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bstract

The comparison of different advanced oxidation processes (AOPs), i.e. ultraviolet (UV)/TiO2, O3, O3/UV, O3/UV/TiO2, Fenton and electroco-
gulation (EC), is of interest to determine the best removal performance for the destruction of the target compound in an Acid Orange 6 (AO6)
olution, exploring the most efficient experimental conditions as well; on the other hand, the results may provide baseline information of the
ombination of different AOPs in treating industrial wastewater. The following conclusions can be drawn: (1) in the effects of individual and
ombined ozonation and photocatalytic UV irradiation, both O3/UV and O3/UV/TiO2 processes exhibit remarkable TOC removal capability that
an achieve a 65% removal efficiency at pH 7 and O3 dose = 45 mg/L; (2) the optimum pH and ratio of [H2O2]/[Fe2+] found for the Fenton process,
re pH 4 and [H2O2]/[Fe2+] = 6.58. The optimum [H2O2] and [Fe2+] under the same HF value are 58.82 and 8.93 mM, respectively; (3) the optimum
pplied voltage found in the EC experiment is 80 V, and the initial pH will affect the AO6 and TOC removal rates in that acidic conditions may be

avorable for a higher removal rate; (4) the AO6 decolorization rate ranking was obtained in the order of O3 < O3/UV = O3/UV/TiO2 < EC < Fenton;
5) the ranking of TOC removal efficiency of selected AOPs was in the order of O3 = Fenton < EC < O3/UV < O3/UV/TiO2 for 30 min of reaction
ime.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes have been used in many industrial processes, espe-
ially in the textile industry that applies dyeing and finishing
echnologies to color synthetic fabric. The spent dye solution,
long with unreacted chemicals, is discharged into the wastewa-
er treatment system. Residual colors in wastewater are difficult
o remove entirely by biological and/or chemical treatment pro-
esses. The effluent containing residual color and compounds
hat are not easily biodegradable, may cause environmental con-
erns and may be aesthetically displeasing. Although sodium

ypochlorite (NaOCl) added to effluent may remove residual
olors effectively, its high cost and environmental problems of
iological toxicity must be taken into consideration [1]. Due to
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he difficulty of removing dye residues from wastewater by tra-
itional wastewater treatment methods, advanced oxidation pro-
esses (AOPs) have become the most promising procedures to
reat textile wastewater containing dye residues in terms of effec-
ive decolorization and reduction of the refractory pollutants.

Ozonation is one of the AOPs that has been applied in water
reatment for years. Because of its strong oxidative ability,
zone can degrade organic pollutants [2] and destroy microbes
n the form of ozonated water. The combination of ozonation
ith ultraviolet (UV) irradiation and/or photocatalysts, that has
een attracting much attention, can improve the efficiency of
zonation in water or wastewater treatment. The photocatalytic
zonation will produce more OH• and H2O2 species through
irect and indirect reaction modes as ozone decomposes [3].

he OH• is a nonselective oxidant with oxidation potential

E0 = 2.8 eV), compared to ozone (E0 = 2.08 eV), and can react
ith the refractory pollutant in wastewater [4,5]. In the presence
f TiO2, electrons from valence band (e−

BC) and positive holes
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h+
BC) are produced simultaneously under the stimulation of UV

rradiation and the following reactions are proposed to occur [6]:

iO2 + hν → hBV
+ + eBC

− (1)

3 + eBC
− → O3

•− (2)

3 + O2
•− → O3

•− + O2 (3)

3
•− + H+ → HO3

•− → O2 + OH• (4)

The Fenton reaction is one popular AOP method in decol-
rization that combines Fe2+ and H2O2 with production of OH•,
nd is also one of the more practical industrial applications
emonstrated in recent years [7]. The Fenton reaction is based on
he formation of OH•, a nonspecific oxidant with a high E0 value
hat can degrade pollutants efficiently. A typical OH• formation
s shown below:

2O2 + Fe2+ → Fe3+ + OH− + OH• (5)

Decolorization occurs mainly through the reaction of OH•
ith dyestuff [8]. The Fenton processes can remove the residual

olor and 85% of chemical oxygen demand (COD) from textile
astewater within 20–40 min of reaction time [1].
Electrocoagulation (EC) has been developed in recent years

nd employs the electrochemical reaction to produce metal ions
t the anode, causing the metal ions to immediately undergo fur-
her spontaneous reactions to produce corresponding hydroxides
nd/or polyhydroxides at the cathode [9]. It also generates hydro-
en gas as metal anode dissolution. Gas bubbles formed in the
athode, capture suspended solids, and thus removes pollutants
y sedimentation or floatation. EC has been studied in textile
astewater treatment and showed almost 100% decolorization

nd 70–90% of COD removal in a previous report [10].
The objective of this study was to evaluate the performance

f six AOPs, i.e. UV/TiO2, O3, O3/UV, O3/UV/TiO2, Fenton
nd EC, in terms of decolorization and mineralization properties
hen treating an azo dye, Acid Orange 6 (AO6), and to explore

he most efficient experimental conditions as well. The results
ay serve as a reference for further discussion of economic

omparison amongst those AOPs.

. Materials and methods

.1. Material
The chemical structure of AO6 is shown in Fig. 1 and was
sed without further purification, with a molecular weight and
urity of 316 g/mol and 65%, respectively. The AO6 stock solu-
ion was prepared and the concentration (CA0) was 0.2 g/L, the

ig. 1. Molecular structure of Acid Orange 6 (AO6). Molecular formula,

12H9O5N2SNa; molecular weight, 316 g/mol; color index, 14,270.
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nitial values of pH, COD (COD0) and TOC (TOC0) were about
.8, 169 mg/L and 54 mg/L, respectively. The chemicals for TiO2
anatase, 99.9+% pure) immobilization, pH adjustment and TOC
nalysis in this study were purchased from Aldrich.

.2. The ozone reactor

All ozonation experiments were performed in an airtight reac-
or with an effective volume of 5.5 L, that was equipped with
water jacket to maintain a constant solution temperature. The
perational volume in this study was 4.0 L. Ozone was generated
rom pure oxygen in an ozone generator (Model SG-01A, Sumit-
mo, Tokyo, Japan) at a feed rate of 120 L/h through a cylindrical
as distributor that was located at the bottom of the reactor, the
aximum ozone production is 104 g/N m3. The light source used
as a low pressure mercury vapor UV lamp (AquaPro, USA)

nd housed with a quartz glass tube. The UV lamp emitted its
aximum radiation at 254 nm, and the irradiation intensity was
easured by a digital radiometer (UVX, USA). The TiO2 immo-

ilization was done according to the method reported previously
11] and was coated on the inner surface of a glass tube that was
ertically cut in half, and was attached on the inner wall of the
eactor. Before starting the semi-batch experiment, ozone con-
aining gas was directed to an ozone monitor (Model 1008-HC,
asibi, CA, USA), which was previously calibrated with the KI

olution and the concentration measured. Excessive ozone gas
as destroyed before venting into the air.

.3. Fenton

The Fenton process serves both oxidation and coagulation
unctions in this study. H2O2 (Aldrich, 30%) and Fe2+ were the
ajor reactants in the oxidation step, and were added to the AO6

olution. The solution was mixed rapidly for 60 min. The pH for
ll solution used in this experiment was adjusted by adding HCl
nd NaOH, controlling it at desired levels.

.4. Electrocoagulation

The reactor for the EC experiments was designed and the flow
iagram is illustrated in Fig. 2. The EC reactor was composed
f parallel and horizontal iron plates with an operational volume
f 1.0 L. Solution was fed from one side of the case, so that the
olution could pass between all spaces between the plates. The
egulated direct current (dc) power supplier (Yang Tong, Taiwan)
as connected to the top and bottom iron plates that served

s cathode and anode. Such a design has been considered an
ffective EC reactor in treating high concentration of wastewater
9]. The applied voltage used in this study ranges between 0 and
70 V, and the maximum current intensity is 5 A.

.5. Experimental procedure
.5.1. Ozonation
The AO6 stock solution was prepared prior to all ozona-

ion experiments, and the pH of the AO6 solution was adjusted
o the desired value by adding phosphorous buffering solu-
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ig. 2. Flow diagram of EC reactor with short horizontal parallel plate elec-
rodes. Components: (1) solution inlet, (2) electrode, (3) treated solution outlet
nd (4) dc power supplier.

ion (Aldrich). The experimental conditions were divided into
hree systems: O3 only, O3/UV and O3/UV/TiO2 at 25 ◦C. The
nlet ozone gas concentrations (CB0) were set at 36, 45, 60 and
0 mg/L for O3 alone, 0, 45 and 60 mg/L for O3/UV experiments
nd 45 mg/L for O3/UV/TiO2 experiments. For the experiments
f O3/UV and O3/UV/TiO2, mercury lamps emitted 98% of
ts total irradiation at 254 nm, UV light intensity used in this
xperiment was measured as 30 W/m2. For the TiO2 photocat-
lytic experiment, TiO2 was pre-coated on the vertically cut
lass tubes that were inserted into the reactor before conducting
he experiments.

Liquid samples were withdrawn from the reactor at desired
ime intervals in the course of the experiments to analyze their
roperties. The residual dissolved ozone in the samples was
emoved by stripping with nitrogen. According to the test results,
he residual dissolved ozone with the initial value of 5 mg/L
ould be stripped by nitrogen with more than 98% (below
.1 mg/L) within 30 s and complete removal within 60 s from the
olution, as determined by the indigo method [12] with a detec-
ion limit of 0.01 mg/L. The sample volume and nitrogen flow
ate were 20 mL and 0.0167 L/s, respectively. For the ozonation
egime with negligible residual dissolved ozone, the sampling
ime interval did not affect the measurements of absorbance and
he TOC of solution. For the ozonation regime with significant
esidual dissolved ozone, the sampling time interval had to be
onger, say 10 min, in order to reduce the lag effect of nitrogen
tripping. For the sampling time interval of 10 min, the lag effect
f quenching the ozonation reaction on the experimental results
s less than 5% (estimated by noting that 30 s/10 min is about
%) and may be tolerable.
.5.2. Fenton
The Fenton experiments were carried out in a stirred batch

eactor and the temperature was controlled at 25 ◦C. The stock
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olution was adjusted to the desired pH value by adding HCl and
aOH. [H2O2] and [Fe2+] solutions were prepared from H2O2

nd FeSO4 that were added to stock solution at desired molar
atios. Due to the fast reaction, sampling interval was 1 min per
ample taken at the first 10 min. After that, a sampling time
nterval of 10 min was set.

.5.3. Electrocoagulation
The stock solution was adjusted to the desired pH (4.5, 7

nd 10) by adding HCl and NaOH and pumped upward through
he serpentine channel between the iron plates at a feed rate
f 0.9 L/min, and the effluent was flowed to the storage of stock
olution (capacity = 4.0 L). The current density and conductivity
ere set as 86.6 A/m2 and 200 �S/cm, respectively. The samples
ere collected at 5 and 10 min intervals from storage.

.6. Analytical measurements

A UV–vis detector (Model Cintra 20, GBC Scientific Equip-
ent, Australia) was used to examine visible wavelength from

00 to 700 nm. The integrated absorbance unit (IAU) was then
sed to determine the sample color [13]. The TOC concentration
as measured by a TOC analyzer (Model 1010, O.I. Corporate,
SA) that utilized the UV-persulfate technique to convert the
rganic carbon for the subsequent analysis by an infrared car-
on dioxide analyzer calibrated with the potassium hydrogen
hthalate standard.

. Results and discussion

.1. Ozonation of AO6 solution

The results of conventional parameters of ozonated AO6
olution are shown in Table 1. The pH decreased during ozona-
ion from 6.8 to about 4.0 whereas the conductivity increased
rom 211 to 278 �S/cm due to the formation of inorganic acid
nions, that could be monitored by the accumulation of nitrate
nd sulfate in solution. By measuring the characteristic wave-
ength at 490 nm, AO6 was removed entirely within 40 min
nder CB0 = 45 mg/L. The results of absorbance of the ozonated
O6 solution at the wavelength of 254 nm were recorded and
ppeared to decrease as ozonation time increased, suggesting
hat the aromatic structure and/or double bonds were dimin-
shed. Measuring the reduction ratios of COD (COD/COD0)
nd TOC (TOC/TOC0) under the same reaction time of ozona-
ion, 45 and 35% of COD and TOC reduction were obtained. It
ndicated that the oxidation ability of ozone was not adequate to
xidize all organic carbons into carbon dioxide. Therefore, the
maller organic compounds might be produced along with the
xidation of the target compound in the solution, and these were
ore resistant to ozonation. The TOC/TOC0 ratios might well

epresent the status of organic carbon in the solution, but that
ould not represent the total TOC concentration due to some

olatile organic vapors (i.e. formaldehyde and acetaldehyde)
enerated and emitted with off-gas that were not measured in
his study. An existing initial sulfate concentration was noted
hat was caused by the chemical used to synthesize the AO6 azo
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Table 1
Conventional parameters during the ozonation of the AO6 solution

Time (min) pH Conductivity (�S/cm) A/A0 (%) UV/UV0 (%) COD/COD0 (%) TOC/TOC0 (%) Sulfate (mg/L) Nitrate (mg/L)

0 6.81 211 100.00 100.00 100.00 100.00 13.85 0
10 6.70 223 29.09 76.93 82.45 90.83 14.62 0.39
20 6.27 232 9.52 51.74 73.12 88.59 26.98 1.22
30 5.83 239 5.95 35.00 66.11 82.18 34.87 1.16
40 4.82 245 0.81 25.04 59.98 82.03 42.51 1.90
5
6
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0 4.26 258 0 16.94
0 3.98 278 0 12.64

xperiment condition: CA0 = 0.2 g/L, CB0 = 45 mg/L, operational volume = 4 L

ye. The net production amount after 60 min of ozonation was
0.7 mg/L. Oxidation and cleavage of the sulfonic acid groups
f AO6 resulted in the increment of sulfate. The theoretical sul-
ate concentration should have been 53.3 mg/L based on the
rescription of CA0 = 0.2 g/L and 65% of purity, indicating that
small difference exist between the theoretical and the experi-
ental result. It might suggest that some sulfate was not totally

eleased from the ozonated by-products. With regard to nitrate
roduction, an increment in the concentration appeared slowly
s ozonation time increased, from none to 2.62 mg/L. Bearing
he chemical structure in mind, the nitrate came from the cleav-
ge of azo and derivative amino groups those might contribute
o the formation of nitrate as well as nitrite and gaseous nitrogen
ompounds [14].

.2. The effect of ozone concentration, UV irradiation and
iO2 photocatalyst on the degradation of AO6 and TOC
emoval

The effects of CB0 on AO6 reduction was significant and fol-
owed a pseudo-first order reaction, as shown in Fig. 3, indicating
hat the degradation was promoted as the magnitude of CB0

ncreased. As for the conditions of CB0 = 60 and 80 mg/L, the
equired time for total AO6 decolorization was shortened, com-
ared with that of CB0 = 36 mg/L, that was about 25 and 50% less
f the required time needed for the conditions of CB0 = 36 mg/L.

ig. 3. Effects of different ozone concentrations on the AO6 decolorization and
OC removal. Symbols for AO6 and TOC removal: (© and �) 36 mg/L; (�
nd �) 45 mg/L; (� and �) 60 mg/L; (� and �) 80 mg/L.
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r
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r
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55.59 80.78 47.28 2.29
55.30 74.72 50.68 2.62

◦C.

he TOC reduction was not as quick as that of AO6, its reduc-
ion rate (in terms of mg/L min) increasing as CB0 increased, as
een in Fig. 3, but the rate of TOC reduction gradually declined,
uggesting that intermediate compounds were produced and that
hey were hard to mineralize.

Fig. 4 shows the effect of CB0 on the degradation of AO6 and
OC reduction in the O3/UV processes that is similar to O3. Both
O6 and TOC reduction were measured and it was found that
lmost no reduction efficiencies occurred in the process of UV
rradiation alone. It suggested that the chemical structure of AO6
ould resist the UV irradiation for 60 min. Thus, the process of
V irradiation alone would not be considered in the following
iscussion. The AO6 reductions were almost completed within
0 min under O3/UV processes, as seen in Fig. 4. For the TOC
eduction, it revealed that the reduction efficiency was promoted
y the combination of ozonation with UV irradiation, as seen
n Fig. 4, and the TOC would be totally removed under the
rolonged O3/UV process time [15]. That result clearly indi-
ated that the contribution of UV irradiation on catalyzing O3
o produce free radicals was remarkable in removing ozonation
y-products.

Fig. 5 shows the comparisons between UV, UV/TiO2, O3/UV,
3/UV/TiO2 and O3 in AO6 and TOC reduction under the
ollowing experimental conditions: O3 = 45 mg/L and UV inten-
ity = 30 W/m2. The processes of UV and UV/TiO2 could neither
educe AO6 nor TOC effectively within the experimental time
ue to the inadequate oxidation ability of both processes. The

ig. 4. Effects of ozone concentrations on the AO6 decolorization and TOC
emoval by O3/UV processes. Symbols for AO6 and TOC removal: (© and �)
mg/L; (� and �) 30 mg/L; (� and �) 45 mg/L; (� and �) 60 mg/L.
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ig. 5. Effects of photocatalytic ozonation on the AO6 decolorization and TOC
emoval by UV (© and �); UV/TiO2 (� and�); O3/UV (� and�); O3/UV/TiO2

� and �); O3 (♦ and �).

3/UV/TiO2 performed the quickest AO6 reduction rate con-
tant, 0.236 min−1, and the rate constants for O3 and O3/UV
ere 0.137 and 0.218 min−1, respectively. The rate constants

re summarized in Table 2. For TOC removal, a similar perfor-
ance was observed and the TOC reduction rate constant for
3/UV/TiO2 was 0.034 min−1, which is 1.7 times of that of the

ate constant of O3 and 1.2 times that of O3/UV process. As
een in Table 2, it can be noted that the rate constants ratios
or O3/UV/TiO2 ((rate constant of O3/UV/TiO2)/(rate constant
f O3)) and O3/UV ((rate constant of O3/UV)/(rate constant
f O3)) of AO6 decolorization are similar to TOC reduction,
uggesting that the presence of UV irradiation and/or photo-
atalyst can significantly promote the oxidation reaction, and
he contribution to AO6 decolorization and TOC removal are
emarkable. It can thus be concluded clearly from Fig. 5 that
he AO6 and TOC reduction efficiencies were in the order of
V < UV/TiO2 < O3 < O3/UV < O3/UV/TiO2.

.3. The Fenton process

.3.1. Effect of pH
The Fenton experiments in this study can be divided into two

tages, one is to find the optimum pH for maximum degrada-
ion; the other is to apply the optimum pH and explore the effects
f different ratios of Fe2+ to [H2O2] on AO6 degradation. It is
nown that the Fenton reaction includes the interactions among

• • 2− 2+
arious inorganic species, i.e. OH , HO2 , O , H2O2, Fe
nd Fe3+, as suggested in a previous study [17], suggesting the
H value would affect the amount of OH• generation, and the
referable condition for OH• generation was under acidic con-

able 2
he AO6 decolorization and TOC removal rate constants of O3, O3/UV and

3/UV/TiO2

O3 O3/UV O3/UV/TiO2

O6 0.137 0.218 0.236
OC 0.020 0.028 0.034

nit: min−1.

u
o
t
a
t
0
H
o
m
t
A
f

ig. 6. Effects of pH on the AO6 decolorization (©) and TOC removal (�) dur-
ng Fenton treatment. Reaction time = 10 min, CA0 = 0.2 g/L, [H2O2] = 29.4 mM

2O2, [Fe2+] = 4.5 mM Fe(II).

itions. Thus, an optimum pH for maximum degradation of the
queous AO6 dye solutions was studied and reactions were car-
ied out at different pH values in the range of 2–7 by adding

2SO4 or NaOH to adjust the pH value. Fig. 6 represents the
atios of AO6 decolorization (denoted as 1 − (A/A0)) and TOC
emoval (denoted as 1 − (TOC/TOC0)) at different pH values
f 2, 2.5, 3, 4 and 7, i.e. under acidic and neutral conditions.
he results show that the ratios of AO6 decolorization and TOC

emoval decreased as pH value increased, and the optimum pH
or AO6 was found to be pH 3, a result found to be similar to
thers found in literature [8,17]. Increasing the pH from 3 to
, the AO6 decolorization ratio decreases from 0.97 to 0.9 and
OC removal ratio decreases from 0.45 to 0.29 sharply. As pH
ecreases from 3 to 2, the AO6 decolorization ratio decreases
lightly, from 0.97 to 0.94, and TOC removal ratio decreases
rom 0.45 to 0.34. Furthermore, Fe3+ complex precipitation was
ormed that can explain the low activity as pH value increases
18,19]. In these pH tests, the decrease in AO6 decolorization
nd TOC removal is due to the reaction of Fe2+ and OH• that
orms Fe3+ [16]. Because of the scavenging effect of H+ at low
H conditions, the removal rates were limited so that H+ would
eact with OH• and formed H2O [20].

.3.2. The effect of H2O2 and ferrous ion dosages
Effect of the different ratios of [H2O2] to [Fe2+] on AO6

egradation and TOC removal were evaluated and performed
nder pH 3 conditions, as shown in Fig. 7a and b. The results
btained for AO6 and TOC reduction as a function of the ini-
ial molar concentration ratio of H2O2/Fe2+ (mM/mM, denoted
s HF) are presented. Under [Fe2+] = 8.93 mM, the results show
hat the maximum AO6 and TOC reduction could teach 0.97 and
.45 by applying six hydrogen peroxide concentrations, of which
Fs = 0.82, 1.65, 3.29, 4.95, 6.58, 8.25, to the dye solution. The
ptimum HF was 6.58 that represented the [H2O2] to [Fe2+]

2+
olar ratio as 58.82 mM (H2O2) to 8.93 mM (Fe ), suggesting
hat HF = 6.58 might serve as the optimum molar ratio in treating
O6 solution. Some studies related to the optimum molar ratio

or the Fenton system had been proposed in treating chlorinated
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Fig. 8. Effects of initial molar concentration ratio of H2O2:Fe2+ (mM:mM)
under HF = 6.58 on the (a) AO6 decolorization and (b) TOC removal. Sym-
b
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1
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7

1
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7
8

ig. 7. Effects of H2O2 to Fe2+ ratios (HF) on: (a) AO6 decolorization and
b) TOC removal. Symbols: (©) HF = 0.82; (�) HF = 1.65; (�) HF = 3.29; (�)
F = 4.95; (♦) HF = 6.58; (+) HF = 8.25.

liphatic organic pollutants [21] and cork-processing wastew-
ter [22] which were 5–11 and 10, respectively. As expected,
he applied H2O2 dosage was the controlling factor of AO6
ecolorization and TOC removal, which were consumed in the

arly stage of the reaction. The H2O2 dosage was increased
rom 14.7 to 58.82 mM, the AO6 decolorization ratio increased
rom 0.73 to 0.96 at 5 min of reaction time, indicating that the
ncrease of AO6 decolorization ratio was due to the increase

A
T
o
a

able 3
he AO6 and TOC reduction ratio under various HFs at 60 min

H2O2] (mM) [Fe2+] (mM) HF (mM/mM)

4.70 17.85 0.82
4.70 8.93 1.65
9.41 8.93 3.29
4.12 8.93 4.95
8.82 8.93 6.58
3.53 8.93 8.25

2.94 0.45 6.58
4.7 2.23 6.58
9.41 4.46 6.58
4.11 6.70 6.58
8.82 8.93 6.58
3.53 11.16 6.58
8.24 13.39 6.58
ols: (©) H2O2:Fe2+ = 2.94:0.45; (�) H2O2:Fe2+ = 14.7:2.23; (�) H2O2:Fe2+ =
9.41:4.46; (�) H2O2:Fe2+ = 44.11:6.70; (♦) H2O2:Fe2+ = 58.82:8.93; (+)

2O2:Fe2+ = 73.53:11.16; ( ) H2O2:Fe2+ = 88.24:13.39.

n OH• concentration through the addition of H2O2, as seen in
ig. 8. Further addition of H2O2 > 73.53 mM would inhibit the

O6 decolorization and TOC removal, that ratios are listed in
able 3. The inhibition under H2O2 higher dosage in the decol-
rization may due to the OH• scavenging effect of H2O2 [23]
nd recombination of hydroxyl radicals [24].

AO6 reduction (A/A0) TOC reduction (TOC/TOC0)

0.265 0.857
0.140 0.830
0.050 0.636
0.040 0.606
0.037 0.579
0.037 0.628

0.852 0.950
0.074 0.764
0.032 0.652
0.033 0.586
0.037 0.579
0.058 0.598
0.059 0.598
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the range of 9–10. This indicates that dye solution under low
initial pH conditions might be favorable for target compound
and TOC removal. Furthermore, the applied voltage also acts as
an important factor in the EC process, in that the AO6 decol-
4 H.-J. Hsing et al. / Journal of H

Under the same HF, the increase of [H2O2] from 2.94
o 29.41 mM decreased the C/C0 value from 0.852 to 0.032
nd 0.95 to 0.652 for TOC/TOC0. Further addition of [H2O2]
rom 29.41 to 88.24 mM and [Fe2+] from 4.46 to 13.39 mM,
id not improve the AO6 decolorization ratios; the TOC
emoval ratios were slightly enhanced from 0.35 to 0.42 as
H2O2]/[Fe2+] = 58.82/8.93 (mM/mM), and then, the removal
atio did not improve as both [H2O2] and [Fe2+] increased with
he same HF. Thus, the optimum initial molar concentration of
H2O2] and [Fe2+] in treating AO6 solution (CA0 = 0.2 g/L) can
e concluded as [H2O2] = 58.82 mM and [Fe2+] = 8.93 mM.

.4. Electrocoagulation process

The experiments using the EC process in this study were
ntended to explore the effects of applied voltages and pH on
O6 decolorization and TOC removal. The EC process includes

hree reactions: electrolytic reactions, coagulant formation, and
emoval of the coagulation of the pollutant with coagulant by
oatation or sedimentation [25].

The effect of pH was investigated and carried out at pH 4.5, 7
nd 10 with CA0 = 0.2 g/L. The current density and conductivity
ere maintained at 86.6 A/m2 and 200 �S/cm, respectively. The
H of the effluent was affected by the applied voltages, and a
H increase occurred when the solution pH was low, but the pH
ould decrease if the solution pH was above 9 with 5 min of

eaction time, indicating that the EC and flotation process can
ct as a pH neutralizer during the oxidation reaction (Fig. 9).
rom Fig. 9, the pH of effluents reached a steady state in the
ange of 9–10, at applied voltage larger than 80 V, suggesting
hat applied voltage might serve as criteria in neutralizing the
O6 solution.

Fig. 10 demonstrates the AO6 decolorization and TOC
emoval as a function of the solution pH, suggesting that better
O6 decolorization and TOC removal can be achieved under

cidic influent conditions within 5 min of reaction time. The
ecolorization rate of AO6 decreased from 0.97 to 0.42 and
OC decreased from 0.23 to 0.13 as initial pH increased from
.5 to 10, but the pH of effluents were not so significant in

ig. 9. The effect of applied voltage on the effluent pH. Symbols: (©) pH 4.5;
�) pH 7; (�) pH 10.

F
r
E
p
E
C

ig. 10. The effect of initial pH on the (a) AO6 decolorization and (b) TOC
emoval. Symbols for AO6 and TOC removal: (© and �) pH = 4.5; (� and �)
H = 7; (� and �) pH = 10.
ig. 11. Effect of various methods on: (a) AO6 decolorization and (b) TOC
emoval by O3 (©), O3/UV (�), O3/UV/TiO2 (�), EC (�) and Fenton (♦).
xperimental condition: O3 = 45 mg/L; UV intensity = 30 W/m2; TiO2 coated
lates; pH 7 for O3, O3/UV and O3/UV/TiO2, pH 3 for Fenton process, pH 3 for
C process; [H2O2] = 58.82 mM and [Fe2+] = 8.93 mM; applied voltage = 80 V;

A0 = 0.2 g/L; temperature = 25 ◦C.
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rization and TOC removal are enhanced as applied voltage is
ncreased.

.5. The AOPs performance on the removing of AO6 and
OC

The AO6 decolorization and TOC removal efficiency results
f selected AOP methods are illustrated in Fig. 11a and b.
t was noted that the EC and Fenton processes were more
ffective in AO6 decolorization, in that both could remove
O6 within 10 min, compared to photocatalytic ozonation
rocesses. The AO6 decolorization rate was in the order of
3 < O3/UV = O3/UV/TiO2 < EC < Fenton, as seen in Fig. 11a.
he rank of TOC removal rate for 30 min of reaction time
as in the order of O3 = Fenton < EC < O3/UV < O3/UV/TiO2,

ndicating that photocatalytic ozonation processes performed
etter in mineralization, as in Fig. 11b. As seen in Fig. 11b,
he TOC removal for EC and Fenton processes was not sig-
ificant after 10 min of reaction time. A longer reaction time,
ay 30 min, might not improve mineralization efficiency. It
uggested that the EC and Fenton processes were suitable
or the decolorization of industrial wastewater rather than for
ineralization.

. Conclusions

The comparison of different AOPs is, on the one hand, of
nterest to determine the best removal performance and the most
fficient experimental conditions for the destruction of target
ompound in dye solution, and, on the other hand, to provide
seful information for the baseline of the combination of dif-
erent AOPs in treating industrial wastewater. The following
onclusions can be drawn from the experimental work:

Photocatalytic ozonation exhibits remarkable TOC removal
efficiency, in that both O3/UV and O3/UV/TiO2 processes can
achieve 65% of removal efficiency at pH 7 and CB0 = 45 mg/L.
The removal efficiencies are enhanced with an increase in O3
dose.
The optimum pH and the ratio of [H2O2]/[Fe2+] found for
the Fenton process, were pH 4 and [H2O2]/[Fe2+] = 6.58. The
optimum [H2O2] and [Fe2+] under the same HF value, were
58.82 and 8.93 mM, respectively.
The optimum applied voltage for the EC experiment is 80 V.
The initial pH will affect the rates of AO6 decolorization and
TOC removal, in that acidic conditions may be favorable for
higher removal rate.
Among the investigated AOPs in this study, the quickest AO6
decolorization rate was obtained by Fenton process. The
ranking was in the order of UV = UV/TiO2 < O3 < O3/UV =
O3/UV/TiO2 < EC < Fenton. Further, the performance
of selected AOPs on TOC removal was in the order of
UV < UV/TiO2 < O3 = Fenton < EC < O3/UV < O3/UV/TiO2.

Since the O3 treatment is not merely based on the OH•
concentration due to a smaller E0 value (=2.08 V), TOC
removal rate for ozonation only is lower than other AOPs
after 30 min of reaction time.
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