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Abstract

This investigation assessed the decolorization efficiency of Procion Red MX-5B in electrocoagulation (EC), UV/TiO2 and ozone-related sys-
tems. The effectiveness of energy input was also determined. The decolorization rate constants of these EC, UV/TiO2 and ozone-related systems
fitted pseudo-first-order kinetics and the values were in the order O3 (24 W)>O3 (16 W)>O3 (16 W)/EC (8 W)>UV/TiO2/O3 (8 W)/EC
(8 W)>O3 (10 W)>UV/O3 (8 W)/EC (8 W)>UV/O3 (8 W)>O3 (8 W)>UV/TiO2/O3 (8 W)>O3 (8 W)/EC (8 W)>O3 (4 W)/EC
(4 W)>UV/TiO2/EC (8 W)>UV/TiO2>UV/EC (8 W)> EC (8 W). The decolorization rate constants increased with the total power input. Ad-
ditionally, the decolorization efficiency could be promoted by combining UV with O3, UV with EC, EC with UV/TiO2 and EC with UV/O3. This
study reveals that combining EC with UV/TiO2 or UV/O3 can trigger a Fenton or Fenton-like reaction, which accelerates the rate of decoloriza-
tion. The solution pH of O3, UV/O3 and UV/TiO2 systems declined during decolorization; in contrast, the pH increased to 7.4 in the UV/EC sys-
tem. The effective energy consumption constant did not increase with the total power input and reached maximum at a total power input of
approximately 10e16 W.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Wastewater from the textile dyeing industry has a high or
low pH, high temperature and a high concentration of coloring
material. Numerous dyes represent environmental hazards ow-
ing to their toxicity. Azo dyes are the most extensively utilized
dyes and are normally major pollutants in dye effluents. Treat-
ment costs are very large for most textile factories, explaining
the need to develop more efficient and economic methods,
which consume less chemical and energy. Conventional
treatments of dye effluents include biological oxidation and
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adsorption. Although less expensive than other approaches,
biological treatment is ineffective for decolorization because
the dyes are toxic. Adsorption onto activated carbon transfers
most of the contaminant from the wastewater to the solid
phase. This method therefore requires further disposal of the
sludge. Electrocoagulation (EC) is regarded as a potentially
effective method for treating textile wastewater with high
decolorization efficiency and with the formation of relatively
little sludge. Several researchers have reported treatments of
dye wastewater based on the EC method [1e5]. EC applies
an electric current to produce metal ions in solution. Metal
ions can react with the OH� ions formed at the cathode during
the evolution of hydrogen gas, to yield insoluble hydroxides
that sorb pollutants out of the solution. The EC process can
be summarized as follows (Eqs. (1) and (2)) [1].
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At the anode,

M / Mnþ þ ne� ð1Þ
At the cathode,

nH2O þ ne� / n=2 H2 þ nOH� ð2Þ

where M is the anode material and n is the number of electrons
that are involved in the reaction. The insoluble metal hydrox-
ides react with pollutants by surface complexation, coagulation
or electrostatic attraction. Previous studies had established that
the decolorization efficiency is proportional to the current den-
sity [1e5], the number of electrodes [4] and the concentration
of the electrolyte [2,4] but not to the gap between the electrodes
[1,2]. Kim et al. [1] demonstrated that the power consumption
of EC increased with the current density and the concentration
of the electrolyte but fell as the number of pairs of electrodes
increased.

Advanced oxidation processes (AOPs) are alternative ap-
proaches for decolorizing and reducing recalcitrant wastewater
loads from textile companies. Significant progress has been
made in the development of AOPs for textile effluent in recent
years, especially in TiO2 [6e13] and ozone-related processes
[12e17]. AOPs involve primarily the generation of a very
powerful and non-selective oxidizing agent, the hydroxyl rad-
ical (OH�), to destroy hazardous pollutants. In UV/TiO2-
related systems, TiO2 particles absorb UV energy that is greater
than the TiO2 band gap and form a pair of electron and hole in
conduction band and valence band. The positive holes can ox-
idize water molecules to hydroxyl radicals and the negative
electrons reduce molecular oxygen to yield superoxide radical
anions (O2

��). The positive holes, hydroxyl radicals and super-
oxide radical anions are the dominant oxidizing species in UV/
TiO2 systems. However, the rapid unfavorable recombination
of photoproduced electrons and holes in TiO2 considerably re-
duces photocatalytic efficiency. The effect of the form of TiO2

[11,18], TiO2 loading [7,11], UV intensity [7], UV irradiation
time [9,13], solution pH [7,10,11], substrate concentration
[11,13] and the presence of different electron acceptors
[9,11] in UV/TiO2-related systems has been extensively inves-
tigated. The degradation efficiency typically increases with the
UV intensity and irradiation time, the concentration of TiO2

and the presence of electron acceptors, but is inhibited by an
increase in the initial substrate concentration.

Ozonation may be a promising method for decolorization
since ozonation can remove color and degrade organics in one
step; moreover, no sludge remains in the treated effluent. Ozone
oxidizes organics via two possible degradation routes: (i) at
basic pH, it rapidly decomposes to yield hydroxyl and other
radical species in solution according to Eqs. (3)e(5), and (ii)
at acidic pH, ozone is stable and can react directly with organic
substrates [19]. UV radiation can decompose ozone in water,
generating highly reactive hydroxyl radicals [17]. The hydroxyl
radicals are known to be the most powerful oxidizing agents and
oxidize organics faster than ozone itself. Ozone has an oxidation
potential of 2.07 V, whereas the OH radical has an oxidation
potential of 2.80 V; notably, direct oxidation is slower than
radical oxidation. The effects of dye concentration [13,20],
ozone dose [20,21], pH [12,13,20], the presence or absence of
UV [13,17] and UV intensity [17] have been evaluated. The
results of these works all indicate that the decolorization
efficiency increases with ozone dose, pH and UV intensity,
and declines with increasing dye concentration.

O3 þ OH� / O�3
� þ OH� ð3Þ

O�3
�/ O�� þ O2 ð4Þ

O�� þ Hþ / OH� ð5Þ

The factors that influence dye decolorization in EC, UV/
TiO2 and ozone-related systems have been investigated in sev-
eral works. However, comparisons of the amounts of energy
consumed by these systems are few. Additionally, the effects
of combining these methods on dye decolorization and energy
consumption have not been examined. Therefore, in this study,
Procion Red MX-5B was selected as a parent compound and
decolorized with various total power inputs (8, 10, 16 and
24 W). The goals of this study are to compare the decolorization
efficiencies and energy consumptions of EC, UV/EC, UV/TiO2,
ozone, UV/ozone, ozone/EC, UV/TiO2/ozone, UV/TiO2/EC,
UV/ozone/EC and UV/TiO2/O3/EC systems. The decoloriza-
tion rate and effective energy consumption constants were eval-
uated to identify the appropriate operating system.

2. Materials and methods

2.1. Materials

The parent compound, Procion Red MX-5B, purchased from
Aldrich Chemical Company, was used without further purifi-
cation. The formula, molecular weight and maximum light
absorption wavelength (lmax) of Procion Red MX-5B were
C19H10Cl2N6Na2O7S2, 615 g/mol and 538 nm, respectively.
TiO2 was obtained from Degussa P-25 and utilized directly
without treatment. The water was deionized and doubly dis-
tilled with MINIQ. One pair of Fe plates (outer diame-
ter¼ 13.7 cm and inner diameter¼ 4.2 cm) was used as
electrodes in EC-related systems and the electrodes were con-
nected to a DC power supply. The total effective electrode
area was 133.6 cm2; the gap between the anode and the cathode
was set to 0.4 cm, and the current density was maintained at
1.5 mA/cm2. In ozone-related systems, a dielectric barrier dis-
charge (DBD) reactor was adopted to generate ozone. A stain-
less steel wire (5.0 mm diameter) was suspended as an inner
electrode along the axis of a Pyrex-glass tube (inner diameter
20.0 mm). The effective length of the DBD reactor was
137 mm. Glass pellets with a diameter of 5 mm were used as
packing material, and placed in the plasma region between
the two electrodes. A high voltage was applied to the inner elec-
trodes. The DBD reactor consumed various powers (8, 10, 16
and 24 W) in pure oxygen at a flow rate of 500 mL/min. The
schematic diagram of the ozone generator and the photoreactor
presented herein is same as that of Wu and Chang [13].
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2.2. Decolorization experiments

Vaporization, adsorption (in TiO2 suspension) and direct
photolysis were performed to compare the decolorization effi-
ciency of Procion Red MX-5B across all of these reactions.
Decolorization experiments were undertaken in a 3 L hollow
cylindrical glass reactor. The inner tube was made of quartz
with an 8 W, 365 nm UV-lamp (Philips) placed inside it as
the source of irradiation. The intensity of the UV-lamp was
4.32 mW/cm2. In UV/TiO2-related systems, the concentration
of TiO2 was 0.5 g/L in all experiments. All the systems were
stirred continuously at 300 rpm. The Procion Red MX-5B con-
centration was 20 ppm in all experiments. A 15 mL aliquot was
withdrawn from the photoreactor at pre-specified intervals. The
suspended solids in UV/TiO2 and EC-related systems were
separated by centrifugation at 5000 rpm for 10 min, and then
filtered through a 0.22 mm filter (Millipore). Decolorization
of Procion Red MX-5B was detected using a spectrophotometer
(HACH DR/4000U) at 538 nm and the concentration was de-
termined from the calibration curve using BeereLambert’s
law. The decolorization efficiency was calculated from the dif-
ference between the dye concentrations before and after exper-
iment. In ozone-related systems, ozone was aerated into the
reactor at a flow rate of 500 mL/min. For the measurement of
ozone concentration, ozone was pumped into D.I. water for
10 min and then the ozone concentration in aqueous solution
was measured using a fast-responding ozone probe (EMER-
SON, 499A OZ). In UV/TiO2 and EC-related systems, the
same flow rate (500 mL/min) of air was input into the reactor
to maintain similar experimental conditions.

3. Results and discussion

3.1. Decolorization efficiency of ozone
and UV/ozone systems

This work applied pure oxygen as the source gas to generate
ozone to decolorize Procion Red MX-5B under various power
inputs. Fig. 1 displays the dye decolorization efficiency of these
systems. In ozone-only systems, the decolorization ratios in
3 min were 43, 57, 72 and 95% at power inputs of 8, 10, 16
and 24 W, respectively (Fig. 1). The concentrations of ozone
dissolved by the ozone generator at power inputs of 8, 10, 16
and 24 W were measured to be 3.1, 5.0, 9.1 and 10.4 mg/L, re-
spectively. The solubility of ozone depends on the temperature
of water and the concentration of ozone in the gas phase. The
concentration of ozone in a clean water system at pH 7 at a gas
flow rate of 1e3 L/min was 8.6e11.0 mg/L [22]. The ozone
concentration in this work seemed to reach saturation at an in-
put power of 16 W, so the ozone concentration was insignifi-
cantly higher at a power input of 24 W. The experimental
results revealed that the higher input power generated a higher
ozone concentration, so a higher decolorization efficiency was
observed. Konsowa [20] and Koch et al. [21] also showed that
the decolorization efficiency increased with the ozone concen-
tration. Plotting ln(Co/C ) versus time yields the decolorization
rate constant (ka). The ka values of photocatalytic systems
exhibit pseudo-first-order kinetics, and numerous works have
demonstrated that dye decolorization rates can generally be ap-
proximated as pseudo-first-order kinetics [8,13,23]. The decol-
orization efficiencies of various photocatalytic systems can
thus be compared in terms of the ka values (Table 1).

The ka value of UV/O3 (8 W) (17.94 h�1) exceeded that of
O3 (8 W) (15.92 h�1). Combining O3 with UV promotes the
degradation of dyes by the direct and indirect production of
hydroxyl radicals following O3 decomposition and H2O2 for-
mation, respectively (Eqs. (6)e(9)) [14]:

O3 þ hn / O2 þ O ð6Þ

O þ H2O / OH� þ OH� ð7Þ

O þ H2O / H2O2 ð8Þ

H2O2 þ hn / OH� þ OH� ð9Þ

UV radiation enhances ozone decomposition, yielding more
free OH radicals and thereby increasing the decolorization
rate. Various studies have also established that UV promotes
ozone decolorization [14,17].

3.2. Decolorization efficiency of EC, UV/EC, UV/TiO2

and UV/TiO2/EC systems

Fig. 2 presents the decolorization efficiency of EC, UV/EC,
UV/TiO2 and UV/TiO2/EC systems. The reaction rate con-
stants of these systems followed the trend UV/TiO2/EC
(0.89 h�1)>UV/TiO2 (0.35 h�1)>UV/EC (0.26 h�1) S EC
(0.22 h�1) (Table 1). EC with iron electrodes involves the fol-
lowing reactions (Eqs. (10)e(13)) [24]:

Anode : 4FeðsÞ / 4Fe2þ
ðaqÞ þ 8e� ð10Þ

4Fe2þ
ðaqÞ þ 10H2OðlÞ þ O2ðgÞ / 4FeðOHÞ3ðsÞ þ 8HþðaqÞ ð11Þ
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Fig. 1. Decolorization efficiency of ozone and UV/ozone systems (Procion Red

MX-5B¼ 20 ppm, UV¼ 8 W, ozone flow rate¼ 500 mL/min and T¼ 25 �C).
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Fig. 2. Decolorization efficiency of EC, UV/EC, UV/TiO2 and UV/TiO2/EC

systems (Procion Red MX-5B¼ 20 ppm, UV¼ 8 W, TiO2¼ 0.5 g/L,

EC¼ 0.2 A, current density¼ 1.5 mA/cm2 and T¼ 25 �C).

Table 1
Reaction rate constants (ka, h�1) and effective energy consumption constants (kb,

k J�1)

Systems Reaction rate constant Effective energy

consumption constant

ka r2 kb r2

8 W

O3 (8 W) 15.92 0.935 27.35 0.989

UV/TiO2 0.35 0.994 0.74 0.994

EC (8 W) 0.22 0.998 0.46 0.998

O3 (4 W)/EC (4 W) 4.15 0.997 8.65 0.997

10 W

O3 (10 W) 19.83 0.960 30.58 0.979

16 W

O3 (16 W) 41.95 0.990 43.69 0.990

UV/O3 (8 W) 17.94 0.938 16.57 0.979

(0.11)

O3 (8 W)/EC (8 W) 10.03 0.986 11.68 0.949

(�0.61)

UV/TiO2/O3 (8 W) 14.68 0.909 15.29 0.909

(�0.25)

UV/EC (8 W) 0.26 0.998 0.26 0.998

(0.15)

UV/TiO2/EC (8 W) 0.89 0.999 0.92 0.999

(0.31)

24 W

O3 (24 W) 53.61 0.960 30.74 1.000

O3 (16 W)/EC (8 W) 22.42 0.946 15.56 0.946

(�0.88)

UV/O3 (8 W)/EC (8 W) 18.89 0.933 13.12 0.933

(0.04)

UV/TiO2/O3 (8 W)/EC (8 W) 20.04 0.963 13.91 0.963

(0.07)

UV power is 8 W in all systems.

() Presents the synergy coefficient and the

Synergy coefficient¼ kaðsystem Aþsystem Bþsystem CÞ � kaðsystem Aþsystem BÞ � kaðsystem Aþsystem CÞ

kaðsystem Aþsystem Bþsystem CÞ
Cathode : 8HþðaqÞ þ 8e� / 4H2ðgÞ ð12Þ

Overall : 4FeðsÞ þ 10H2OðlÞ þ O2ðgÞ / 4FeðOHÞ3ðsÞ þ 4H2ðgÞ

ð13Þ

Fe(OH)3 can remove dye from wastewater by the complexa-
tion, electrostatic attraction and coagulation. In this work,
the EC-related systems are completely mixed using aerating
air (500 mL/min); hence, experiments are performed under
aerobic conditions and the following reaction (Eq. (14)) can
be conducted

Fe2þ / Fe3þ þ e� ð14Þ

Fe(OH)2þ is the predominant Fe3þ-hydroxy species in solution
at pH 2.5e5.5 and Fe(OH)2þ easily absorbs light (300e400 nm)
to generate hydroxyl radicals (Eq. (15)) [25].

FeðOHÞ2þ þ hn / Fe2þ þ OH� ð15Þ

Other Fe3þ-complexes, such as Fe(OH)2
þ, which dominate at

pH> 5.5, are less photo-reactive. Moreover, Fe2þ does not ab-
sorb light above 300 nm and so is not expected to undergo pho-
tolysis under the experimental conditions used herein [25].
During the reaction, the pH increases from 6.1 to 7.4 in the
UV/EC system, so Fe(OH)2

þmight be the predominant species.
Hence, the enhancement of UV in UV/EC system is very lim-
ited and proves the result UV/EC (0.26 h�1) S EC (0.22 h�1).

Konstantinou and Albanis [23] summarized the degradation
of dye in UV/TiO2 as follows (Eqs. (16)e(23)):

TiO2 þ hn / TiO2ðeCB� þ hVBþÞ ð16Þ

TiO2ðhVBþÞ þ H2O / TiO2 þ Hþ þ OH� ð17Þ

TiO2ðhVBþÞ þ OH� / TiO2 þ OH� ð18Þ

TiO2ðeCB�Þ þ O2 / TiO2 þ O�2
� ð19Þ

O�2
� þ Hþ / HO2

� ð20Þ

Dye þ OH�/ degradation products ð21Þ

Dye þ hVBþ / oxidation products ð22Þ

Dye þ eCB� / reduction products ð23Þ

Qu et al. [26] further suggested that the mechanism of UV/
TiO2 might have occurred from Eq. (20), then to Eqs. (24)e(26).

eCB� þ Hþ þ O�2
�/ HO�2 ð24Þ

HO�2 þ Hþ / H2O2 ð25Þ

H2O2 þ eCB� / OH� þ OH� ð26Þ
Chen et al. [27] provided similar concept equations (Eqs.

(27) and (28)) for the UV/TiO2 system.
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2HO2
�/ O2 þ H2O2 ð27Þ

H2O2 þ O�2
�/ O2 þ OH� þ OH� ð28Þ

These investigations suggest that hydroxyl radicals (OH�), su-
peroxide radical anions (O2

��), hydrodioxyl radicals (HO2
�)

and photogenerated holes (hVBþ) are the primary oxidizing
species in the UV/TiO2 system. Furthermore, H2O2 was gener-
ated in an UV/TiO2 reaction (Eqs. (25) and (27)). Fe2þ and
Fe3þ were generated in the EC system (Eqs. (10) and (14)),
so combining UV/TiO2 with EC may cause a Fenton or Fen-
ton-like reaction and accelerate decolorization. Chen et al.
[9] stated that H2O2 plays an important role in reducing elec-
tron/hole recombination and promoting the photocatalytic ac-
tivity of TiO2. The presence of Fe2þ and Fe3þ may increase
photocatalytic activity, either by scavenging electrons, reduc-
ing the recombination of charges, favoring the formation of
hydroxyl radicals, or by intermediate Fenton reactions. Hence,
UV/TiO2 and EC combination is a more powerful method than
UV/TiO2 or EC for wastewater treatment.

Fig. 3 shows UVevis spectral changes of Procion Red MX-
5B in various systems. Procion Red MX-5B had a major ab-
sorption peak at 538 nm, which fell after 15 min of photocata-
lytic reaction. The main absorption peak declined, but some
intermediates may have been generated following the photoca-
talytic reaction, but this work did not further elucidate this
possibility. In the air inlet for ozone generation systems, the
concentrations of dissolved ozone at power inputs of 8, 10,
16 and 24 W were 1.3, 2.2, 4.1 and 4.9 mg/L, respectively,
and these dissolved ozone concentrations were lower than
those of pure oxygen used as the source gas to generate ozone
at the corresponding power inputs; therefore, the decoloriza-
tion efficiency was low.

Fig. 4 plots the variation of pH in UV/TiO2, ozone, UV/
ozone and UV/EC systems. Except for UV/EC, the pH of all
systems declined during the reaction. In an UV/EC system,
the cathode releases hydroxide ions according to Eq. (2),
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Fig. 3. UVevis spectral changes of Procion Red MX-5B (20 ppm) in various

systems (ozone flow rate¼ 500 mL/min, reaction time¼ 15 min, EC¼ 0.2 A,

current density¼ 1.5 mA/cm2 and T¼ 25 �C).
increasing the pH. The pH increased from 6.1 to 7.4 in a man-
ner similar to that identified by Daneshvar et al. [2], who used
the EC to neutralize the solution. In contrast, photogenerated
holes in the UV/TiO2 system react with water molecules to re-
lease hydrogen ions, according to Eq. (17), reducing pH. The
most important contribution of the decrease in pH during de-
colorization is the generation of acidic intermediates or final-
products. The major intermediates of azo dyes in an UV/TiO2

system were organic aromatic and aliphatic carboxylic acids
[8,28], which reduce pH. Koch et al. [21] degraded azo dye
in an ozone system and identified the main oxidation products
as sulfate, nitrate, formate and oxalate. These products were
responsible for the decline in pH.

3.3. Decolorization efficiency in conjunctive
EC, UV/TiO2 and ozone-related systems

Fig. 5 depicts the decolorization efficiency of all ozone-
related systems at an ozone generator power input of 8 W. The
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Fig. 4. Variation of pH among various systems (Procion Red MX-5B¼ 20 ppm,

ozone flow rate¼ 500 mL/min, TiO2¼ 0.5 g/L, EC¼ 0.2 A, current

density¼ 1.5 mA/cm2 and T¼ 25 �C).
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Fig. 5. Decolorization efficiency of all ozone (8 W)-related systems (Procion

Red MX-5B¼ 20 ppm, UV¼ 8 W, ozone flow rate¼ 500 mL/min,

TiO2¼ 0.5 g/L, EC¼ 0.2 A, current density¼ 1.5 mA/cm2 and T¼ 25 �C).
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reaction rate constants follow the order UV/TiO2/O3 (8 W)/EC
(8 W)>UV/O3 (8 W)/EC (8 W)>UV/O3 (8 W)>O3 (8 W)
>UV/TiO2/O3 (8 W)>O3 (8 W)/EC (8 W) (Table 1). The
synergy coefficient between systems can be usefully quantified
as the normalized difference between the rate constants of var-
ious conjunctive EC, UV/TiO2 and ozone-related systems. A
larger synergy coefficient indicates stronger promotion of the
decolorization by the combined reaction systems. The synergy
coefficients of the O3 (8 W)/EC (8 W) and UV/TiO2/O3 (8 W)
systems were �0.61 and �0.25, respectively. The combination
of EC with O3 and TiO2 with UV/O3 is suggested adversely to
influence decolorization. In contrast, the synergy coefficients
of UV/O3 (8 W), UV/EC (8 W), UV/TiO2/EC (8 W), UV/O3

(8 W)/EC (8 W) and UV/TiO2/O3 (8 W)/EC (8 W) systems
were 0.11, 0.15, 0.31, 0.04 and 0.07, respectively. The reasons
for the promotion of decolorization by coupling UV with O3,
UV with EC and EC with UV/TiO2 systems are explained
above. Notably, UV/O3 (8 W)/EC (8 W) accelerate
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Fig. 6. Relationship between decolorization efficiency and total energy con-

sumption for all ozone (8 W)-related systems (Procion Red MX-5B¼ 20 ppm,

UV¼ 8 W, ozone flow rate¼ 500 mL/min, TiO2¼ 0.5 g/L, EC¼ 0.2 A, cur-

rent density¼ 1.5 mA/cm2 and T¼ 25 �C).
decolorization to a rate higher than that achieved in the UV/
O3 (8 W) system; however, the O3 (8 W)/EC (8 W) system is
inhibitive, as compared with the O3 (8 W) system. UV is
more effective in the formation of hydroxyl radicals (Eqs. (7)
and (9)) and UV light itself activates the bonds between
dyes, causing further degradation; Fe2þ and O3 lack this ability
[16]. Fe2þ and Fe3þ can be produced by the EC method (Eqs.
(10) and (14)); moreover, H2O2 is generated in the UV/O3 sys-
tem (Eq. (8)). Xu [6] indicated that the following reactions
(Eqs. (29)e(31)) proceed when Fe2þ, Fe3þ and H2O2 are simul-
taneously present in a reactor. This result was similar to that ob-
tained by combining UV/TiO2 with EC, which may induce
a Fenton or Fenton-like reaction and accelerate decolorization.

Fe3þ þ H2O þ hn / Fe2þ þ Hþ þ OH� ð29Þ

Fe3þ þ H2O2 / Fe2þ þ Hþ þ HO2
� ð30Þ

Fe2þ þ H2O2 / Fe3þ þ OH� þ OH� ð31Þ

Based on the above explanations, the promotional effect of the
UV/O3 (8 W)/EC (8 W) system was acceptable and reason-
able. Moreover, Fe2þ and Fe3þ competed OH� with O3, reduc-
ing the yield of radicals according to Eqs. (3)e(5); hence,
combining O3 with EC adversely affects decolorization.

3.4. Analysis of energy consumption in EC,
UV/TiO2 and ozone-related systems

The efficiency of decolorization in conjunctive EC, UV/TiO2

and ozone-related systems was examined. The results demon-
strate that the combination of UV with O3, UV with EC, and
EC with UV/TiO2 or UV/O3 accelerated decolorization. The en-
ergy consumption in EC, UV/TiO2 and ozone-related systems
was further studied (Fig. 6). This work plots ln(Co/C ) against
total energy consumption and determines the effective energy
consumption constants (kb). These values in conjunctive EC,
UV/TiO2 and ozone-related systems were found to be consistent
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Fig. 7. Relationships among ka, kb and total input power in ozone-related systems.
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with pseudo-first-order kinetics (Table 1). This investigation
proposes that a higher kb value corresponds to more efficient en-
ergy consumption during decolorization. The effective energy
consumption constants follow the order O3 (8 W)>UV/O3

(8 W)>UV/TiO2/O3 (8 W)>UV/TiO2/O3 (8 W)/EC (8 W)
S UV/O3 (8 W)/EC (8 W)>O3 (8 W)/EC (8 W) (Table 1).
Interestingly, the effective energy consumption constants did
not increase in proportion to the total energy input. The results
imply that not all of the input energy is used in decolorization.
For simplicity, this research focused on ozone-related systems
to evaluate the relationships among the reaction rate constant,
the effective energy consumption constant and the total power
input (Fig. 7). At total power inputs of 8, 10, 16 and 24 W, the
average reaction rate constants of ozone-related systems were
10.4, 19.8, 21.2 and 25.7 h�1 and the effective energy consump-
tion constants were 18.0, 30.6, 21.8 and 16.5 k/J, respectively.
The mean reaction rate constants increased with the total power
input; however, the effective energy consumption constants
initially increased with total power input, and then declined. A
favorable power input is suggested to maximize the efficiency
of energy consumption. Although the reaction rate constant
was not maximal, this work suggests that a total power input
of 10e16 W can maximize the efficiency of energy
consumption.

This investigation verified that the decolorization rate could
be promoted by coupling UV with O3, UV with EC, EC with
UV/TiO2 and EC with UV/O3; however, all of the effective en-
ergy consumption constants of these systems dropped after cou-
pling. The most effective total power input was 10e16 W, so this
study suggests that UV/O3 (8 W) and O3 (16 W) systems were
more effective and economic for dye decolorization than other
single or coupled systems.

4. Conclusion

This work compares the decolorization efficiency and en-
ergy consumption of EC, UV/EC, UV/TiO2, ozone, UV/
ozone, ozone/EC, UV/TiO2/ozone, UV/TiO2/EC, UV/ozone/
EC and UV/TiO2/O3/EC systems in terms of reaction rate
constants and effective energy consumption constants. The
ka value of UV/O3 (8 W) (17.94 h�1) exceeded that of O3

(8 W) (15.92 h�1). The reaction rate constants of UV/TiO2

and EC-related systems followed the order UV/TiO2/EC
(0.89 h�1)>UV/TiO2 (0.35 h�1)>UV/EC (0.26 h�1) S EC
(0.22 h�1). The synergy coefficients of UV/O3 (8 W), UV/
EC (8 W), UV/TiO2/EC (8 W), UV/O3 (8 W)/EC (8 W) and
UV/TiO2/O3 (8 W)/EC (8 W) systems were 0.11, 0.15, 0.31,
0.04 and 0.07, respectively. This study proposes that combin-
ing EC with UV/TiO2 or UV/O3 may induce a Fenton or Fen-
ton-like reaction and accelerate decolorization. At a total
power input of 8, 10, 16 and 24 W, the mean reaction rate
constants of the ozone-related systems were 10.4, 19.8,
21.2 and 25.7 h�1 and the effective energy consumption con-
stants were 18.0, 30.6, 21.8 and 16.5 k/J, respectively. This
investigation suggests that a total power input of 10e16 W
maximize the effectiveness of energy consumption, making
the operation maximally economic.
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