots the effect of Fe3+

ose in the UV/H2O2/Fe3+ system at pH 7. In the first
0 min, dye decolorization reached approximately 90%, 92%
nd 77% for Fe3+ doses of 10, 25 and 50 mg/l, respec-
ively. The ka values for 10, 25 and 50 mg/l Fe3+ in the
V/H2O2/Fe3+ system were 0.070, 0.072 and 0.046 min−1,

espectively. The effects of Fe3+ dose on dye decolorization
ere similar to that of H2O2. The reaction rate constants ini-

ially increased to a critical value and then declined [19]. When
he Fe3+ concentration was high, Fe3+ underwent a reaction
ith hydroxyl ions to produce Fe(OH)2+, which has strong
V absorption, reducing the intensity of the UV light [21].
ig. 3 plots EE/O versus [H2O2]0/[dye]0 and [Fe3+]0/[dye]0.
he experimental results revealed that the energy efficiency
as highest at [H2O2]0/[dye]0 = 25 ([H2O2]0 = 1000 mg/l) and

Fe3+]0/[dye]0 = 0.625 ([Fe3+]0 = 25 mg/l). Accordingly, the
atios from 10:1 to 40:1 are generally recommended as opti-
al in Fenton treatment [22,23]. The ratio 40:1 was adopted

erein, agreeing with the recommendations made in earlier
tudies.
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Fig. 4. Decolorization curves of RR2 in the group of experiments based on ozone
(
H

o
o

ig. 3. Electrical energy per order as a function of [H2O2]0/[dye]0 and
Fe3+]0/[dye]0 (a) [H2O2]0/[dye]0 and (b) [Fe3+]0/[dye]0 (RR2 = 40 mg/l, pH = 7
nd T = 25 ◦C).

.2. Decolorization efficiency of ozone-based systems

Fig. 4 plots the decolorization curves of RR2 at different
H values in the group of experiments based on ozone. After
0 min of reaction, the decolorization ratios of the O3, O3/Fe3+,
3/H2O2 and O3/H2O2/Fe3+ systems at pH 4 were 56%, 72%,
7% and 92% (Fig. 4(a)); those at pH 7 were 77%, 73%, 49%

nd 63% (Fig. 4(b)), and those at pH 10 were 95%, 89%, 57%
nd 64% (Fig. 4(c)). Table 1 summarizes the pseudo-first-order
eaction rate constants and correlation coefficients of various

able 1
seudo-first-order reaction rate constants (ka, min−1) and correlation coefficients
f various ozone-based systems

pH 4 pH 7 pH 10

ka R2 ka R2 ka R2

on-UV systems
O3 0.028 0.983 0.049 0.976 0.096 0.996
O3/Fe3+ 0.041 0.999 0.040 0.948 0.077 0.979
O3/H2O2 0.011 0.987 0.024 0.994 0.029 0.990
O3/H2O2/Fe3+ 0.074 0.956 0.034 0.994 0.035 0.988

ith-UV systems
UV/O3 0.032 0.977 0.049 0.975 0.110 0.998
UV/O3/Fe3+ 0.024 0.998 0.048 0.958 0.070 0.989
UV/O3/H2O2 0.091 0.943 0.089 0.972 0.065 0.976
UV/O3/H2O2/Fe3+ 0.209 0.973 0.096 0.976 0.069 0.984
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a) pH 4, (b) pH 7 and (c) pH 10 (RR2 = 40 mg/l, ozone flow rate = 500 ml/min,

2O2 = 1000 mg/l, Fe3+ = 25 mg/l and T = 25 ◦C).

zone-based systems. Since all of the correlation coefficients
f ozone-based systems exceed 0.92, the ka values of ozone-
ased systems satisfy pseudo-first-order kinetics, and several
orks have shown that dye decolorization rates can generally be

pproximated using pseudo-first-order kinetics [4–6,8,11,19].
Ozone reacts with dyes either by electrophilic and/or nucle-

philic addition (along a direct pathway) or indirectly by radical
hain reactions, depending on the operating pH. The ka values of
3, O3/Fe3+ and O3/H2O2 systems were greater under alkaline

han under acidic conditions (Table 1). Ozone oxidizes organ-
cs via two possible degradation pathways; (i) at basic pH, it
apidly decomposes to yield hydroxyl and other radical species
n solution, according to Eqs. (8)–(10), and (ii) in acidic pH,
zone is stable and can react directly with organic substrates
24]. Since the oxidation potential of hydroxyl radicals signif-
cantly exceeds that of the ozone molecule, direct oxidation is
lower than radical oxidation [1]. Alaton et al. [25] indicated
hat increasing the ozonation system pH increases the OH radi-
al production rate. The decolorization rate increased with pH.

ypically, at pH < 4, direct ozonation dominates, in the range
f pH 4–9, both are important, and above pH > 9 the indirect
athway dominates [26]. The pH influences the generation of
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ydroxyl radicals and thereby the decolorization efficiency.

3 + OH− → O3
−• + OH• (8)

3
−• → O−• + O2 (9)

−• + H+ → OH• (10)

Unlike O3, O3/Fe3+ and O3/H2O2 systems, the
3/H2O2/Fe3+ system had a higher ka under acidic than
nder alkaline conditions. The experimental results implied that
he dominant reactant in O3, O3/Fe3+ and O3/H2O2 systems
as O3 and that in the O3/H2O2/Fe3+ system was H2O2/Fe3+.
he general mechanism of the H2O2/Fe3+ system (Fenton-like)

nvolves numerous cyclic reactions. These ions are generated
n their original state at the end of the cyclic reactions, based on
he Eqs. (11) and (12) [4,17,27]. Hydroperoxyl and hydroxyl
adicals will be generated from Fe3+ and Fe2+ according
o Eqs. (11) and (12), respectively. However, hydroperoxyl
adicals will be scavenged by Fe3+ in Eq. (13). In alkali, the
qs. (11) and (13) are promoted and Eq. (12) is inhibited.
nder alkaline conditions, the hydroperoxyl radicals that are

dditionally produced by Eq. (11) are nullified by Eq. (13), and
he generation of hydroxyl radicals according to Eq. (12) will
e inhibited. Additionally, H2O2 auto-decomposes to water
nd oxygen and Fe3+ precipitates to Fe(OH)3 under alkaline
onditions. Then, the cyclic reactions (Eqs. (11) and (12)) were
nterrupted and the decolorization ability finally eliminated.
ence, the O3/H2O2/Fe3+ system had a higher ka value under

cidic than under alkaline conditions.

e3+ + H2O2 → Fe2+ + H+ + HO2
• (11)

e2+ + H2O2 → Fe3+ + OH− + OH• (12)

e3+ + HO2
• → Fe2+ + H+ + O2 (13)

At pH 4, the ka values of the ozone-based systems followed
he order O3/H2O2/Fe3+ > O3/Fe3+ > O3 > O3/H2O2, at pH 7 and
0, the order was O3 > O3/Fe3+ > O3/H2O2/Fe3+ > O3/H2O2.
otably, O3/H2O2 exhibited inhibitive effects under all experi-
ental conditions; O3/H2O2/Fe3+ and O3/Fe3+ had synergistic

ffects only under acidic conditions (Table 1). The inhibitive
ffects of O3/H2O2 may contribute to the scavenging of H2O2, as
entioned in Eq. (6) [15–20]. Esplugas et al. [7] also presented

n inhibitory effect in O3/H2O2 at H2O2 concentrations of above
11 mg/l. When Fe3+ is incorporated into the O3/H2O2 system,
he scavenging effect of H2O2 is inhibited, since Fe3+ reacts
ith H2O2 (Eqs. (11) and (12)) to generate radicals, accelerat-

ng decolorization. Furthermore, O3 and Fe3+ react to produce
ydroxyl radicals, as described in Eq. (14) [28]. At a pH of above
, the dissolved fraction of iron species declines as colloidal fer-
ic species are formed [26]. Accordingly, O3/H2O2/Fe3+ and

3/Fe3+ systems exhibited synergistic effects only under acidic
onditions. Arslan [29] revealed that adding Fe2+ to the ozone
ystem accelerated the oxidation kinetics at pH 3, which effect

as similar to that of adding Fe3+ to an ozone system at pH 4
erein.

e3+ + O3 → FeO2+ + H+ + O2 + OH• (14)

U
U
(
o

ig. 5. UV–Vis absorption spectra of RR2 during decolorization with ozone
RR2 = 40 mg/l, ozone flow rate = 500 ml/min, pH = 7 and T = 25 ◦C).

Fig. 5 depicts the UV–Vis spectral changes of RR2 at pH 7
n the O3 system. Before treatment, the UV–Vis spectra of RR2
onsist of three main absorption bands: two are in UV region
285 and 330 nm) and one is in visible region (538 nm). The UV
and is characteristic of two adjacent rings, while the visible
and has a long conjugated � system that is linked by two azo
roups [30]. The intensity of absorption in 538 nm disappears
ery fast (from 0.99 to 0.21) after 20 min. The UV bands at
85 nm (from 0.80 to 0.48) and 330 nm (from 0.51 to 0.27) were
lso observed to vanish after 20 min but at a lower rate than the
isible band.

.3. Decolorization efficiency of UV/ozone-based systems

Fig. 6(a–c) plot the decolorization curves of RR2 at pH 4,
and 10, respectively, in the group of experiments based on
V/ozone. After a 30 min reaction, the decolorization ratios
f UV/O3, UV/O3/Fe3+, UV/O3/H2O2 and UV/O3/H2O2/Fe3+

ystems at pH 4 were 60%, 51%, 97% and 100%; respectively,
hose at pH 7 were 78%, 79%, 97% and 96%, and those at pH
0 were 97%, 89%, 87% and 86%, respectively. The decoloriza-
ion efficiency of RR2 is generally higher in UV/ozone-based
ystems than in ozone-based systems. The ka values of UV/O3
nd UV/O3/Fe3+ systems were larger under alkaline than under
cidic conditions, which result was similar to those in O3 and
3/Fe3+ systems. Furthermore, the ka value of O3/H2O2/Fe3+

nd UV/O3/H2O2/Fe3+ systems was highest under acidic con-
itions (Table 1). Notably, the ka values of the UV/O3/H2O2
ystem followed the order pH 4 > pH 7 > pH 10; in contrast,
hose of the O3/H2O2 system obeyed followed order pH 10 > pH
> pH 4. The experimental results suggest that the dominant oxi-
ant of the O3/H2O2 system was O3 and that of the UV/O3/H2O2
ystem was H2O2.

At pH 4 and 7, the ka values of the UV/ozone
ased systems followed the order UV/O3/H2O2/Fe3+ >

V/O3/H2O2 > UV/O3 > UV/O3/Fe3+; at pH 10, the order was
V/O3 > UV/O3/Fe3+ �UV/O3/H2O2/Fe3+ > UV/O3/H2O2

Table 1). Combining ozone with UV promotes the degradation
f dyes by the direct and indirect formation of hydroxyl
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ig. 6. Decolorization curves of RR2 in the group of experiments based on
V/ozone (a) pH 4, (b) pH 7 and (c) pH 10 (RR2 = 40 mg/l, ozone flow

ate = 500 ml/min, H2O2 = 1000 mg/l, Fe3+ = 25 mg/l and T = 25 ◦C).

adicals, following ozone decomposition and hydrogen per-
xide formation, respectively (Eqs. (5) and (15)) [31]. The
ombined process is more effective because UV radiation
nhances ozone decomposition, yielding more hydroxyl
adicals, thereby increasing the ozonation rate. Various works
ave also demonstrated that UV promotes ozone decolorization
10,11,14,31,32].

3 + H2O + hν → O2 + H2O2 (15)

Markedly, the O3/H2O2 system has inhibitive effects; in con-
rast, the UV/O3/H2O2 system has synergistic effects (Table 1).
ince H2O2 does not have sufficient oxidation ability to decol-
rize dyes [4,27], and H2O2 scavenges hydroxyl radicals (Eq.
6)), inhibitive effects were observed in the O3/H2O2 system.
ombining UV with the O3/H2O2 system can decompose H2O2

o produce hydroxyl radicals (Eq. (5)) and prevent the scav-
nging of H2O2, accelerating decolorization. The reaction in
he UV/Fe3+ system is as stated in Eq. (16) [17,27]. How-

ver, OH• might be scavenged by Fe2+ (Eq. (17)). Additionally,
e3+ ions tend to form organic complexes, which inhibit the
egeneration cycle of iron, indirectly causing a lack of hydroxyl
adicals in solution [33]. Therefore, the synergistic effects were

s
t
t
w

us Materials 152 (2008) 120–127 125

ot observed in the UV/O3/Fe3+ system. Contreras et al. [9]
lso found that adding Fe3+ to the UV/O3 system inhibited the
egradation of nitrobenzene. Phenol degradation is faster with
3 than with UV/O3/Fe3+ probably because the competition
etween reaction intermediates and ion species on one hand and
henol on the other hand for ozone present in the solution [34].

e3+ + H2O + hν → Fe2+ + H+ + OH• (16)

e2+ + OH• → Fe3+ + OH− (17)

In the UV/O3/H2O2/Fe3+ system, hydroxyl radicals (Eqs. (5),
12), (14) and (16)) and hydroperoxyl radicals (Eq. (11)) were
ormed. Iron cycles between Fe3+ and Fe2+ under irradiation
y light. The experimental results reveal that the decoloriza-
ion rate of UV/O3/H2O2/Fe3+ exceeded that of UV/O3/H2O2,
hich finding is similar to those elsewhere, which indicated

hat the reaction rates of photo-Fenton and photo-Fenton-like
ystems exceeds that of the UV/H2O2 system [2,4,35]. Beltran-
eredia et al. [2] added O3 to UV/H2O2/Fe2+ to degrade
-hydroxybenzoic acid and Dominguez et al. [4] incorpo-
ated O3 into UV/H2O2/Fe3+ to decolorize C.I. Acid Red 2.
oth sets of results revealed that hybrid O3/photo-Fenton and
3/photo-Fenton-like systems had the highest reaction rates.
hese experimental results demonstrated that adding Fe3+ or
2O2/Fe3+ to O3 at pH 4 and adding H2O2 or H2O2/Fe3+ into
V/O3 at pH 4 and 7 yielded a higher decolorization rate than
3 and UV/O3, respectively.

.4. Analyses of energy consumption efficiency

Fig. 7(a–c) plot the relationships between decolorization
atio and total energy consumption at pH 4, 7 and 10, respec-
ively, for ozone- and UV/ozone-based systems. This study plots
n(Ai/Ao) against total energy consumption and determines the
ffective energy consumption constants (kb). These values in
zone- and UV/ozone-based systems were found to be consis-
ent with pseudo-first-order kinetics (Table 2). This investigation
roposes that a higher kb value corresponds to more efficient
nergy consumption during decolorization. The EE/O values
ere determined from Eq. (3) and higher EE/O values corre-

ponded to the lower energy efficiency of the system (Table 2).
oticeably, ka and kb followed different trends at the same pH.
he results imply that not all of the input energy is consumed

n decolorization. At pH 4, the highest decolorization rate and
he highest effective energy consumption constant (or the lowest
E/O value) were both found in the UV/O3/H2O2/Fe3+ system.
owever, at pH 10, the highest values of ka and kb were those
f the UV/O3 and O3 system, respectively. At pH 4, the EE/O
esults indicated that the UV/O3/H2O2/Fe3+ system reduced
5% of the energy consumption compared with the UV/O3 sys-
em. Moreover, the O3/H2O2/Fe3+ system reduced 62% of the
nergy consumption compared with the O3 system. At pH 7,
he EE/O results indicated that UV/O3/H2O2/Fe3+ system con-

umed half the energy consumed by the UV/O3 system. Based on
he analyses of decolorization efficiency and power consump-
ion, this study suggested that the UV/O3/H2O2/Fe3+ system
as effective in decolorizing RR2 at pH 4 and 7. Furthermore,
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Table 2
Effective energy consumption constants (kb, kJ−1) and electrical energy per order (EE/O, kW h m−3 order−1) of various ozone-based systems

pH 4 pH 7 pH 10

kb R2 EE/O kb R2 EE/O kb R2 EE/O

Non-UV systems
O3 0.058 0.983 3.684 0.109 0.970 2.111 0.199 0.996 1.070
O3/Fe3+ 0.086 0.999 2.473 0.084 0.948 2.541 0.150 0.988 1.332
O3/H2O2 0.023 0.987 9.225 0.049 0.994 4.321 0.060 0.990 3.568
O3/H2O2/Fe3+ 0.154 0.956 1.384 0.073 0.990 3.030 0.075 0.986 2.968

With-UV systems
UV/O3 0.036 0.974 6.420 0.051 0.975 4.223 0.118 0.994 1.865

3+ .050
.093
.108

U
a
e
t
F
B

F
t
(
F

o
s

UV/O3/Fe 0.025 0.998 8.533 0
UV/O3/H2O2 0.105 0.935 2.256 0
UV/O3/H2O2/Fe3+ 0.234 0.968 0.979 0

V/O3 and O3 systems were satisfactory for decolorizing RR2
t pH 10. Gutowska et al. [36] indicated that ozonation was more

ffective for C.I. Reactive Orange 113 degradation than for Fen-
on’s process. However, Jozwiak et al. [37] demonstrated that
enton’s process was more effective than ozonation for C.I. Acid
rown 159. Additionally, the EE/O values were found to depend

ig. 7. Relationship between decolorization ratio and total energy consump-
ion for ozone- and UV/ozone-based systems (a) pH 4, (b) pH 7 and
c) pH 10 (RR2 = 40 mg/l, ozone flow rate = 500 ml/min, H2O2 = 1000 mg/l,
e3+ = 25 mg/l and T = 25 ◦C).

t
e
t
m

4

t
r
U
w
o
t
t
a
a
U
r
O
7
r
b
y
s
p
U
p

A

o
u

R

0.958 4.240 0.068 0.989 2.909
0.972 2.306 0.064 0.977 3.141
0.968 2.133 0.072 0.984 2.972

n the concentration of oxidant, the concentration and the basic
tructure of the dye [13]. Hence, this investigation suggests that
he optimal conditions (both for decolorization efficiency and
ffective energy consumption) varied among the dyes, revealing
hat the development of a general decolorization method for a

ixture of dyes would be very difficult.

. Conclusion

The decolorization rate constants, effective energy consump-
ion constants and electrical energy per order of pollutant
emoval in O3, O3/H2O2, O3/Fe3+, O3/H2O2/Fe3+, UV/O3,
V/O3/Fe3+, UV/O3/H2O2 and UV/O3/H2O2/Fe3+ systems
ere determined at pH 4, 7 and 10. The effect of Fe3+ dose
n dye decolorization was similar to that of H2O2; the reac-
ion rate constants initially increased to a critical value and
hen declined. The ka values of O3, O3/Fe3+, O3/H2O2, UV/O3
nd UV/O3/Fe3+ systems were larger under alkaline than under
cidic conditions. However, O3/H2O2/Fe3+, UV/O3/H2O2 and
V/O3/H2O2/Fe3+ systems varied oppositely. The experimental

esults indicated that the combination of Fe3+ or H2O2/Fe3+ into
3 at pH 4 and H2O2 or H2O2/Fe3+ with UV/O3 at pH 4 and
could yields a higher decolorization rate than O3 and UV/O3,

espectively. The EE/O and kb values followed the same order for
oth ozone- and UV/ozone-based systems. Based on the anal-
ses of decolorization efficiency and power consumption, this
tudy suggests that the UV/O3/H2O2/Fe3+ system was an appro-
riate method for decolorizing RR2 at pH 4 and 7. Moreover,
V/O3 and O3 systems are acceptable for decolorizing RR2 at
H 10.
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