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Abstract

The decolorization of C.I. Reactive Red 2 using ozone-related, Fenton-like-related and ozone/Fenton-like hybrid systems was studied. The UV,
H,0,, UV/Fe** and H,0,/Fe*" systems did not achieve significant decolorization at pH 7; decolorization rates followed the order: pH 10 > pH
7 > pH4 inthe O and UV/Oj; systems and followed the opposite order in the case of the UV/H, 0O, system. Decolorization rate constants were consistent
with pseudo-first-order kinetics. In the O5 system, decolorization rate declined as dye concentration increased. The decolorization rate constants at pH
7-followed the order UV/Oy/H,0,/Fe*" (578 h™!) > UV/Oy/H,0, (5.33h 1) > UV/H,0x/Fe*" (4.59h ") > UV/H,0, (4.08 1) >UV/O;
(291h")=03 (291 h™") > UV/Os/Fe*" (290 h™") > O4/Fe** (242 h™") > 05/H,0/Fe* (2.03h™ ') > 03/H,0, (14207 1).
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1. Introduction

Azo dyes are by far the largest of all classes of dyes. As the
wastewater from textile dyeing typically contains high concentra-
tions of colorants, effective decolorization methods are urgently
required. Although numerous physical/chemical schemes,
including coagulation, flocculation, adsorption and membrane
filtration, have been used to decolorize textile effluents, these
techniques suffer disadvantages of sludge generation, adsorbent
regeneration and membrane fouling.

Advanced oxidation processes (AOPs) are alternative methods
for decolorizing and reducing recalcitrant wastewater loads from
the textile dyeing industry. Among the AOPs, treatment with
ozone [1—5] or Fenton-type [4—6] processes have yielded very
good results. The Fenton-type process combines an iron com-
pound with hydrogen peroxide to produce hydroxyl radicals. Hy-
drogen peroxide [7,8], OH™ [3], UV light [3,9] and reduced
transition metals [1,7,10,11] can activate the decomposition of
ozone to hydroxyl radicals. The effects of dye concentration
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[3,12], ozone dosage [12,13], pH [1,3,12,14], presence or absence
of UV [3,9] and UV intensity [9] in ozone-related systems have
been evaluated. The general mechanism involves Fenton reagent
that utilizes Fe* ™ (Fenton) or Fe*" (Fenton-like) ions as catalysts
to decompose hydrogen peroxide. Ultraviolet irradiation (photo-
Fenton and photo-Fenton-like reactions) [15,16] promotes degra-
dation of organic compounds in Fenton and Fenton-like reactions.
Several studies have investigated the effects of iron salt dosage
[16—19], H,O, dosage [6,16—19], the nature of the iron salt
[6,17], the presence or absence of UV [16,17,20] and UV intensity
[16] in Fenton-type processes.

Various researchers have explored synergic effects in the de-
colorization of dyes using hybrid systems, including Fe®/H,0,
[21], O3/H,0, [7,8,21,22], Os/Fe*™ [23,24], UV/O3/H,0,
[7,22,25], O3/H,0,/Fe*" [7], UV/O4/Fe** [11,23,24], UV/O5/
Fe*™ [10], UV/TiO/0; [2,22], UV/TiO»/H,0, [20], UV/O4/
H,0,/Fe*" [22], UV/Os/Fe’>"/Cu?t [11,24], UV/O3/H,0,/
Fe?" [7] and UV/O3/TiO,/SnO, [3]. Several studies have
analyzed the factors that influence dye decolorization in H,O,-
and ozone-related individual systems. Most hybrid H,O,-related
processes, when used under acidic conditions, achieved a higher
decolorization efficiency than that obtained under neutral or
alkaline conditions; conversely, hybrid ozone-related processes
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were preferred under alkaline conditions. When H,0,- and
ozone-related systems were utilized for pre-treating and/or
post-treating biological wastewater, the pH must be adjusted
twice, firstly to an acidic/alkaline pH for the H,O,-/ozone-
related systems and, subsequently, adjustment to neutral pH.
Thus, a system with high decolorization efficiency under neutral
pH is economically attractive. Notably, Fe® " has been assessed in
relatively few hybrid H,O,-/ozone-related systems; in addition,
no study has investigated hybrid H,O,-/ozone-related systems
at neutral pH.

This work concerns the effect of Fe** on hybrid H,O,-/
ozone-related systems on the decolorization of C.I. Reactive
Red 2 (RR2) at neutral pH and, notably, to compare the decolor-
ization efficiencies of O3, O3/H,0,, O3/Fe®™, O3/H,0,/Fe’™,
UV/H,0,, UV/H,0,/Fe*", UV/O;, UV/Os/Fe*", UV/Os/
H,0, and UV/O3/H,0,/Fe*" systems at neutral pH. The effects
of pH in the O3, UV/H,0, and UV/Oj; systems and the effect of
dye concentration in the O3 systems were also determined.

2. Materials and methods
2.1. Materials

The dye (C;9H;¢Cl,NegNa,04S,, 615 g/mol and A, 538 nm)
was obtained from Aldrich. Ferric sulfate (Fe,(SQOy)3), utilized
as the source of Fe>", was of analytical grade and was purchased
from Merck, as was hydrogen peroxide solution (H,O,, 30% w/
w). pH was controlled using HNO3 and NaOH via an automatic
titrator. All reagents were employed without further treatment;
deionized and doubly distilled water was used. In the ozone-
related systems, a 137 mm long dielectric barrier discharge
(DBD) reactor [3] was utilized to produce ozone. A stainless
steel wire (diameter, 5.0 mm) was suspended as an inner
electrode along the axis of a Pyrex-glass tube (internal diameter,
20.0 mm). Glass pellets (diameter, 5 mm) were used as packing
material and were placed in the plasma region between the two
electrodes. The reactor consumed 8 W in pure oxygen at a flow
rate of 500 mL/min; the concentration of ozone was fixed at
2060 ppm (in gas) [3].

2.2. Decolorization experiments

The decolorization of RR2 at pH 7 in UV, H,0,, UV/Fet
and H,O,/Fe* " systems were determined as background exper-
iments. The dye concentration was 40 ppm in all experiments,
except in those that determined the effects of dye concentration
in the O3 system. Decolorization was performed in a 3 L hollow
cylindrical glass reactor. Inside the inner quartz tube was an
8 W, 254 nm UV-lamp (Philips) as irradiation source (emission
wavelength 230—320 nm). The concentration of Fe’' was
25 ppm; H,O, doses of 500, 1000, 3000, 5000 and
10,000 ppm were used to determine the optimum H,O, dosage.
In ozone-related systems, ozone was pumped into the reactor at
a flow rate of 500 mL/min while in the non-ozone systems, air
was input at 500 mL/min into the reactor to maintain the same
experimental conditions. All systems were stirred continuously
at 300rpm. A 15mL aliquot was withdrawn from the

photoreactor at pre-specified intervals from which suspended
solids were removed by centrifugation at 5000 rpm for
10 min, followed by filtration through a 0.22 um filter
(Millipore). Decolorization of RR2 was measured using a spec-
trophotometer (HACH DR/4000U) at 538 nm. Decolorization
efficiency was determined from the difference in dye concen-
trations before and after the experiment.

3. Results and discussion

3.1. Background experiments

When the decolorization efficiency of UV, H,0,, UV/Fe*"
and H,O,/Fe’ " systems was determined at pH 7, no significant
decolorization (Fig. 1) was achieved. Thus, the oxidizing
power of neither UV nor H,O, was adequate to decolorize
the dye. In the UV/Fe’" system, the reaction is expressed as
Eq. (1) [17,26]

Fe'" + H,0 + hv — Fe*" + H' + OH*
k=33x10°M"s! (1)

However, OH* may be scavenged by Fe’*" according to
Eq. (2).

Fe’* + OH* —» Fe** + OH™ k =32 x 10°M's™' (2)

Since the rate constant in Eq. (1) is considerably lower than
that in Eq. (2) [17], the decolorization efficiency of the UV/
Fe’' system is negligible, a finding similar to that obtained
by Muruganandham and Swaminathan [27] for the UV/Fe*"
system.

The typical mechanism of the Fenton reaction involves sev-
eral cyclical reactions. Based on Egs. (3)—(8), Fe*" and H,0,
are formed in their original state at the end of the cyclical re-
actions [17,22,26]. When a Fenton-like reagent is applied, the
reaction sequence begins with Eq. (4).

k=76 M'g!
3)

Fe** + H,0, — Fe*t + OH™ + OH*

1
\/.\‘/>X x A —
-\‘/A‘.>x\
— &
0.8 -
>
&)
~
&)
0.6 -
—— UV
—-— H202
—— UV/Fe*
—x— H,0,/Fe**
04 1 1 1 1 1
0 10 20 30 40 50 60

Time (min)

Fig. 1. Decolorization efficiency of UV, H,0,, UV/Fe** and H,0,/Fe** sys-
tems (RR2=40ppm, H,0,=1000ppm, Fe’'=25ppm, pH=7 and
T=125°C).
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Fe** + H,0, —» Fe** + HY + HO,* &k = 0.02M!'s7!

(4)

Fe’* 4+ HO,» —» Fe’™ + HO, k=12 x 10°M 's™!
(5)

Fe't + HO;» > Fe’' + H' + 0, k=3.1x 10°M s

(6)

OH- + H202 - HOz' + HQO k=45 x 107 1\/17l 87l

(7)

20H* > H,0, k=53 x 10°M's™! (8)

In the H,O»/Fe* " system, hydroperoxyl and hydroxyl radi-
cals are generated by Fe>™ and Fe?", according to Eqs. (4) and
(3), respectively. However, Fe*™ and H,0, scavenge hydroxyl
radicals, according to Egs. (2) and (7), and Fe’" and Fe’"
scavenge hydroperoxyl radicals, according to Egs. (5) and
(6), respectively. The negligible decolorization of the H,O,/
Fe’" system is attributable to the following characteristics:

(i) radical generation rates were lower than consumption
rates, as described in Egs. (2)—(8) [17];

(ii) the Fe*" dosage was low, consequently few radicals
were produced.

Since Fe,(SO,); was utilized as the Fe** source, the disso-
ciated sulfate may further scavenge hydroxyl radicals, render-
ing decolorization negligible [28]. Attention must be paid to
the molar Fe**:H,0, ratio to prevent undesired radical scav-
enging reactions (Egs. (2) and (5)—(7)) in the presence of ex-
cess Fe** or H,0,.

Fig. 2 shows the background UV—vis spectra of H,O,, O3,
Fe’™ and H,O,/Fe*" in solution. The experimental results in-
dicated that H,O, and Oz in solution are absorbed at wave-
lengths <310 and <245 nm, and Fe’" and H,O,/Fe*" were
absorbed at <400 nm. Absorbance intensities at <260 nm fol-
lowed the order: HO,/Fe*™ > H,0, > Fe*", implying that fa-
vorable photolysis/photocatalytic conditions can produce
radicals. Furthermore, the order of the absorbance intensities
follows that of radical production. Hoffmann et al. [29] dem-
onstrated that direct HO, or O3 photolysis requires photons
with a wavelength <310 nm and that H202/Fe3 * absorbs pho-
tons of wavelength up to 550 nm [30]. These experimental re-
sults are similar to those obtained in other studies [29,30].

3.2. Decolorization efficiency of H,O, systems

Fig. 3 shows the effect of HO, dosage at pH 7 in the UV/
H,0, system with 500, 1000, 3000, 5000 and 10,000 ppm of
H,0,; added. Although H,0, did not decolorize RR2, it mark-
edly increased the decolorization efficiency when combined
with UV irradiation. Eq. (9) describes the reaction of the
UV/H,0, system.
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Fig. 2. Background UV—vis spectra of H,O,, O3, Fe’* and H,0/Fe>™ in so-
Iution (H,O, = 1000 ppm, ozone flow rate =500 mL/min, Fe’t =25 ppm,
and T =25 °C).

H202 + hv — 20H (9)

The degradation rate of organic compounds increases with
H,O, concentration up to a threshold; as the H,O, concentra-
tion increases further, degradation efficiency declines as H,O,
scavenges hydroxyl radicals when present at a high concentra-
tion [16,17,19,21], thereby generating hydroperoxyl radicals
which have lower oxidation capacity than hydroxyl radicals
(Eq. (7)). Additionally, the recombination of hydroxyl radicals
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Fig. 3. Effects of HO, dosage in UV/H,0, system on (a) decolorization effi-
ciency and (b) linear regression of pseudo-first-order reaction Kkinetics
(RR2 =40 ppm, pH=7 and T =25 °C).
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also reduces decolorization efficiency (Eq. (8)). Decoloriza-
tion efficiency increased as the H,O, concentration increased
from 500 to 1000 ppm in the UV/H,0, system; however, at
concentrations >1000 ppm, no further improvement occurred
(Fig. 3(a)). Plotting In(Co/C) as a function of time yielded
the decolorization rate constant (k) (Fig. 3(b)). The k values
for photocatalytic systems exhibit pseudo-first-order kinetics;
numerous studies have indicated that dye decolorization rates
can be approximated using pseudo-first-order Kkinetics
[3,18,22,23]. The k values obtained at 500, 1000, 3000, 5000
and 10,000 ppm H,O, in UV/H,0O, systems were 3.61, 4.08,
3.51, 2.57 and 1.52h™", respectively, and the corresponding
correlation coefficients were 0.989, 0.985, 0.979, 0.991 and
0.982, respectively. The hydrogen peroxide:catalyst ratios
ranged from 10:1 to 40:1, this being typically recommended
as optimal for Fenton processes [31,32]. Based on an appropri-
ate hydrogen peroxide dosage of 1000 ppm and to prevent the
generation of a large quantity of sludge, the Fe*™ dosage was
set at 25 ppm in all experiments in which Fe*" was used.
pH influences the generation of hydroxyl radicals and,
therefore, decolorization efficiency. Fig. 4 shows the effect
of pH in the UV/H,0, system from which it is evident that
UV/H,0, system completely decolorized RR2 after 50 min
at pHs of 4 and 7. The decolorization rate constant of the
UV/H,0, system followed the order: pH 4 (4.96 h> pH
7 (4.08h™ " >pH 10 (1.99h™") (Table 1), perhaps due to
auto-decomposition of H,O, to oxygen and water under alka-
line conditions. Buxton et al. [33] demonstrated that the oxida-
tion potential of hydroxyl radicals declines as pH increases.
Hence, the decolorization rate constant was lowest at pH 10.

3.3. Decolorization efficiency of the ozone systems

Ozone reacts with dyes either by electrophilic attack or in-
directly by radical chain reaction, depending on pH. Fig. 5
shows the effect of pH in the O; and UV/Oj3 systems. The
k values for the UV/O;5 system exceeded those of O; and the
k values of the O3 and UV/O;5 systems followed the order:
pH 10 > pH 7 > pH 4 (Table 1). Ozone oxidizes organic com-
pounds via two possible degradation routes:
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Fig. 4. Effects of pH on the decolorization efficiency in UV/H,0, system
(RR2 =40 ppm, H,O, = 1000 ppm and T =25 °C).

Table 1
Pseudo-first-order reaction rate constants and correlation coefficients of vari-
ous systems (RR2 = 40 ppm, H,0, = 1000 ppm and Fe** = 25 ppm)

Systems k™ R?

Non-UV systems

O; (pH 4) 1.67 [1.75] 0.983 [0.989]
O; (pH 7) 2.91 [4.19] 0.976 [0.991]
O; (pH 10) 5.74 [7.36] 0.996 [0.997]
05/H,0, (pH 7) 1.42 0.994
0s/Fe*t (pH 7) 2.42 0.948
04/H,0,/Fe*" (pH 7) 2.03 0.994

H,0, related systems

UV/H,0, (pH 4) 4.96 0.972
UV/H,0, (pH 7) 4.08 0.985
UV/H,0; (pH 10) 1.99 0.986
UV/H,0,/Fe*" (pH 7) 459 0.976

Oj related systems

UV/O; (pH 4) 1.91 0.977

UV/O; (pH 7) 291 0.975

UV/O; (pH 10) 6.59 0.998
UV/05/Fe*" (pH 7) 2.90 0.958
H,0,/05 hybrid related systems

UV/O3/H,0, (pH 7) 5.33 0.972
UV/03/H,0,/Fe*" (pH 7) 578 0.976

Note: values in brackets presented the result of 20 ppm RR2.

(i) under alkaline conditions, ozone rapidly decomposes to
yield hydroxyl and other radicals in solutions (Egs.
(10)—=(12));

(i) under acidic conditions, ozone remains stable and re-
acts directly with organic substrates [34].

Since the oxidation potential of hydroxyl radicals markedly
exceeds that of ozone molecules, direct oxidation is slower
than radical oxidation [14]. Alaton et al. [35] revealed that in-
creasing ozonation system pH increases hydroxyl radical pro-
duction; restated, the decolorization rate increases as pH
increases. Combining ozone with UV light promotes dye deg-
radation via direct and indirect production of hydroxyl radicals
following ozone decomposition and hydrogen peroxide forma-
tion, respectively (Eqs. (9) and (13)) [36]:

0; + OH™ — O;* + OH- (10)
0;*— 0+ + 0, (11)
O + H' - OH* (12)
0; + H,0 + hv — 0, + H,0, (13)
H,0, + hv — 20H¢ (9)

The combined process is more effective because UV radia-
tion promotes ozone decomposition, yielding additional hy-
droxyl radicals, and, thus, increasing ozonation. Various
studies have indicated that UV promotes ozone decolorization
[1-3,9,36].

Fig. 6 shows the UV—vis spectral changes of RR2 at pH 7
in UV/O; systems. Before treatment, the UV—vis spectra of
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Fig. 5. Effects of pH on the decolorization efficiency in O3 and UV/O; systems
(RR2 =40 ppm, ozone flow rate = 500 mL/min and 7 =25 °C).

RR2 have three main absorption bands — two in the UV region
(285 and 330 nm) and one in visible region (538 nm). The UV
band is characteristic of two adjacent rings, whereas the visi-
ble band is associated with a long conjugated 7t system linked
by two azo groups [37]. The intensity of absorption at 538 nm
declined extremely rapidly, from 0.99 to 0.20, after 20 min.
The UV bands at 285 nm (from 0.82 to 0.46) and 370 nm
(from 0.26 to 0.13) vanished after 20 min and at a slower
rate than did the visible band. The hydroxyl radicals initially
attack the azo groups and open the N=N bond (Fig. 6); the
N=N bonds are more easily destroyed than are aromatic
structures. Lucas and Peres [26] obtained a similar result for
C.I. Reactive Black 5 in a photo-Fenton system.

The effect of initial dye concentration on decolorization
rate was examined by varying the initial concentration of
RR2 20 in the O; system; Fig. 7 plots the experimental results.
The k values achieved for 20 ppm RR2 at pHs 4, 7 and 10 were
1.75, 4.19 and 7.36 h™"', respectively, and those for 40 ppm
RR2 were 1.67, 2.91 and 5.74 h™", respectively. The decolor-
ization rate decreased as dye concentration increased, partially
because additional dye molecules and reaction intermediates
competed with hydroxyl radicals and ozone molecules when
the dye concentration was high. Several studies have reported

— Initial

B UV/O, (20 min)
A UV/O; (40 min)
¢ UV/0; (60 min)

0.8

Absorbance

0 N n:::.un“u "““u.“
250 350 450 550 650

Wavelength (nm)

Fig. 6. UV—vis spectral changes of RR2 in UV/Oj; systems (RR2 =40 ppm,
ozone flow rate = 500 mL/min, pH =7 and T =25 °C).

similar observations for homogeneous and heterogeneous pho-
tocatalytic systems [3,38—40].

3.4. Decolorization efficiency of the HyO/ozone-related
hybrid systems

Fig. 8 presents the decolorization efficiencies of the O3, O3/
H,0,, O5/Fe*" and O5/H,0,/Fe* " systems at pH 7. The decolor-
ization rate constants for the O3, O3/H,0,, O5/Fe* " and O3/H,0,/
Fe3t systems at pH 7 followed the order: O5 (2.91 h™ >0y
Fe’* (242 h7 ") > Oy/H,0,/Fe*" 203 h™ ") > 04/H,0, 14207 ")
(Table 1). This indicates that combining H,0,, Fe’" and
H,0,/Fe*" within the O system at pH 7 did not enhance decol-
orization. Under acidic conditions, Fe*" catalyzes O3 decom-
position to generate hydroxyl radicals [41]. The Os/Fe’"
system exhibits no such synergic effect. Under alkaline condi-
tions, H,O, can react with O3, producing hydroxyl and hydro-
peroxyl radicals (Eq. (14)) [11].

03 + HzOz—’ 02 + OH- + HOz‘ (14)

However, as Eq. (14) does not apply under acidic and neu-
tral conditions, adding H,O, to the Oj system did not increase
decolorization. H,O, exhibited negligible decolorization effi-
ciency at pH 7 (Fig. 1) and H,0, scavenged hydroxyl radicals
from the solution (Eq. (7)). Hence, combining H,O, with the
O3 system at pH 7 suppressed the decolorization reactions. Es-
plugas et al. [25] demonstrated that the organic degradation
rate of O; exceeds that of the O3/H,O, system.

Fig. 9 shows the decolorization efficiencies obtained for the
UV/O3, UV/H,0,, UV/O5/H,0,, UV/O,/Fe® ", UV/H,0,/Fe*
and UV/O5/H,0,/Fe®" systems at pH 7. The decolorization
rate constants for the UV/O;, UV/H,0,, UV/O3/H,0,, UV/
05/Fe’ ", UV/H,0,/Fe*" and UV/O3/H,0,/Fe’" systems at
pH 7 followed the order: UV/03/H,0,/Fe* (5.78 h™") > UV/
05/H,0, (5.33h™ 1) > UV/H,0,/Fe*" (459 h™') > UV/H,0,
(4.08 h™ 1 > UV/05 (291 h™ 1) > UV/O5/Fe*t (2.90 h™!) (Ta-
ble 1). Experimental results revealed that adding Fe** to UV/
H»0, and O5 to UV/H,0, or UV/HZOZ/FC3+ enhanced decolor-
ization efficiency. In the UV/Os/Fe’" system, Fe’" promotes
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Fig. 7. Effects of dye concentration on the decolorization efficiency in O3 sys-
tem at various pHs (RR2 =40 ppm, ozone flow rate =500 mL/min and
T=25°C).
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Fig. 8. Decolorization efficiency of O3, O3/H,0,, 05/Fe*" and O3/H,0,/Fe**
systems (RR2 =40 ppm, ozone flow rate = 500 mL/min, H,O, = 1000 ppm,
Fe" =25 ppm, pH =7 and T =25 °C).

formation of hydroxyl radicals (Eq. (1)) and consumes hydro-
peroxyl radicals (Eq. (6)). The oxidation potential of hydroxyl
radicals exceeds that of hydroperoxyl radicals; however, the
generation rate of hydroxyl radicals (3.3 x 107°M's™") is
much lower than the consumption rate of hydroperoxyl radicals
(3.1 x 10° M~ 's™1) [17]. Therefore, adding Fe** did not sig-
nificantly promote decolorization in the UV/Oj3 system.

Egs. (1)—(9) present the reaction mechanisms in the UV/
H,0,/Fe>" (photo-Fenton-like) system. Iron cycles between
Fe** and Fe®" under light irradiation. Experimental results in-
dicated that the decolorization rate of the UV/H,0,/Fe " system
exceeded that of UV/H,0,, which is consistent with findings ob-
tained by previous studies, which showed that the reaction rates
of photo-Fenton and photo-Fenton-like systems exceed that of
the UV/H,0, system [7,22,27]. In the UV/O3/H,0, system, re-
actions described by combining Eqgs. (9), (13) and (14), which
hybrid system had a higher decolorization rate than the UV/
O3, UV/H,0, and O3/H,0, systems. Interestingly, H202/Fe3+

—0O— UV/O,
—a— UV/O/H,0,
08 —o— UV/Oy/Fe*
- - & - UV/O,/H,0,/Fe**
—e— UV/H,0,
2 %er —%— UV/H,0,Fe™
o
O
04
02
0 . ] i
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Time (min)

Fig. 9. Decolorization efficiency of UV/O3;, UV/H,0,, UV/O53/H,0,, UV/O5/
Fe3*, UV/H,0,/Fe’" and UV/O3/H202/FC3+ systems (RR2 =40 ppm, ozone
flow rate =500 mL/min, H,O, = 1000 ppm, Fe*' =25ppm, pH=7 and
T=25°C).

and O3/H,0, systems exhibited low decolorization rates; how-
ever, the hybrid systems UV/HZOZ/Fepr and UV/O5/H,0, had
high decolorization rates, implying that UV irradiation played
an important role in these systems. Since UV irradiation can de-
compose H,0, to hydroxyl radicals (Eq. (9)), the scavenging ef-
fect of HO, can be ignored (Eq. (7)), and the decolorization rate
is then finally increased. Given the synergic effects in the UV/
H202/Fe3+ and UV/O5/H,0, systems, increased decolorization
rate in the UV/O5/H,0,/Fe’* system was expected and reason-
able. Beltran-Heredia et al. [7] combined O3 with the UV/H,0,/
Fe?* system to degrade p-hydroxybenzoic acid. Dominguez
etal. [22] incorporated Oj into the UV/H202/Fe3+ system to de-
colorize Acid Red 2. Both studies suggested that the hybrid O3/
photo-Fenton and Os/photo-Fenton-like systems had the highest
reaction rate among the O3, 03/H,0,, O5/Fe*", O3/Fe*", H,0/
Fe’ ", HyO./Fe?t, 03/H,04/Fe*", 03/H,0,/Fe*", UV/H,0,,
UV/H,0,/Fe*", UV/H,0,/Fe*", UV/O;, UV/O4/Fe*", UV/
05/Fe*™ and UV/O4/H,0, systems.

4. Conclusions

Neither UV nor H,O, alone caused significant RR2 decol-
orization. As the H,O, concentration was increased from 500
to 1000 ppm in the UV/H,0, system, decolorization efficiency
increased; however, at H,O, > 1000 ppm, no further improve-
ment occurred. Attention must be paid to the molar Fe*":H,0,
ratio to prevent undesired radical scavenging reactions. The k
values of the UV/H,O, system followed the order of pH
4>pH 7>pH 10; the £ values for the UV/O; system ex-
ceeded those obtained for O3 and the k values of the O3 and
UV/O; systems followed the order: pH 10 >pH 7 > pH 4.
Without UV irradiation, decolorization rate constants at pH
7 followed the order: Os > Os/Fe’" > 03/H,0,/Fe*™ > 04/
H,0,. Under UV irradiation, the decolorization rate constants
at pH 7 followed the order: UV/05/H,0,/Fe* ™ > UV/O5/
H,0, > UV/H,0,/Fe*" > UV/H,0, > UV/O5 > UV/O,/Fe* ™.
Notably, UV irradiation was important to the synergic effects
of hybrid systems.
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