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Aqueous solutions containing the commercial azo dye Reactive Orange 122 (RO122) were ozonated in
acid and alkaline conditions. Ozone was electrochemically generated using a laboratory-made electro-
chemical reactor and applied using semi-batch conditions and a column bubble reactor. A constant ozone
application rate of 0.25 gh~! was used throughout. Color removal and degradation efficiency were eval-
uated as function of ozonation time, pH and initial dye concentration by means of discoloration kinetics
and COD-TOC removal. Experimental findings revealed that pH affects both discoloration kinetics and
COD-TOC removal. A single pseudo-first-order kinetic rate constant, ks, for discoloration was found for
ozonation carried out in alkaline solutions, contrary to acidic solutions where ks depends on ozonation
time. COD-TOC removal supports degradation of RO122 is more pronounced for alkaline conditions. Eval-
uation of the oxidation feasibility by means of the COD/TOC ratio indicates that the ozonation process in
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both acid and alkaline conditions leads to a reduction in recalcitrance of the soluble organic matter.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ozonation comprises an important coadjutant process for treat-
ment of different effluents containing a high load of recalcitrant
compounds [1-7]. As previously discussed by Da Silva and Jardim
[2], textile effluents are very difficult to treat satisfactorily because
they contain several recalcitrant compounds while the wastewaters
generated at the various stages of the dyeing process considerably
differ in composition. The high-pollution load is mainly caused by:
spent dyeing baths (unreacted dye; dispersing agents (surfactants);
salts and organics washed out of the material which undergoes dye-
ing [8-17]. According to the EPA’s toxics release inventory [18],
approximately 2200ton of four hazardous dyes are discharged
annually into public owned treatment works.

Classical methods used for treating textile wastewaters include
different combinations of biological (activated sludge), physical and

Abbreviations: RO122, reactive orange 122; EOP, electrochemical ozone pro-
duction; TPCBP, transient persistent colored by-products; ITP, integrated treatment
process; COD, chemical oxygen demand; TOC, total organic carbon; AOP, advanced
oxidation process.
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chemical processes [19,20]. Since dye molecules are highly struc-
tured [17], they are very difficult to be broken down biologically and
cannot be treated efficiently by an activated sludge process or com-
binations of biological, chemical coagulation and physical methods
[2,8,17,21]. Besides, the main drawback of these processes is the
generation of a large amount of sludge or solid waste, resulting in
high operational costs for sludge treatment and disposal [22,23].

Alternative technologies based on advanced oxidation processes
(AOP) can be used in combination with the classical ones in order to
provide an efficient discoloration and COD-TOC reduction of textile
wastewater [2,23]. Degradation of textile dyes using AOP has been
reported in the literature [8-16,21,23,24].

As a rule, AOP efficiency depends on the chemical nature of the
effluent to be treated: pH, turbidity, COD-TOC and the presence of
radical scavengers. A project aiming at the evaluation of the eco-
nomic viability of AOP for an acceptable level of contaminants was
described by Luck et al. [25].

In the special case of ozonation, the AOP efficiency depends
on the TOC of the effluent [2]. For low strength dye waste efflu-
ents, ozonation alone is sufficient to totally eliminate the color and
reduce turbidity. However, for medium and high strength waste
effluents, ozonation is found to be adequate to reduce the color,
but not enough to reduce the turbidity. Hence, coagulation using
aluminum sulphate (~60mgdm~=3) or especially designed poly-
mers is necessary [26,27]. Tzitzi et al. [27] reported that ozonation
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Nomenclature

[D] initial dye concentration (mgdm—3)

E enhancement factor

Ga volumetric flow rate of the anodic gases (dm3s—1)

G volumetric flow rate of the electrolyte (dm3 h—1)

kia volumetric mass transfer coefficient for ozone
(min—1)

Kobs pseudo-first-order rate constant for discoloration
(min~1)

Kobs-1 pseudo-first-order rate constant for initial ozona-

tion times (min~1)

Kobs-2 pseudo-first-order rate constant for longer ozona-
tion times (min~1)

[O3]s dissolved ozone concentration (mgdm—3)

[03]s  saturated ozone concentration (mgdm=3)

tq total discoloration time (min)

Greek letter

v susceptibility of oxidation of the soluble organic
matter
VEOP ozone application rate (gh™1)

of wastewater after applying a coagulation-precipitation process
exhibited more efficient discoloration (>90%) and COD reduction
(>30%), while biodegradability was found to increase, permitting
effective degradation by the activated sludge process [2,4,7]. Thus,
the combination of ozonation with proper chemical coagulation
and an activated sludge process is a promising alternative technol-
ogy for dealing with textile industry effluent, which reduces sludge
disposal [2,21,23].

Ozone production cost has dropped by 50% in the last two
decades and, therefore, a great number of new industrial appli-
cations have appeared in recent years [2,21]. Because ozone is
unstable and cannot be stored over an extended period of time,
it has to be generated on site [1-3]. Ozone can be generated “in
situ” using the following technologies [1,28]: (i) Photochemistry
(UV-radiation); (ii) Corona (silent electric discharge) and (iii) Elec-
trochemistry (electrolysis of aqueous solutions or pure water).

The most common technology for ozone production is the
Corona process, where a dry gas, either air or pure oxygen, is sub-
jected to a silent electrical discharge [1,21,28]. Electrochemistry is
a promising alternative technology for “in situ” ozone generation
[1-3,21,24] presenting some features that are not achieved with the
Corona process, thus making it an interesting alternative for several
ozone applications [2,21].

Electrolytic ozonizers based on the solid polymer electrolyte
technology, which operate in electrolyte-free water and under
ambient temperature conditions (~30°C), permit ozone appli-
cation directly into water streams permitting various oxidizing
and/or disinfectant applications [21,29]. In this case the total energy
demand is minimized, since O3-production is conduced at ambient
temperature (no energy spent with refrigeration) while the high
ozone mass transfer rate avoids the use of accessories such as gas
diffusers and pumping systems [21].

Another EOP technology is based on the use of specially designed
electrolytes [30,31] taking advantage of the reduction of oxygen
as the cathodic process. As a result, the specific energy demand
becomes very close to a conventional Corona device [30]. This
technology furnishes a very high efficiency (=35 wt%), making this
electrochemical ozonizer competitive with the corona technology
for applications where a high Osz-concentration in the gaseous
phase is necessary.

The objective of this paper is to investigate the application of
electrochemically generated ozone to the discoloration and degra-
dation, in acid and alkaline solutions, of the commercial reactive
azo dye C.I Reactive Orange 122 (RO122).

2. Experimental
2.1. Electrochemical ozone production

Electrochemical ozone generation and ozonation of aqueous
solutions containing the textile dye RO122 were carried out using
the experimental set-up presented in Fig. 1.

The electrochemical ozone reactor, developed by Da Silva et al.
[24], presents an EOP current efficiency of up to 21 wt% (EOP rate
of ~5gh~1 and an EOP specific power consumption of 70Whg-1).
The gas mixture (0,/03) leaving the anode compartment is sep-
arated from the circulating electrolyte using a gas separator flask
and is introduced into the column bubble reactor (see Fig. 1). The
electric current applied to the reactor and the electrolyte tempera-
ture were adjusted to provide a constant ozone application rate of
0.25gh~1. This value was chosen considering the geometric prop-
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Fig. 1. Flow diagram representing the experimental set-up used for electrochemical
ozone generation and ozonation under semi-batch conditions of aqueous solutions
containing the textile dye RO122.
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Fig. 2. Chemical structure of the textile dye RO122. A =488 nm; solubility in
water: 75 gdm~3; degree of purity: 80-85%.

N303SO

erties of the column bubble reactor (liquid height, volume capacity
and diameter of the porous coarse glass plate) in order to maximize
ozone utilization efficiency during the treatment. The electrochem-
ical reactor was powered by a 80 A/12V dc current source. In all
cases the electrolyte (3.0 moldm~3 H,S0,4+0.03 moldm~3 KPFg)
was circulated in the anodic compartment (Gg =60 dm3 h~!) using
a model 7018-21 MASTERFLEX peristaltic circulation pump (Cole-
Parmer).

The linear velocity of the electrolyte was 1.30cms~! and
the space velocity 5.19min~!. The flow regime was turbulent
(Re>3000). Electrolyte temperature control (0°C) was achieved by
means of a model FC55A01 FTS cooling system connected to the
all-glass electrolyte reservoir/gas separator flask. The electrolyte
temperature at the anode surface was monitored using a model 61
FLUKE digital thermocouple.

Ozone concentration in the gaseous phase was analyzed by UV
absorption measurements at 254 nm, using a homemade quartz gas
flow cell [24]. Absorbance was read after 15 min of cell polarization
when steady-state conditions were observed. Ozone reproducibil-
ity is 2.0-2.5% while sensitivity is 0.0396 Lmg~1. At the wavelength
of 254 nm no interference is observed.

The ozone application rate, vgop, was calculated using the fol-
lowing equation [24]:

3600(AGAM)
el

veop(gh™') = ()
where A=absorbance at 254 nm; Ga = volumetric flow rate of the
anodic gases (0,/03) (dm3s-1); £=3024dm3mol-'cm™1! is the
ozone absorptivity at 254 nm in the gaseous phase [28]; [=optical
pathlength (0.63 cm)and M = ozone molecular weight (48 g mol~1).

2.2. Ozonation of the textile dye solutions

Samples in distilled water were prepared by dissolving the com-
mercial azo dye C. I. Reactive Orange 122, RO122 (degree of purity:
80-85%), furnished by CERMATEX Textile Industry Ltd. (Americana,
Brazil). The chemical structure of the textile dye RO122 is presented
in Fig. 2.

2.2.1. Discoloration kinetics

Color removal was studied under semi-batch conditions
(V=0.6dm?3) using a column bubble reactor (see Fig. 1). The gas
mixture (O,/O3) was bubbled using a porous plate diffuser (Schott
#2 coarse glass frit; A=3.5 cm?) placed at the bottom of the column
bubble reactor.

In order to evaluate the influence of the ozone mass transfer
on the discoloration process, the volumetric mass transfer coeffi-
cient, ki a, was determined applying the standard non steady-state
method for the column bubble reactor containing 0.6dm=3 of
distilled water (T=25°C; G =2.1dm3h~1; vgop=0.25gh~1). Since
ozone presents a low solubility in water at 25 °C[28], the resistance
to mass transfer of ozone in the gas phase (inside the gas bubbles)
is negligible when compared to the resistance of the ozone mass
transfer across the liquid film formed at the gas (bubble)/solution
interface [32-35]. The ozone concentration in the aqueous phase

was calculated at 258 nm (& =2900dm3 mol~! cm~1) [28] as func-
tion of the ozonation time until the saturation condition was
reached.

The discoloration kinetic study was carried out by measuring
the absorbance at a fixed wavelength (Amax =488 nm—determined
for both acid and alkaline solutions) during the first 60 min of reac-
tion, using a model OPTIZEN 2120UV PLUS Spectrophotometer from
MECASYS. Ozonation was carried out in alkaline (initial pH adjusted
for 12 by adding NaOH) and acid solutions (initial pH of 4.5—natural
pH solution). All samples, presenting an initial dye concentration,
[D], of 150 or 300 mgdm—3, were continuously ozonated during
1h keeping the pH constant by adding 5.0 moldm~3 NaOH solu-
tion. The pH was monitored using a combined glass electrode (see
Fig. 1).

Discoloration was investigated using 0.6dm3 of dye solution.
Ozonated samples (3 cm3) were periodically withdrawn using a
syringe for absorbance measurements and re-injected into the
reactor flask after each measurement (~45s) (see Fig. 1).

2.2.2. Degradation rate

TOC was determined using a model 5000A TOC analyzer from
Shimadzu. COD measurements were carried out following the stan-
dard procedure [36]. The degradation of RO122 samples (0.6 dm?3
and [D]=300mgdm—3) was investigated, without periodic pH
adjustment, by stopping the ozonation process in order to com-
plete the treatment interval of 1 h. A total of 18 samples were taken
to evaluate the degradation efficiency.

3. Results and discussion
3.1. Ozone mass transfer in the column bubble reactor

As recently reported [2,21], the global kinetic process concern-
ing ozonation of long-chain organic compounds is very complex.
Ozonation of aqueous solutions containing organic pollutants
involves the ozone mass transfer process from the gas to the
liquid phase, which is combined with ozone consumption (chem-
ical reaction and/or O3 self-degradation) at the liquid side of the
gas/solution interface [21,32,33,35]. This combined process is nor-
mally described using the parameter denoted as enhancement
factor, E, which describes the acceleration of ozone transfer across
the liquid film caused by the chemical reaction on the solution side
of the interface [33,35].

From a practical point of view, E is calculated based on the exper-
imental determination of the volumetric mass transfer coefficient
in the absence, ki a, and in the presence, ki a* of a chemical reac-
tion (E=kpa*/k a) using the non steady-state method [21,35]. This
experimental approach is based on the analysis of the transient
behavior presented by the ozone concentration in pure water (or
aqueous solutions) until O3-saturation is reached for a given tem-
perature [35].

Under semi-batch and saturation conditions the mass balance
equation for ozone distribution in pure water is given by the next
differential equation [32,33,35]:

d[0s], Sat.
—dr = kia([Os]}

—[03]L) — ka[Os]L (2)
where [03]. and [03]Sat are the instantaneous and the station-
ary ozone concentration in pure water for a given temperature.
The second term at the right side of Eq. (2) describes the O3 self-
degradation process in the aqueous phase, which is characterized
by the kinetic rate constant k.

Considering stationary conditions prevail under ozone satu-
ration and that the O3 self-decomposition process is negligible
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Fig. 3. Time behavior of dissolved ozone concentration in distilled water and the
linear dependence predicted by Eq. (3). Ga=2.1dm3 h™'; vgop=0.25gh~"; T=25°C.

(kq =0) during the experiment, integration of Eq. (2) furnishes Eq.

(3):
Sat.
In {[()3]Lt_[()3]]-} - _kLat (3)

[03]F"

Fig. 3 shows the transient behavior presented by [Os]. in distilled
water and the linear dependence predicted by Eq. (3).

Analysis of the data presented in Fig. 3 shows that
ki a=0.41min~! (25°C); a value in good agreement with literature
reports for ozone dissolution in water using a porous plate diffuser
and a moderate Ga-values [32-35].

DaSilvaand Jardim [2] recently presented a simplified scheme to
represent ozonation of organic pollutants (e.g., discoloration) at the
gas/liquid interface. According to this scheme, ozone transfer to the
liquid phase is followed by the irreversible degradation reaction, as
follows:

O3(g)— Osqy (mass transfer step) (4)
[050) & E(Rad)y]+vX()— Products) (degradation step) (5)

where O3(g) and Os(jy represent ozone present in the gaseous and
liquid phases, respectively; [O3y < X(Rad))] describes the Os-
decomposition that yields oxygenated free radicals (e.g., HO®); v
is the stoichiometric coefficient, and X is a given target organic
compound.

The global ozonation process of organics can be treated using
different theoretical approaches (Film, Penetration and Surface
Renewal models) [28]. However, the film model is the most
frequently used to represent ozonation of recalcitrant organics
[32-35].

According to the film model, the mass transfer step (see Eq. (4))
at the gas/liquid interface is described by the enhancement fac-
tor, which represents the mass transfer acceleration caused by the
degradation step (see Eq. (5)) [35]. Therefore, both pH (ozone self-
degradation) and the presence of a chemical reaction can enhance
mass transfer across the gas/liquid interface.

According to this theoretical approach, the global ozonation pro-
cess can be classified as “slow” or “fast” [21,33]. If the “degradation
step” is considered slow in comparison with the “mass transfer
step”, the limiting case where E=1 is observed. In this case the
ozonation process occurs in the more external region of the film
and the overall reaction rate is governed by the chemical reac-
tion [32-35]. If, however, the degradation step is fast (E> 1), the
ozone concentration is considerably depleted in the film region

and the overall reaction rate is now governed by the mass transfer
step.

3.2. Influence of pH on the total discoloration of aqueous dye
solutions

Discoloration of solutions containing the dye RO122 was carried
out as function of the ozonation time, at different initial pH-values
(12.0 or 4.5). Fig. 4 shows the dependence of the instantaneous pH-
values and the absorbance decrease (color removal - Abs/Absg) on
ozonation time, for both acid and alkaline conditions.

Fig. 4 clearly shows total discoloration (color removal >99%)
is achieved, in both alkaline and acid conditions after a short
ozonation time (t<15min). These findings are in agreement
with the literature reports [21,24,33,37,38], thus confirming that
ozonation is a very efficient process for color removal. Accord-
ing to the literature [21,24,33], the discoloration process via
ozonation is a rapid one in both alkaline and acid conditions.
This behavior can be attributed to the electrophilic nature of
the direct (attack by O3 molecules) and the indirect (attack
via HO* radicals) ozonation process, which considerable facili-
tates the reaction with the azo-groups (chromophore centers)
[16,17,24,33]. Fig. 4 also shows the instantaneous pH suffers
a decrease during the initial phase of the ozonation process
(t<5min). This behavior is a consequence of ozone degrada-
tion, which is initiated by the consumption of hydroxyl ions,
and by the formation of organic and inorganic acids (ozonation
by-products)[16,39,40]. Considering the O3 self-degradation phe-
nomenon in water [41,42], the pH-decrease observed in Fig. 4
is somewhat more important from a practical point of view in
alkaline conditions. The hydroxyl production can be reduced con-
siderably, thus increasing the O3/HO*®-ratio in solution and, as a
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Fig. 4. Dependence of the instantaneous pH and the normalized absorbance

(Abs/Absp) on ozonation time. [D] =300 mgdm~3; initial pH values (before ozona-
tion): 12.0 and 4.5; vgop=0.25gh~1; T=25°C.
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consequence, leading to a reduction in the global ozonation effi-
ciency.

3.3. Discoloration kinetics in semi-batch conditions

Ozonation of organics depends on pH, chemical reaction (intrin-
sic kinetics), ozone mass transfer and ozone load in the gaseous
phase [2,21,41,42]. As discussed by Wu and Wang [35], the driving
force for ozone mass transfer, comprising the difference between
the dissolved and the equilibrium ozone concentration at the
gas/liquid interface, is system dependent.

The dependence of this driving force for ozone mass transfer on
the wastewater characteristics results from the fact that the con-
centration of dissolved ozone varies considerably with the rate of
03 self-degradation and the nature of the chemical reaction.

As previously discussed by Franco et al. [21], there is a dif-
ference between total discoloration of the dye solution and the
total degradation (mineralization) of the dye molecules. In fact,
the discoloration process via ozonation takes place when the chro-
mophore bond(s)is(are) removed, while many colored by-products
of the parent dye molecule may remain stable in solution [17,21].
Therefore, discoloration may be the initial step in the degradation
route of a dye molecule, which is not necessarily accompanied by
quantitative carbon removal (considerable degree of mineraliza-
tion) [21,24,38]. From a practical point of view, discoloration via
ozonation requires a lower oxidant load than mineralization, thus
becoming an interesting pre-treatment step for the traditional bio-
chemical process, which frequently presents a poor efficiency for
color removal [2,17].

The experimental discoloration data reveal an exponential
decay of the absorbance measured at a fixed wavelength (488 nm)
as function of ozonation time. A rather good linear behavior
(r>0.998) was verified using the pseudo-first-order kinetic model.

A recent study by Peng and Fan [37] of the kinetic order of
dye discoloration via ozonation under perfect mixing conditions,
reports that the pseudo-first-order condition is actually achieved
only when the ozone to dye molar ratio remains in the 5.57-9.31
interval. According to this study the reaction order may not be con-
stant throughout the ozonation process, since it can change with
the variation of the ozone to dye ratio during the progress of the
ozonation process.

During the course of the ozonation reaction it is possible
that daughter products (colored by-products) compete with the
parental dye molecules for the oxidant (ozone and/or hydroxyl
radical) [21]. In this case, the reaction order for the discoloration
process (n) can be determined using a least square regression fit of
the integrated form of the material balance expression [21,43]:

d[cro]
dt

Considering the discoloration process follows a pseudo-first-
order model (n=1), integration of Eq. (6) furnishes next relation:

= Kops [cro]” (6)

[cro]
[croo]

—kopst (7)

where [cro] and [cro]p are the instantaneous and the initial chro-
mophore concentrations, respectively [21].

Due to the complex nature of the ozonation process of long-
chain organic molecules [28], the overall pseudo-first-order rate
constant, ks, contains the effect of the intrinsic kinetics and may
reflect more than one mass transfer-chemical regime [21,28,43],
sometimes resulting in a rather complex expression for kg [43]:

Kobs = a(vop ' [HO™] " ([cro]y [HO" ] (8)
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Fig. 5. Pseudo-first-order kinetic profiles for discoloration of the textile dye RO122
as functions of the pH solution and initial dye concentration [D].

where: Vgop = 0zone application rate; [OH*®] = hydroxyl radical con-
centration and [OH~]=hydroxyl anion concentration. «, x, y and
z are the empirical constants for the particular ozonation (discol-
oration) process. Considering [cro] and [cro]y can be experimentally
determined by UV-visible spectroscopy, applying Lambert-Beer’s
law to Eq. (7), discoloration kinetics can be experimentally investi-
gated using next relation [21].

In Aio = —Kopst 9

where the ratio A/Ag represents the normalized absorbance mea-
sured at a fixed wavelength (488 nm for RO122).

Fig. 5 shows pseudo-first-order kinetic discoloration profiles
while Table 1 gathers kg, as function of pH, which was kept con-
stant during ozonation, and [D]. Comparison of the data presented
inTable 1(0.052 min~! < kyps < 0.170 min~—1) with the experimental
ki a-value (=0.41 min—1), indicates that the chemical discoloration
reaction can be considered a slow process when compared with
the ozone mass transfer process. In fact, according to the litera-
ture [38] the chemical discoloration reaction of azo dyes, in both
alkaline and acid solutions, comprises the rate determining step of

Table 1
Dependence of ks on pH and [D] for the textile dye RO122

[D] pH 12.0 pH45

mgdm—3 . . ;
(MEAMT) (s (min 1)) (kaps-1 (min1)) (kobs-2 (min1))
150 0.163 0.099 0.170
300 0.070 0.052 0.109
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the global ozonation process even for cases where k;a<0.3 min~!.

Therefore, we can conclude that the chemical reaction between
03 and/or HO® and the chromophore centers governs the global rate
of the ozonation discoloration process.

According to Chu et al. [38], the discoloration process is accom-
panied by an increase of the enhancement factor during the initial
stage of ozonation comprising the primary ozone attack at the chro-
mophore groups (azo link groups), while during the second stage
of ozonation (t>ty) the enhancement factor slightly decreases as
a consequence of the recalcitrance nature of the reaction between
ozone and/or HO* and the discoloration by-products.

Wu and Wang [35] proposed an empirical linear relation for
the discoloration process which correlates, for a given tempera-
ture, the enhancement factor with the initial dye concentration
and the ozone application rate. This relation is denoted as
E=x+y|D]+2z(vgop), where x, y and z are experimental parameters
determined for each dye system. According to these authors [35], E
increases with [D] due to the chemical kinetics, since dye ozonation
is first order with respect to O3 and the dye. Therefore, the E-value
should increase (y >0) with the concentration of both the dye and
dissolved ozone. However, keeping constant vgop under semi-batch
conditions, ozonation becomes pseudo-first-order with respect to
the dye, and the E-parameter increases linearly only with [D]. Wu
and Wang [35] also reported that increasing the vggp-value the tur-
bulence at the gas/liquid interface also increases, thus enhancing
mass transfer (z>0). The authors also reported the influence of [D]
and vgpp on kg, and found that k,p,s declines logarithmically with
[D]. This behavior was described by the relation kqps = w[D]™™",
where w and m are empirical constants. The study carried out by
these authors revealed that the linear log (kops)—log ([D]) rela-
tionship is always true for azo dyes regardless of the co-existence
of other compounds.

Analysis of the data presented in Table 1 clearly supports kops-
values depend on both [D] and pH. However, the dependence of
kons ON ozonation time observed in acid solution reveals a more
complex scenario for the discoloration process. These findings are
in agreement with the literature [16,21], reporting k,,s depends
on dye composition, [D], pH and can present more than one value
during the ozonation progress.

A comparison of the kyps-values as functions of pH supports that
both the direct and indirect oxidative pathways play a similar role
during discoloration. This behavior can be understood considering
that both O3 and HO® present a strong electrophilic nature, which
considerably facilitates the attack at the chromophore centers.

In the light of the discussion presented by Franco et al. [21],
and considering that vggp, [OH™] and [cro]p are constants for each
case, one can propose that changes in k,,s-values as functions of
the ozonation time, observed in acid medium, can be attributed to
modifications suffered in the intrinsic kinetics between the oxidant
(03 and/or HO*) and the chromophore centers.

The discoloration kinetics can be divided into three stages
[21]: (i) primary attack: the discoloration process is governed by
chemical reaction involving the oxidant (O3 and/or HO*) and the
more reactive chromophore centers of the parental molecule; (ii)
secondary (transient) attack: color removal rate is influenced by
changes in the intrinsic nature of the oxidation process as a conse-
quence of the competition between the new chromophore centers
present at the transient persistent colored by-products (TPCBP),
which are formed after the primary attack; and (iii) tertiary attack
(last stage of discoloration): color removal takes place via oxidation
of the remaining chromophore centers present in TPCBP.

Considering the above discussion the changes in ks as func-
tions of the ozonation time and [D] (see Table 1), can be attributed
to modifications in the [dye]/[TPCBP]-ratio, causing a consider-
able modification in the intrinsic kinetics between the oxidant
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Fig. 6. Influence of the solution pH and ozonation time on COD-TOC removal.
[D]=300mgdm~3; vgop =0.25gh~".

(O3 and/or HO*) and the chromophore centers [21]. A comparison
of kops-1 and kops_o indicates that the primary oxidation stage com-
prises the slow step for discoloration. Accordingly, these results also
indicate that the chemical reaction between the oxidant and the
TPCBP leading to discoloration is the easy step, thus revealing a
decrease, during ozonation, in the recalcitrant nature of the chro-
mophore centers present in TPCBP when compared to the centers
present in RO122. From a theoretical point of view, this complex
behavior presented by ks reflects the important influence of the
intrinsic properties of the chromophore centers (electronic density)
on discoloration kinetics.

3.4. Influence of the pH on degradation of RO122

The degradation rate of RO122 using electrochemically gener-
ated ozone was carried out measuring the TOC reduction. COD
measurements were carried out in order to provide information
about the susceptibility of the organic matter towards chemical
oxidation [5]. Fig. 6 shows the influence of the solution pH on the
COD-TOC removal, while Fig. 7 presents the feasibility of oxida-
tion, y, of the soluble organic matter during ozonation at different
pH-values [5].

0.0 T T T T T T T
0 10 20 30 40 50 60
t/ min

Fig. 7. Influence of ozonation, in acid and alkaline solutions, on the feasibility of
oxidation (y =COD/TOC) of the soluble organic matter. [D]=300 mgdm~3.
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Fig. 6 clearly shows that both TOC and COD removal rate are more
pronounced, mainly in alkaline solution, during the initial stage of
the ozonation process (t<5min). This behavior reveals that par-
tial mineralization of RO122 is more pronounced when total color
removal takes place. The fact that the TOC-removal rate is more
pronounced when ozonation is carried out in alkaline solution is
a consequence of the higher oxidation potential presented by the
hydroxyl radical (EY = 2.80 V) when compared to ozone (E® =2.07 V)
[28].

Analysis of Fig. 6 reveals TOC-reduction in acid medium for the
t > tq intervalis not very pronounced, indicating the direct oxidative
pathway via O3 does not constitute an efficient process for further
oxidation of the ozonation by-products. On the contrary, in alka-
line conditions a considerable TOC-reduction takes place during
the entire ozonation interval, thus revealing that the non-selective
nature of the indirect oxidative process by HO® radical results in a
continuous degradation of the ozonation by-products.

Fig. 7 clearly shows y(=COD/TOC) decreases with increasing
ozonation time, especially in alkaline conditions, indicating ozona-
tion leads to an increase in the oxidation feasibility of the soluble
organic matter. As previously discussed by Franco et al. [21], this
behavior is experimental evidence that ozonation can constitute,
especially in alkaline medium, an efficient pre-treatment step for
integrated treatment processes (ITP) devoted to wastewater treat-
ment [2], where chemical oxidation and biologic processes are
combined in order to provide an efficient and economical technol-
ogy for remediation of recalcitrant pollutants.

4. Conclusions

This study investigating the application of electrochemically
generated ozone on the discoloration and degradation of the dye
RO122 supports the electrochemical technology as a promising
alternative technology for ozone applications in environmental
problems concerning the treatment of textile effluents.

The discoloration kinetic study and the analysis of the COD-TOC
removal data as functions of ozonation time, carried out in acid and
alkaline solutions, revealed that ozonation constitutes an efficient
technology for both color and organic matter removal. Total discol-
oration was rapidly achieved in both acid and alkaline solution, thus
revealing that both direct (O3) and indirect (HO*) oxidative path-
ways are efficient for color removal, although an alkaline medium
proved to be somewhat superior. Discoloration kinetics follow a
pseudo-first-order model, where the apparent kinetic rate constant
is influenced by the initial dye concentration and the solution pH.
In the case of acid solutions, the apparent kinetic rate constant is
also influenced by the ozonation time.

A considerable degree of mineralization (>70%) was achieved
after 1h of ozonation using a low ozone application rate
(0.25gh~1). Besides, it was also found that ozonation, mainly in
alkaline medium, promotes a considerable increase in the oxidation
feasibility of the soluble organic matter.
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