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a b s t r a c t

Synthetic aqueous wastes polluted with Congo Red (CR) have been treated by two advanced oxidation
processes: electrochemical oxidation on boron doped diamond anodes (BDD-EO) and ozonation under
alkaline conditions. For same concentrations, galvanostatic electrolyses have led to total COD and TOC
removals but ozonation process can reach only 85% and 81% of COD and TOC removals, respectively. UV–vis
qualitative analyses have shown different behaviors of CR molecules towards ozonation and electrochem-
ical oxidation. Rapid discoloration has been observed during ozonation, whereas color persistence till
the end of galvanostatic electrolyses has been seen during BDD-EO process. It seems that the oxidation
mechanisms involved in the two processes are different: simultaneous destruction of azoic groups is sug-
zonation

ongo Red dye
iscoloration
xidation
nergy consumption

gested during ozonation process but consecutive destruction of these groups is proposed during BDD-EO.
However, energetic study has evidenced that BDD-EO appears more efficient and more economic than
ozonation in terms of TOC removals. These results have been explained by the fact that during BDD-EO,
other strong oxidants electrogenerated from the electrolyte oxidation such as persulfates and direct-
oxidation of CR and its byproducts on BDD anodes complement the hydroxyl radicals mediated oxidation

inera
to accomplish the total m

. Introduction

Recently, wastewater treatment and water reuse have taken
uch more interest. Biological treatments which are simple and
ost economic methods have been largely used to treat wastew-

ters, but in many cases these methods have been inefficient to
egrade toxic and resistant organic pollutants. Azo dyes are of high
oxicity and even carcinogenic to the animals and human and they
re not readily degradable [1]. Wastewaters containing such type
f dyes are known to be highly resistant to the traditional physi-
al, chemical and biological methods [1–5]. Different technologies
ave been tested for dye removal including adsorption [6], coagula-
ion, flocculation [7] and reverse osmosis processes [8,9]. Although
hese methods resulted in a significant color removal, they were
ostly to apply in the actual field, enable to meet the discharge
riteria of wastewater in terms of chemical oxygen demand and
hey all end up in producing a secondary waste product which

eeds to be tackled further. Advanced oxidation processes (AOPs)
ould be alternative methods able to achieve total mineralization
f organic pollutants through the production of powerful oxidiz-
ng agent as hydroxyl radicals (HO•). AOPs have been employed

∗ Corresponding author. Tel.: +216 75392600; fax: +216 75392421.
E-mail address: nasr.bensalah@issatgb.rnu.tn (N. Bensalah).
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lization of organics.
© 2009 Elsevier B.V. All rights reserved.

to treat dye-contaminated wastewater effluents and in many cases
the macromolecule is completely broken down to water and carbon
dioxide [10–12].

In this context, electrochemical oxidation on boron doped dia-
mond (BDD) anodes (BDD-EO) and ozonation at alkaline medium
could be considered as suitable AOPs for treatment of wastewaters
containing organic pollutants. Two technologies have been widely
studied for the treatment of wastewaters containing great variety of
organics. The most important results of these studies are that these
technologies let achieving high chemical oxygen demand (COD) and
total organic carbon (TOC) removals [14–30]. BDD-EO and ozona-
tion present several common points in their procedures. The main
common points are: (i) both technologies supply, in situ, HO• radi-
cals in large amounts as necessary as incineration of organic matter
could be done [31–35], (ii) the processes require electrical energy
supply to be carried on and to produce strong oxidants, and (iii)
they do not produce secondary pollution.

The goal of this work is to compare the two advanced oxida-
tion processes: BDD-EO and ozonation (at pH 12) in the treatment
of dyeing wastewaters. Congo Red (CR), being a typical azoic dye

presenting two azo bonds (–N N–) chromophores in its molecu-
lar structure, was selected as a model dyeing pollutant. The dye
was selected due to its complex chemical structure (Fig. 1), high
molecular weight, high solubility in water and its persistence one
it is discharged into natural environment [36–38]. The degradation

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nasr.bensalah@issatgb.rnu.tn
dx.doi.org/10.1016/j.jhazmat.2009.02.139
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Fig. 1. Chemical s

nd mineralization of CR by both techniques were followed by COD,
OC, UV–vis analyses. The results obtained will be used to inves-
igate the degradation pathways involved in these processes and
nhance our understanding about role of hydroxyl radicals in the
wo advanced oxidation processes.

. Experimental details

.1. Chemicals

CR was of analytical grade and purchased from Fluka. The
ther chemicals were of analytical grade and purchased from
igma–Aldrich or Merck and used as-received. All solutions were
repared with deionized water having 18 m� cm−1 resistivity from
Mill-QTM system.

.2. Analytical procedure

The carbon concentration was monitored using a Shimadzu
OC-5050 analyzer. Chemical oxygen demand (COD) was deter-
ined using a HACH DR2000 analyzer. UV–vis spectra were

btained using a Shimadzu 1603 spectrophotometer and quartz
ells. To eliminate the influence of pH on the evolution of UV–vis
pectra, all solutions were buffered at pH 7 by phosphate buffer
olution just before drawing the spectra.

.3. Determination of the oxygen-equivalent chemical-oxidation
apacity (OCC)

To quantify the amount of oxidant supplied in the oxidation
rocess, the oxygen-equivalent chemical-oxidation capacity (OCC)
arameter is determined for each AOP technique used in this work.
CC is defined as the kg of O2 that are equivalent to the quantity
f oxidant reagents used in each AOP to treat 1 m3 of wastewa-
er [16,18]. Taking into account Faraday number in the case of EO
nd the number of electrons exchanged in the ozone reduction, the
ollowing equations are obtained:

OCC (kg O2 m−3) = 0.298Q (kA h m−3) (1)

OCC (kg O2 m−3) = 1.000[O3] (kg O3 m−3) (2)

.4. Conductive-diamond electrochemical oxidation

In this work, the BDD-EO assays were carried out in a single
ompartment electrochemical flow-cell as it is described by previ-
us works [16,18]. Diamond-based material was used as anode and
tainless steel (AISI 304) as cathode. Both electrodes were circular
10 cm diameter) with a geometric area of 78 cm2 and an electrode
ap of 0.9 cm. The wastewater was stored in a glass tank (0.6 L)
nd circulated through the electrolytic cell by means of a centrifu-
al pump (flow rate 2.5 L min−1). A thermostatic bath was used to

aintain the temperature at the desired set point. The experimen-

al setup also contained a cyclone for gas–liquid separation, and a
as absorber to collect the carbon dioxide contained in the gases
volved from the reactor into sodium hydroxide. Boron doped dia-
ond films were provided by CSEM (Switzerland) and synthesized
re of Congo Red.

by the hot filament chemical vapour deposition technique (HF CVD)
on single-crystal p-type Si (1 0 0) wafers (0.1 cm, Siltronix). Electrol-
yses were carried out in galvanostatic mode. During the electrolyses
no control of pH was carried out.

2.5. Ozonation

Ozonation experiments were carried out by continuously feed-
ing an ozone–oxygen gas stream in a mixed semi-batch bubble
reactor (continuous for gas and batch for liquid). This reactor con-
sists of a 2.5 L jacketed cylindrical Pyrex glass tank equipped with
a porous gas distribution plate and baffles to increase the capacity
of absorption of ozone. A mechanical stirrer and a recycle pump
(Emapompe, model P 022 Plastomec) are also used to promote
the absorption of ozone and to obtain good mixing conditions.
Pure oxygen taken from a commercial cylinder was fed into an
ozone generator (Ambizon, Model GMF-10, Sistemas y Equipos de
Ozonización S.L., Madrid, Spain) which is able to produce a maxi-
mum mass flow rate of 10 g h−1. In the generator outlet, the stream
was dried with a sample conditioner (Sample conditioning sys-
tem, model SC-010-R AFX, Sistemas y Equipos de Ozonización S.L.,
Madrid, Spain). The concentration of ozone in the gas at the reactor
outlet and inlet was measured with an ozone meter (Ozone anal-
yser, Model H1 AFX, Sistemas y Equipos de Ozonización S.L., Madrid,
Spain) and its calibration was carried out iodometrically [39]. Dis-
solved ozone concentration in the liquid phase was determinated
spectrophotometrically (600 nm) from discoloration of the result-
ing solution, by the Karman indigo method [40]. In the experiments
described in this work, the ozone–oxygen mixture gas stream was
sparged with a constant flow rate of 0.5 L min−1 (flow controller
Cole Parmer, model #: 32907-39) and the average production of
ozone was around 1 g h−1. The volume of wastewater treated in
each assay was 2 L and it was placed inside the reactor prior to the
experiments. To increase the mixing conditions, the stirring rate of
the mechanical stirrer was adjusted to 550 rpm and the flow recy-
cled to 67.5 L h−1. The ozone generator was switched on prior to
the experiments, and only when the desired ozone percentage in
the ozone–oxygen gas was reached (steady state conditions) the
ozone–oxygen mixture gas stream started to be sparged into the
reactor. During the experiments sodium hydroxide was added to the
reactor to maintain the pH in a set point close to 12 ± 0.1. According
to literature [41,42], this is an optimum pH to promote the gen-
eration of hydroxyl radicals due to the radical decomposition of
the ozone molecules. The temperature was also maintained dur-
ing operation at 25 ◦C using a thermostatic bath by circulating the
water through the jacket reactor.

3. Results and discussion

3.1. Electrochemical oxidation process
Galvanostatic electrolyses of aqueous solutions containing CR
were carried out under a current density of 30 mA cm−2 and at
a temperature of 25 ◦C and in presence of 5 g L−1 Na2SO4. These
operating conditions have been chosen considering that in pre-
vious works [13–23]; it has been shown that in sulfate medium
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ig. 2. pH evolution versus specific electric charge passed during electrolyses of
�) 0.1 g L−1, (�) 0.5 g L−1 and (�) 1.0 g L−1 CR-polluted aqueous solutions. Operating
onditions: anode: BDD (S = 78 cm2); cathode: stainless steel (S = 78 cm2); current
ensity: j = 30 mA cm−2; T = 25 ◦C; electrolyte: 5 g L−1 Na2SO4; pH0 7.

ore strong oxidants could be electrogenerated from the oxidation
f electrolyte at BDD surface which can mediate the oxidation of
rganics, but the use of high current densities decreases the elec-
rochemical treatment efficiency and the increase of temperature
as no significant influence on the overall kinetics of the process.
he electrolyses were followed by measurements of pH, COD, TOC
nd UV–vis spectra.

Fig. 2 presents the evolution with specific electric charge of pH
uring galvanostatic electrolyses (j = 30 mA cm−2) on BDD anodes
f aqueous solutions (5 g L−1 Na2SO4) polluted with CR at differ-
nt concentrations. As it can be seen, the pH has a little decrease
efore being stabilized at pH 9 for all initial concentrations but the
ecrease of pH is more significant for high concentrated solutions.
o explain the pH evolution it should be taken into account that the
H of medium depends largely on cathodic and anodic processes
nd intermediates acid–base properties.

At the cathode, water reduction provides hydroxyl ion as it is
iven by Eq. (3):

H2O + 2e− � H2 + 2OH− (3)

t the anode, reactions below can be suggested to be happened:

� P + ne− + mH+ (4)

H2O � 2OH• + 2e− + 2H+ (5)

SO4
2− � S2O8

2− + 2e− (6)

refers to CR or intermediates and P refers to byproducts. In this
ay, pH variation depends largely on electrode process predom-

nance. Deprotonation (Eqs. (4) and (5)) decreases the pH value
nd oppositely hydroxide ion formation (Eq. (3)) increases this
alue. It seems that the proton generation rate on the anode is
ower than that of hydroxyl anions at the cathode. Thus, the small
mounts of protons generated at the anode partially compensate
he anions generated at the cathode and, consequently, the pH
ncreases. Moreover, at the beginning of the process there are more

rotons generated by reaction (4) and then a decrease of pH can be
bserved especially when high concentrations of CR solutions are
lectrolyzed. Furthermore, the cleavage of azoic groups can lead to
niline derivatives formation (alkaline character) which can explain
lso the pH increase. It should be noted that similar results have
Fig. 3. Evolution of UV–vis spectra during BDD-EO of aqueous solution polluted
with 0.5 g L−1 of CR. Operating conditions: anode: BDD (S = 78 cm2); cathode: stain-
less steel (S = 78 cm2); current density: j = 30 mA cm−2; T = 25 ◦C; electrolyte: 5 g L−1

Na2SO4; pH0 7.

been reported by several authors in the study of BDD-EO of other
dyes [16,17].

Fig. 3 presents evolution with time of UV–vis spectra during
galvanostatic electrolysis of aqueous solution (5 g L−1 Na2SO4) con-
taminated with 0.5 g L−1 CR. Three absorbance bands are observed
at 237, 334 and 482 nm. Bands situated in UV region of spectra can
be attributed to � → �* transition in aromatic rings but the band
of visible region can be due to azoic group transition. As it can be
seen, continuous and simultaneous decrease of the band intensi-
ties was observed from the beginning of electrolysis. These bands
disappeared after 540 min electrolysis. Total disappearance of the
three bands suggests that no more aromatic intermediates exist in
the water. These results show that total degradation of CR and its
aromatic intermediates has been achieved by BDD-EO.

It seems that complex oxidation mechanism takes place during
BDD-EO of CR aqueous solution. The fact is related to the persis-
tence of visible band till the end of experiment and non-increase in
intensities of UV bands and/or non-appearance of new UV bands.
These results can be explained by the two following ideas:

• CR still is the main compound in the solution during galvanostatic
electrolyses (persistence of visible band) and its aromatic inter-
mediates generated during BDD-EO starts their degradation once
they are formed (non-increase in intensities of UV bands and/or
non-appearance of new UV bands).

• Consecutive destruction mechanism of azoic groups is involved
(persistence of visible band) and the degradation byproducts
absorb at same wavelengths than mother compound (non-
increase in intensities of UV bands and/or non-appearance of new
UV bands).

Fig. 4 presents the influence of CR concentration on the evolution
with specific electric charge of COD and TOC during galvanos-
tatic electrolyses (j = 30 mA cm−2) BDD anodes of aqueous solutions
(5 g L−1 Na2SO4) containing CR at different concentrations. High
COD and TOC removals have been obtained by BDD-EO in regardless
of CR concentration. Electrolyses of low organic matter concen-
trated solutions lead to total COD and TOC removals but the

electrolyses of high loaded solutions can reach only 85% of COD
removal and 81% of TOC removal. This result maybe explained by
the accumulation of aliphatic carboxylic acids at the end of the
treatment when high CR concentrations were electrolyzed. The
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Fig. 4. Changes in the COD (a) and in the TOC (b) with the specific electric charge
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secutive dissociation mechanism is involved during BDD-EO of CR
aqueous solution which delay the discoloration of the solution to
the end of electrochemical treatment. However, only BDD-EO leads
to total disappearance of all the UV–vis absorbance bands indicating
assed during electrolyses of (©) 0.1 g L−1, (�) 0.5 g L−1 and (♦) 1.0 g L−1 CR-polluted
ynthetic wastes. Operating conditions: anode: BDD (S = 78 cm2); cathode: stain-
ess steel (S = 78 cm2); current density: j = 30 mA cm−2; T = 25 ◦C; electrolyte: 5 g L−1

a2SO4; pH0 7.

ontinuous decrease of TOC shows that organic matter mineral-
zation takes place from the beginning of electrolyses and that CO2
s the sole final product of BDD-EO of this azoic dye. It is remark-
ble that the specific electrical charge required to achieve same COD
nd TOC removals is not proportional to CR concentration and the
urves COD = f(Q) have an exponential shape. These results indicate
hat the electrochemical process is mass transfer controlled as it
as widely mentioned in literature [13–23].

.2. Ozonation process

Ozonation is one of the most widely used advanced oxidation
echnologies for wastewater treatment. Ozone is itself a very pow-
rful oxidant (E0 = 2.07 V/SHE) and, in certain conditions, it can be
ecomposed and lead to the formation of hydroxyl radicals (i.e. at
H close to 12, which is going to be the conditions used in this work).

n this later case, the process efficiencies are strongly increased [34].
Fig. 5 shows changes with time in the UV–vis spectra during

he ozone treatment of synthetic wastes polluted with 0.5 g L−1

R. The initial UV–vis spectrum of this compound is characterized
y the presence of three bands at 237, 334 and 482 nm, which is
imilar to that observed during CR bulk electrolyses. As it can be
bserved, the intensities of these bands decrease continuously and
isappear at the same time, after 60 min ozonation. The disappear-
nce of the visible band is accompanied by total discoloration of
he solution. Total discoloration of the solution results from the
estruction of two azoic bonds present in CR chemical structure.
s it can be seen also, an appearance of a new band situated at

15 nm was observed from the early minutes of ozonation experi-
ent. This band increases in intensity when the intensities of other

ands are decreasing, after the total disappearance of the bands
bserved in the initial solution, its intensity decreases slowly but
t cannot be totally disappeared and persist till the end of exper-
Fig. 5. Evolution of UV–vis spectra during ozonation of aqueous solution polluted
with 0.5 g L−1 CR. Operating conditions: ozone production: 1 g h−1; V = 2 L; pH 12;
T = 25 ◦C.

iment. These results show that ozonation lead to rapid and total
discoloration of CR aqueous solution. Moreover, it appears that
simultaneous destruction mechanism of azoic groups is involved
during ozonation of CR solutions.

These results seem to be different from those obtained during
galvanostatic electrolyses on BDD anode of the same CR solution.
Fig. 6 illustrates the evolution of visible band absorbance removal
during BDD-EO and ozonation of 0.5 g L−1 CR aqueous solutions.
This figure shows that total disappearance of visible band during
ozonation is much more rapid than that during BDD-EO. This means
that the destruction of azo groups is more rapid in ozonation than in
BDD-EO. This observation can be related to the mechanism involved
in each process. Selective chemical reaction of molecular ozone
with azoic group (–N N–) looks to be the main reaction at the
beginning of ozonation process which leads to simultaneous break-
ing of azoic bonds and accelerates the discoloration of CR aqueous
solution. Neither direct electron transfers at BDD anode, nor medi-
ated oxidation by hydroxyl radicals (non-selective oxidation), can
be able to destruct simultaneously the azoic two bonds and con-
Fig. 6. Abatement of absorbance at 480 nm during the treatment of 0.5 g L−1 aqueous
solution by (©) BDD-EO and (♦) ozonation. Operating conditions: BDD-EO—anode:
BDD (S = 78 cm2); cathode: stainless steel (S = 78 cm2); j = 30 mA cm−2; T = 25 ◦C;
5 g L−1 Na2SO4; pH0 7; ozonation—ozone production: 1 g h−1, V = 2 L, pH 12, T = 25 ◦C.



M. Faouzi Elahmadi et al. / Journal of Hazardous Materials 168 (2009) 1163–1169 1167

Fig. 7. Changes in the COD (�) and in the TOC (�) during ozonation of 0.5 g L−1 CR-
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Fig. 8. Evolution of the supplied power versus OCC during the treatment of 0.5 g L−1

aqueous solution by BDD-EO (�) and ozonation (©) processes. Operating con-
olluted aqueous solution. Operating conditions: ozone production: 1 g h−1, V = 2 L,
H 12, and T = 25 ◦C.

hat total transformation of organic matter into CO2 and aliphatic
arboxylic acids. The later result cannot be reached by ozonation
rocess which is inefficient in the final steps of degradation of some
romatic intermediates.

Fig. 7 shows the evolution of chemical oxygen demand (COD) and
otal organic carbon (TOC) during ozonation of synthetic wastewa-
ers polluted with 0.5 g L−1 RC at pH 12. As it can be observed, both
arameters (COD and TOC) are satisfactorily reduced during the
reatment by ozonation of 0.5 g L−1 CR aqueous solution. Changes
n the TOC indicate that carbon dioxide is formed from the very early
xidation stages. At the beginning of process, the COD decrease is
ore abrupt than TOC which indicates that the first step of ozona-

ion leads to the formation of many intermediates with low CO2
roduction rate. This suggests that treatment with ozone of a solu-
ion polluted with CR begins by the fragmentation of the initial
tructure to aromatic compounds then to aliphatic compounds. As
t can be observed, the ozonation process can be used to treat this
ind of actual wastewater. However, it is not able to achieve the
omplete mineralization of organics and a significant concentra-
ion of organic carbon (around 40 mg C L−1) remains at the end of
he process.

These results are different from those obtained with BDD-EO.
he different behaviors observed for the two oxidation technolo-
ies studied here, have to be explained in terms of the oxidation
echanisms involved in each process. It is supposed that in these

rocesses, the hydroxyl radicals are implicated in the oxidation
13–23], but according to the results, these differences have to be
xplained by the action of other oxidants. In the case of BDD-EO,
he higher efficiencies help to confirm that there are other impor-
ant oxidation processes that complement the hydroxyl radicals

ediated oxidation [14–17]. Among them, two can be of special
mportance: the direct electro-oxidation on the BDD surface and
he oxidation mediated by other electrochemically formed com-
ounds generated in this electrode, due to the oxidation of sulfates
uch as peroxomonosulfates and peroxodisulfates [43]. In the same
ay, the good results observed at the beginning of ozonation pro-

ess can be explained by the effect of the molecular ozone, which

s selective oxidant for breaking (–N N–) bonds but less powerful
han hydroxyl radicals [44]. The low oxidation power of the molec-
lar ozone explains the detection of refractory carbon at the end of
zonation treatment, in which the action of the hydroxyl radicals
s, probably, the lone oxidative mechanism.
ditions: BDD-EO—anode: BDD (S = 78 cm2); cathode: stainless steel (S = 78 cm2);
j = 30 mA cm−2; T = 25 ◦C; 5 g L−1 Na2SO4; pH0 7; ozonation—ozone production:
1 g h−1, V = 2 L, pH 12, T = 25 ◦C.

3.3. Energy requirements

The comparison of the results obtained by BDD-EO and ozona-
tion can be used to estimate energy requirement and economic
conditions in these processes. To compare the results obtained with
different oxidation technologies in terms of equivalent doses of
oxidants, a new parameter has been recently proposed in litera-
ture: the OCC [16,18]. This parameter informs about the chemical
efficiency of the oxidants used in each process and it quantifies
the oxidants added to the waste with the same arbitrary units
(kg O2 m−3 of wastewater).

Fig. 8 presents evolution of the supplied power versus oxygen-
equivalent chemical-oxidation capacity provided to oxidation
media during BDD-EO (j = 30 mA cm−2) and ozonation (1 g O3 h−1)
treatments. As it can be seen, the supplied power increases lin-
early with OCC for the two processes. For the same OCC value, the
energy required for ozonation is much higher than that required for
BDD-EO which indicates that BDD-EO is more efficient than ozona-
tion. On the other hand, Fig. 9 shows the evolution with OCC of TOC
removal during BDD-EO (j = 30 mA cm−2) and ozonation (1 g O3 h−1)
of 500 ppm CR aqueous solutions. As it can be observed, for low
OCC values, efficiencies of both BDD-EO and ozonation are simi-
lar. However, ozonation is not able to achieve percentage of TOC
elimination higher than 85%, whereas BDD-EO allows attaining the
almost complete mineralization. Fig. 10 shows evolution of power
consumption with TOC removal during the treatment of 0.5 g L−1 CR
aqueous solutions by BDD-EO and ozonation. As it can be observed,
energy requirements increase linearly up to 80% of TOC removal
for the two processes but the energy consumption during ozona-
tion increases more rapidly than that during BDD-EO process. For
example to reach 80% of TOC removal, 528 kWh m−3 is required
by ozonation but only 254 kWh m−3 is consumed during BDD-EO
indicating that BDD-EO is more economic than ozonation. How-
ever, it is clear that the energy consumption versus TOC removal
during BDD-EO becomes much more important to achieve total

mineralization. The differences observed in both oxidation tech-
nologies are indicative of the generation of high concentration of
intermediates (mainly carboxylic acid) that are accumulated in the
system during ozonation. The lower oxidizability of the carboxylic



1168 M. Faouzi Elahmadi et al. / Journal of Hazard

Fig. 9. Evolution of TOC removal versus OCC during the treatment of 0.5 g L−1

aqueous solution by BDD-EO (�) and ozonation (©) processes. Operating con-
ditions: BDD-EO—anode: BDD (S = 78 cm2); cathode: stainless steel (S = 78 cm2);
j = 30 mA cm−2; T = 25 ◦C; 5 g L−1 Na2SO4; pH0 7; ozonation—ozone production:
1 g h−1, V = 2 L, pH 12, T = 25 ◦C.

Fig. 10. Evolution of power consumption versus TOC removal during the treat-
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•

ent of 0.5 g L−1 aqueous solution by BDD-EO (�) and ozonation (©) processes.
perating conditions: BDD-EO—anode: BDD (S = 78 cm2); cathode: stainless steel

S = 78 cm2); j = 30 mA cm−2, T = 25 ◦C, 5 g L−1 Na2SO4, pH0 7; ozonation—ozone pro-
uction: 1 g h−1, V = 2 L, pH 12, T = 25 ◦C.

cids towards ozonation can be explained by the feebler activity
f molecular ozone and hydroxyl radicals over these intermedi-
tes. The high efficiency of BDD-EO is related to the existence of
ther important oxidation mechanisms such as persulfate oxidation
nd direct-oxidation of CR and byproducts on BDD anodes. Changes
n energy requirements during BDD-EO can be explained by mass
ransfer limitations in the final steps of electrochemical process.

. Conclusion
The main conclusions deduced from this work can be summa-
ized in these points:

Both BDD-EO and ozonation can be successfully used to treat
aqueous solutions containing Congo Red azoic dye. BDD-EO can
ous Materials 168 (2009) 1163–1169

achieve the almost total COD and TOC removals but ozonation at
alkaline medium can reach only 85% and 81% of COD and TOC
removals, respectively.

• During BDD-EO the persistence of visible band till the end of
experiment and non-increase in intensities of UV bands and/or
non-appearance of new UV bands are indicative of consecu-
tive destruction mechanism of azoic groups and formation of
degradation byproducts which absorb at same wavelengths than
mother compound.

• The influence of CR initial concentration shows that specific elec-
trical charge required to achieve same COD and TOC removals is
not proportional to CR concentration and that exponential profile
of COD versus specific electrical charge is observed in all cases in
the range of concentration studied here. These results point to
mass transfer control of the overall kinetics.

• The evolution of UV–vis spectra during ozonation process lead to
more rapid discoloration of CR aqueous solution and appearance
of new UV band which is indicative of simultaneous destruction
of azo groups and formation of different aromatic intermediates.

• The energy requirements evolution with OCC and TOC removal
during BDD-EO and ozonation show that BDD-EO is more efficient
and more economic than ozonation in the treatment of this kind
of wastewaters.

• The differences observed between the two oxidation technolo-
gies studied here, have to be explained in terms of the oxidation
mechanisms involved in each process. The simultaneous destruc-
tion mechanism suggested for ozonation can be explained by the
effect of the molecular ozone, which is selective oxidant for break-
ing (–N N–) bonds. The high efficiency of BDD-EO is related to
the complement hydroxyl radicals mediated oxidation with other
important oxidation mechanisms such as indirect persulfate oxi-
dation and direct-oxidation of CR and byproducts on BDD anodes.
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