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Constant  current  electrolyses  are  carried  out  in  a filter-press  reactor  using  a boron-doped  diamond
(Nb/BDD)  or  a  Ti–Pt/�-PbO2 anode,  varying  current  density  (j)  and temperature.  The  degradation  of
the  real  textile  effluent  is  followed  by  its  decolorization  and  chemical  oxygen  demand  (COD)  abatement.
The  effect  of  adding  NaCl  (1.5  g  L−1)  on the  degradation  of  the  effluent  is  also  investigated.  The Nb/BDD
anode  yields  much  higher  decolorization  (attaining  the  DFZ  limit)  and  COD-abatement  rates  than  the
Ti–Pt/�-PbO2 anode,  at any  experimental  condition.  The  best  conditions  are  j = 5  mA  cm−2 and  55 ◦C, for
astewater electrochemical treatment
extile wastewater remediation
ye electrooxidation
hloride mediated oxidation
iamond film detachment

the  system’s  optimized  hydrodynamic  conditions.  The  addition  of  chloride  ions  significantly  increases  the
decolorization  rate;  thus  a decrease  of more  than  90%  of the  effluent  relative  absorbance  is  attained  using
an applied  electric  charge  per  unit  volume  of  the  electrolyzed  effluent  (Qap)  of  only  about  2  kA  h  m−3.
Practically  total abatement  of  the effluent  COD  is attained  with  the  Nb/BDD  anode  using  a  Qap value  of
only  7 kA h m−3, with  an  energy  consumption  of  about  30 kW  h  m−3.  This  result  allows  to  conclude  that
the  Nb/BDD  electrode  might  be an  excellent  option  for  the  remediation  of  textile  effluents.
. Introduction

The contamination of water sources is one of the major prob-
ems of the 21st century, as water is becoming a scarce natural
esource. Conventional treatment plants are not capable of com-
letely removing all pollutants, such as dyes, antibiotics, and
esticides. Among polluting effluents, the textile ones are char-
cterized by intense color and high organic load, as well as pH
nd temperature oscillations. The color is originated by un-reacted
yestuff, mainly synthetic dyes that commonly are very recalci-
rant and non-biodegradable chemicals. These pollutants might
ause severe problems to human health and aquatic life [1]. Thus,
ew methodologies need to be used to treat those contaminants
efore disposal, in order to obey increasingly rigid environmental
egulations [2].  The most common ways to treat dye-containing
astewaters are: (i) chemical, (ii) physico-chemical, (iii) electro-

hemical, and (iv) advanced oxidation processes [3,4]. Among these
ethods, electrochemical ones have the advantage of removing the

ollutants without the necessity of additional chemicals. Despite
heir easy implementation and the high removal rates commonly

ttained, the use of electric energy is the main drawback of electro-
hemical processes; however, the development and improvement
f new anode materials tend to minimize costs associated with
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energy use. As recently reviewed by Martínez-Huitle and Brillas
[4], there has been a significant effort on investigating the decon-
tamination of wastewaters containing synthetic organic dyes by
electrochemical methods. Nevertheless, there are few reports on
the use of electrooxidation processes to degrade real textile efflu-
ents (for instance, Chatzisymeon et al. [5],  Sakalis et al. [6],  Koparal
et al. [7],  and Malpass et al. [8,9]).

In conventional electrooxidation processes, contaminants can
be removed by (i) direct oxidation, in which the pollutant is oxi-
dized by electron transfer directly to the anode material, or (ii)
indirect oxidation, in which the electron transfer is mediated by
an oxidant species [10,11]. The indirect process involves the elec-
trogeneration of oxidants at the anode, such as the hydroxyl radical
(•OH) from water discharge. According to the extent of the inter-
action between the hydroxyl radical and anode materials, they
are classified from high to low oxidation power anodes [12]. Con-
taminants may  also be oxidized by other oxidants, such as (i)
active chlorine (Cl2, HClO, and ClO−), (ii) S2O8

2−, and (iii) P2O8
4−,

when chloride, sulfate, and phosphate containing solutions are
electrolyzed, respectively [13]. Furthermore, anode material and
electrolysis conditions play an important role on the oxidant spe-
ciation and amount [14–18].

Boron-doped diamond (BDD) is an electrode material that has

been largely used in the electrochemical degradation of pollutants
[4,11,17–22], the electrochemical determination of organic com-
pounds [23,24], and water disinfection [25]. The wide application
of BDD is due to its high chemical and physical stabilities, high

dx.doi.org/10.1016/j.jhazmat.2011.06.039
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Physico-chemical characteristics of the real textile effluent (values in parentheses
refer to the filtered effluent).

Parameter Numerical value

pH 7.11 (7.55)
Conductivity/�S  cm−1 273 (254)
Total solids/mg L−1 558
Volatile solids/mg L−1 378
Turbidity/NTU 172 (14.7)
DFZa (� = 436 nm)/m−1 (27.3)
COD/mg L−1 729 (300)
276 J.M. Aquino et al. / Journal of Haza

xidation power, low adsorption properties, and a large window for
he discharge of water [12]. Thus, considerable amounts of hydroxyl
adicals may  be electrogenerated on BDD anodes; these radicals,
ue to their weak interaction with the BDD film, present a high
eactivity towards organic compounds such as the dyes contained
n textile effluents. The high oxidation power of BDD anodes cou-
led with the knowledge of a system’s hydrodynamic conditions
ay  lead to a high rate of pollutant removal, with good current effi-

iencies [15]. The main drawbacks of BDD anodes are their cost and
he restricted number of adequate and inexpensive substrates for
he deposition of the thin diamond layer; on a Ti substrate, cracks

ay  appear and lead to BDD film detachment [26].
Lead dioxide (PbO2), a medium to high oxidation power anode,

s an alternative anode material due to its fabrication easiness and
ow cost. The electrochemical performance and stability of the PbO2
lm are related to substrate preparation and electrodeposition con-
itions, as well as to the organic and inorganic doping species that
ight be used [27–29].  New methodologies have led to improved

dhesion of the PbO2 film onto the substrate [30], and also to
n oxidation power of the PbO2 anode comparable to that of the
DB anode [29]; however the most used substrate is still the Ti–Pt

18,27,28,31].  Comninellis and Chen [26] point the possible release
f Pb2+ ions, especially in basic solutions, as the main drawback of
bO2 anodes; in many instances, a short lifetime might be another
mportant drawback.

In the present study the electrochemical degradation of a real
extile effluent is comparatively investigated using BDD and �-
bO2 anodes, in the presence or absence of chloride ions, with
ptimization of the system’s hydrodynamic conditions so as to
inimize energy consumption. For such, the corresponding perfor-
ances in the degradation of the effluent were analyzed through

wo parameters: decolorization and removal of the chemical oxy-
en demand (COD) of the effluent.

. Experimental

.1. Chemicals

All chemicals, including Pb(NO3)2 (a.r., Acros), sodium lauryl
ulfate, SLS (99%, Fisher Scientific), H2PtCl6 (99.9%, Aldrich), HCl
36.5%, Mallinckrodt), H2SO4 (98%, Mallinckrodt), NaCl (a.r., JT
aker), and Na2SO4 (a.r., Qhemis), were used as received. Distilled
nd deionized water (Millipore Milli-Q system, � ≥ 18.2 M� cm)
as used for the preparation of all solutions.

.2. Electrodes

The �-PbO2 films were electrodeposited on a platinized Ti sub-
trate using a conventional electrochemical cell, with a calomel
eference electrode and two AISI-304 stainless steel plates as
ounter electrodes. The procedures involving the Ti substrate pla-
inization and the �-PbO2 film preparation are fully described in a
revious work [32]; hereinafter, this electrode will be referred to
s Ti–Pt/�-PbO2.

The BDD anodes were Diachem® electrodes, produced by Con-
ias (Germany) by a chemical vapor deposition process. The
iamond layer was deposited onto a niobium substrate, with a
oron doping level in the range 2000–4500 ppm; hereinafter, this
lectrode will be referred to as Nb/BDD.

.3. Textile effluent
A local dye house (from a carpet and rug industry) provided
he textile effluent, which was sampled at the entrance reser-
oir of the industry’s biological treatment station. This effluent
riginates from the different dyeing units, thus being a complex
a Spectral absorption coefficient, determined according to the DIN-38404/1 stan-
dard.

mixture of dyes and additives whose exact composition is unknown
and dependent on the production schedule. Nevertheless, Table 1
shows the as-received characteristics of this industrial effluent,
which was  characterized by an intense dark yellow color and the
presence of a high amount of fibers. Thus, before the electrochemi-
cal degradation experiments, the effluent was filtered two  times
with conventional filtering paper. Furthermore, due to the low
conductivity of the effluent, Na2SO4 was  added until a 0.1 mol  L−1

concentration was  reached.

2.4. Electrochemical degradation experiments and analyses

All electrochemical experiments were carried out using sam-
ples of the same collected effluent, in order to avoid compositional
and concentration variations. These experiments were carried in
a one-compartment filter-press reactor containing the Nb/BDD or
Ti–Pt/�-PbO2 anode; two  AISI-304 stainless steel plates were used
as counter electrodes to the Nb/BDD anode, while two nickel plates
were used as counter electrodes to the Ti–Pt/�-PbO2 anode. The
Nb/BDD anode exposed area was 5.2 cm × 6.3 cm (each face), while
the Ti–Pt/�-PbO2 anode exposed area was  3.1 cm × 1.9 cm (each
face). Details on the experimental setup and the electrochemical
filter-press reactor are reported elsewhere [32]. In order to deter-
mine the best experimental conditions for the electrochemical
degradation of the textile effluent, the following parameters were
investigated: electric current density (j) and temperature (25 ◦C and
55 ◦C). Other parameters were kept fixed: effluent volume (0.40 L)
and flow rate (360 L h−1).

Values for j were chosen taking into account the limiting current
density (jlim) of the electrochemical system, which was obtained
according to the procedure described by Cañizares et al. [33]. First,
the mass transport coefficient (km) was obtained using the follow-
ing equation:

km = Ilim
nFACB

(1)

where Ilim is the limiting current, n the number of electrons
involved in the oxidation of K4[Fe(CN)6] to K3[Fe(CN)6], F the Fara-
day constant, A the anode area, and CB the bulk concentration of
K4[Fe(CN)6]. The values obtained for the mass transport coefficient
were 2.9 × 10−5 m s−1 for the Nb/BDD anode and 8.6 × 10−5 m s−1

for the Ti–Pt/�-PbO2 anode. Then, the current densities were cho-
sen using this other equation [12]:

jlim(t) = 4FkmCOD(t) (2)

where jlim(t) is the limiting current density and COD(t) the chem-
ical oxygen demand of the effluent at a given time t. Considering
that COD(0) = 300 mg  L−1, the investigated values of j for the electro-

chemical experiments were 5, 10, and 20 mA  cm−2 for the Nb/BDD
anode, and 15, 30, and 45 mA  cm−2 for the Ti–Pt/�-PbO2 anode. The
lower values of current density (5 and 15 mA cm−2) are related to
charge-transfer control and the others to mass-transfer control.
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ig. 1. Relative absorbance (at 400 nm), Arel, as a function of the applied electric ch
extile  effluent with the Nb/BDD anode: (a) 25 ◦C and (b) 55 ◦C.

The performance of each anode in the textile effluent degrada-
ion was analyzed through the extent of decolorization and COD
emoval of the textile effluent. In order to compare these perfor-
ances, the same total value of electric charge per unit volume

f the electrolyzed effluent (Qap) was applied in all the experi-
ents (9 kA h m−3). Absorbance (A) and COD measurements were

one on 2.5 mL  samples of electrolyzed effluent, collected after
ach 1 kA h m−3 of Qap was applied. The effluent absorbance was
etermined from 190 nm to 820 nm in a UV–vis spectrophotometer
HP8452 diode array detector). After the absorbance determina-
ion, the COD of each sample was determined. For such, they were
igested for 2 h at 150 ◦C; then, after reaching ambient tempera-
ure, their absorbance was read at 620 nm with a Hach DR/2010

odel spectrophotometer [34]. Additionally, the decolorization
fficiency was evaluated by determining the spectral absorption
oefficient (DFZ, at � = 436 nm;  DIN-38404/1 standard) of the textile
ffluent at the end of each electrolysis.

. Results and discussion

First of all, it should be noted that in some experiments with-
ut chloride addition to the effluent, when the lowest current
5 mA  cm−2) was applied there was some deactivation of the
b/BDD anode, that is, the COD value of the effluent would not
ecrease any further. That behavior is probably related to organic
dsorption onto the anode surface, thus forming an adsorbed film.
n these cases, the Nb/BDD anode was readily reactivated by the
ollowing pre-treatment: application of 50 mA  cm−2 during 30 min
n H2SO4 0.5 mol  L−1. Nevertheless, the data presented hereinafter
nvolve experiments that did not present this deactivation.

The electrochemical degradation of the textile effluent using
ither the Nb/BDD or the Ti–Pt/�-PbO2 anode led to decolorization
f the effluent and decrease in its COD as the electrolyses pro-
ressed. In order to quantify the decolorization, the absorbance of
he effluent (at 400 nm,  at which maximum absorbance is obtained)
fter a given value of Qap (a given time t) was compared to that
or Qap = 0, resulting in a relative absorbance value, Arel = At/A0. A
elative COD value was similarly obtained: CODrel = CODt/COD0.

.1. Decolorization of the textile effluent

Fig. 1 shows the variation of Arel as a function of Qap for the dif-

erent electrolyses carried out with the Nb/BDD anode, at 25 ◦C and
5 ◦C. Clearly, the best conditions for color removal are attained at
he lower current densities, when the amount of oxygen evolved
t the anode is less significant; hence, a higher fraction of Qap is
er unit volume of the effluent, Qap, for the electrochemical degradation of the real

related to the decolorization of the textile effluent. Under these
conditions, Arel becomes less than 10% for a minimum value of Qap

of about 5 kA h m−3, at 25 ◦C. On the other hand, for any current den-
sity, the higher temperature enhances the decolorization rate due
to the increased oxidation power of the hydroxyl radicals (compare
Fig. 1b to Fig. 1a). Thus, the condition j = 5 mA  cm−2 at 55 ◦C is con-
sidered the best one for the decolorization of the effluent due to the
lower energy consumption and higher current efficiency involved,
as it will be discussed below. In order to investigate a possible fur-
ther increase in the rate of the decolorization process, an additional
experiment was carried out at 5 mA cm−2 and 55 ◦C with 1.5 g L−1

NaCl added to the textile effluent. As it can be seen in Fig. 1b, the
addition of NaCl to the effluent caused an increase in its decoloriza-
tion rate, due to the electrogeneration of active chlorine [17]; now
Arel becomes less than 10% for a minimum value of Qap of only about
2 kA h m−3.

Fig. 2 shows the variation of the relative absorbance as a function
of Qap for the different electrolyses of the textile effluent carried
out with the Ti–Pt/�-PbO2 anode. Again, the best conditions for the
decolorization of the effluent were the lower current density (in this
case, 15 mA cm−2) and the higher temperature (55 ◦C); however,
the rate of decolorization attained is much lower in comparison
to the one attained with the Nb/BDD anode. The higher oxida-
tion power of the Nb/BDD anode clearly prevails, yielding a greater
decolorization capacity. An additional experiment was also carried
out in the presence of 1.5 g L−1 NaCl, at 15 mA cm−2 and 55 ◦C. As it
can be seen in Fig. 2b, the addition of NaCl caused again an increase
in the rate of the decolorization process; however, now the value
of Arel becomes less than 10% only for a minimum value of Qap of
about 5 kA h m−3, which is 2.5 times the one necessary using the
Nb/BDD anode. It should be noted that, after the end of each exper-
iment, the surface of the Ti–Pt/�-PbO2 anode presented a brown
color, due to the formation of an adsorbed film [35], which could
contribute to the lower decolorization efficiency presented by this
anode. Moreover, the better efficiency in the presence of NaCl could
be also attributed to the diminishment of the degree of formation
of this film due to active chlorine (in this case the surface of the
Ti–Pt/�-PbO2 anode presented a lighter brown color).

It is not easy to compare the results here reported on decol-
orization with those obtained by other authors who reported on
electrooxidation processes to degrade real textile effluents, espe-
cially because each effluent was different. Chatzisymeon et al. [5],

using a titanium (grade II/VII) anode covered by a thin film of tan-
talum, platinum and iridium alloy, attained 98% decolorization of
the real textile effluent within 10–15 min, regardless of the applied
current. From their best data (use of 5 A for 10 min, 8 L of effluent),
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ig. 2. Relative absorbance (at 400 nm), Arel, as a function of the applied electric cha
n  the Ti–Pt/�-PbO2 anode: (a) 25 ◦C and (b) 55 ◦C.

ne infers that a charge of only 0.38 kC L−1 was used, which is much
ower than the one used in our best case (5.8 kC L−1); however, they
dded NaCl to the effluent so as to have a minimum concentration
f 10 g L−1, while we used only 1.5 g L−1. From the data reported by
akalis et al. [6],  one may  infer that a charge of about 6.4 kC L−1 was
sed to attain 90% decolorization of the textile effluent (0.5 L; no
aCl added, since the initial concentration of Cl− in the effluent was
0 mg  L−1) using a Nb/BDD anode; a lower degree of decolorization
as attained with a Ti/Pt anode. On the other hand, Malpass et al.

9] report that about 90% decolorization was attained only when
aCl (5.85 g L−1) was added to the textile effluent (0.25 L), inde-
endently of the composition of the DSA anode used; from their
est data, one may  infer that a charge of about 16 kC L−1 was used.
rom all these results, it becomes clear that decolorization by elec-
rooxidation is facilitated by the addition of Cl− ions to the real
ffluent; in other words, degradation of the chromophore of the
yes is more easily attained in the presence of active chlorine [17].
imilar conclusions have been reached previously for the degra-
ation of different dyes—see, for example, Andrade et al. [18] or
quino et al. [32,36,37].  In fact, Malpass et al. [8] showed that com-
lete decolorization of the textile effluent could be attained by the
irect addition of OCl− ions at a concentration of ∼0.50 g L−1.

The decolorization efficiency may  be evaluated through the DFZ
alue (� = 436 nm)  of the textile effluent at the end of an electrolysis.
he obtained results (reported in Tables SI-1 and SI-2 in the supple-
entary data) allow to conclude that the DFZ values were always

elow the limit (7 m−1) at the end of electrolyses carried out with
he Nb/BDD anode. In the case of the Ti–Pt/�-PbO2 anode, which
howed a lesser decolorization capacity, DFZ values below the limit
ere obtained only at the end of the experiments carried out at

5 mA  cm−2 and 55 ◦C.

.2. Removal of the chemical oxygen demand

Fig. 3 shows the variation of CODrel as a function of Qap for
he experiments using the Nb/BDD anode. Similarly to the decol-
rization, the best conditions for the COD removal were the lower
urrent density (5 mA  cm−2) and the higher temperature (55 ◦C):

 90% COD decrease was  reached after a value of Qap of only
 kA h m−3, and total removal was attained for a Qap value of
 kA h m−3. These results are in agreement with the decolorization
nes. However, total COD abatement was not accomplished in the

xperiments carried out at 25 ◦C—see Fig. 3a (a COD decrease of
bout 90% was attained after a value of Qap of about 4 kA h m−3,
ut did not decrease thereafter). The effluent seems to have some
ecalcitrant compounds (or degradation products) that are not
r unit volume of the effluent, Qap, for the electrooxidation of the real textile effluent

oxidized at 25 ◦C. On the other hand, complete COD abatement
was accomplished at 55 ◦C, due to the higher oxidation power of
the electrogenerated oxidants. However, the additional experiment
carried out at 5 mA cm−2 and 55 ◦C in the presence of 1.5 g L−1

NaCl had an unexpected outcome: no improvement of the COD
removal. In fact, for intermediate charges the COD removal rate
was slightly lower than for the experiment without chloride addi-
tion, while at the end of the electrolysis comparable COD removal
rates were obtained. The effect of chloride on the electrooxida-
tion of organics with BDD is not clear: Costa et al. [38] or Wu
et al. [39] reported an improvement of the COD removal rate in
the presence of chloride ions, while Cabeza et al. [40] did not. That
behavior seems to be related to the current density, hydrodynamic
conditions, electrolyte pH during electrolysis, and chloride ion con-
centration, as interestingly shown by Anglada et al. [41]. The lack
of improvement of the COD removal rate is probably due to the
higher oxidation states of electrogenerated chloro species leading
to chlorites, chlorates and possibly perchlorates [40,42]. These inor-
ganic compounds are not effective in the oxidation of organics [42]
and can lead to a low surface concentration of hydroxyl radicals
available to organics oxidation [17]. Alkaline pH also favors the for-
mation of chlorate on BDD, as observed by Anglada et al. [41]. As
the final pH during the experiment with NaCl added to the textile
effluent was slightly alkaline (8.4), the possible generation of that
inorganic compound coupled with the diminishment of active chlo-
rine concentration is likely to have occurred. These characteristics
could have resulted in the lack of improvement of the COD removal
rate. Moreover, the contrasting effect of chloride ions on the color
and COD removals indicates that the electrogenerated active chlo-
rine species are quite selective for the oxidation of the chromophore
of the dyes.

Fig. 4 shows the variation of CODrel as a function of Qap for
the experiments using the Ti–Pt/�-PbO2 anode. The COD decay is
favored at the lower current density (15 mA cm−2) and the higher
temperature (55 ◦C), which is in agreement with the decolorization
and COD results using the Nb/BDD anode; however the efficiency
of the Ti–Pt/�-PbO2 anode is much inferior in comparison to that
of the Nb/BDD anode, due to the higher oxidation power of the
latter. The additional experiment carried out with 1.5 g L−1 NaCl
added to the effluent at the best conditions for color and COD
removals (15 mA  cm−2 and 55 ◦C) yielded an improvement in the
COD removal rate in comparison to the experiment without chlo-

ride addition, as observed in the literature for other anode materials
[8]. That behavior is different from the one observed for the Nb/BDD
anode in the presence of chloride ions, being a consequence of the
lower oxidation power of the Ti–Pt/�-PbO2 anode in comparison
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ig. 3. Relative chemical oxygen demand, CODrel, as a function of the applied elect
ffluent on the Nb/BDD anode: (a) 25 ◦C and (b) 55 ◦C.

o the Nb/BDD one, at which chloro species are more easily oxi-
ized to higher oxidation states. Thus, the active chlorine formed
ith the Ti–Pt/�-PbO2 anode is mainly used for the oxidation of

he organic matter, particularly of the chromophore of the dyes as
ttested by the higher decolorization rates attained. The high val-
es of Qap required for COD abatement of the textile effluent in
omparison to those of synthetic dye solutions [18,32,37,38] might
e due to the great variety and complexity of organic compounds
resent in the effluent.

.3. Instantaneous current efficiency and energy consumption

The instantaneous current efficiency (εinst) for the electrochem-
cal degradation of the textile effluent may  be obtained by:

inst = (CODt+�t − CODt)FV

8I�t
(3)

here CODt and CODt+�t are the COD values at time t and t + �t,
espectively, and V is the volume of the electrolyzed effluent.

Fig. 5 shows the variation of εinst as a function of Qap for
he best COD removal experiments (55 ◦C) with the Nb/BDD
nd Ti–Pt/�-PbO2 anodes—for the other conditions, see Fig. SI-

 in the supplementary data. Only the Nb/BDD anode yielded εinst

alues close to 1.0 in the beginning of the experiments, when the
lectrooxidation is under charge-transfer control (this was  also
rue for j = 10 mA  cm−2—see Fig. SI-1a in the supplementary data);
owever as the electrolysis progresses, the COD decreases and the

ig. 4. Relative chemical oxygen demand, CODrel, as a function of the applied electric cha
ffluent on the Ti–Pt/�-PbO2 anode: (a) 25 ◦C and (b) 55 ◦C.
Fig. 5. Instantaneous current efficiency, εinst, as a function of the applied electric
charge per unit volume of the effluent, Qap, for the best COD removal experiments
(55 ◦C) with the Nb/BDD (solid lines) and the Ti–Pt/�-PbO2 anodes (dotted lines).
process changes to being under mass-transfer control, with the con-
sequent diminishment of the εinst values due to the increasingly
significant oxygen evolution reaction (OER). Very similar results

rge per unit volume of the effluent, Qap, for the electrooxidation of the real textile
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Fig. 6. Electric energy consumption per unit volume of the effluent, w, as a function
of  the relative chemical oxygen demand, CODrel, for the best conditions (55 ◦C) for
electrooxidation of the real textile effluent on the Nb/BDD (solid lines) and Ti–Pt/�-
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bO2 (dotted lines) anodes.

ere obtained when chloride ions were added to the effluent.
or j = 20 mA  cm−2, lower εinst values were obtained due to the
ignificant increase of the OER—see Fig. SI-1a in the supplemen-
ary data. On the other hand, even for the best experiments with the
i–Pt/�-PbO2 anode, the εinst values remained very low throughout,
tarting at 0.15 and rapidly decreasing towards zero. When chloride
ons were added to the effluent, the initial εinst value increased to
.24 due to the indirect oxidation mediated by the chloro species.
learly, in comparison to the Nb/BDD anode, the Ti–Pt/�-PbO2
node is not effective in the electrooxidation of the textile effluent,
ue to the low values of εinst—see Fig. SI-1b in the supplemen-
ary data; this means that almost all of the supplied charge is
eing wasted in side reactions. It should be noted that the experi-
ents carried out at 25 ◦C (see Fig. SI-1b in the supplementary data)

howed even smaller εinst values than the ones at 55 ◦C, which could
e related to the lower oxidation power of the hydroxyl radicals at
hat temperature.

The electric energy consumption per unit volume of electrolyzed
ffluent (w), at different times during electrolyses, may  be obtained
y:

 = UIt

V
(4)

here U is the cell potential, and I the electric current applied.
Fig. 6 shows the variation of w as a function of CODrel for the best

onditions for COD removal using the Nb/BDD and Ti–Pt/�-PbO2
nodes—for the other conditions, see Fig. SI-2 in the supplemen-
ary data. In the case of the Nb/BDD anode, the value of w required
or almost complete degradation of the textile effluent is about
0 kW h m−3, in the absence or presence of chloride ions added to
he effluent. On the other hand, the use of the Ti–Pt/�-PbO2 anode
ould require a much higher value of w to attain the complete
egradation of the textile effluent, due to the poor current effi-
iency of this anode. The addition of NaCl to the effluent leads to
n improvement in the value of w, but still quite far from the one
ttained with the Nb/BDD anode.

Similarly to the case of decolorization, it is not easy to compare

he results here reported on COD abatement and the correspond-
ng energy consumption with those obtained by other authors.
hatzisymeon et al. [5],  using a titanium (grade II/VII) anode cov-
red by a thin film of tantalum, platinum and iridium alloy, attained
 Materials 192 (2011) 1275– 1282

COD decays of about 40% (pH 6 or 9.5) and 60% (pH 3), apply-
ing 20 A for 180 min, with 40 g L−1 NaCl added to the real textile
effluent. From the values of energy consumption reported by the
authors, one may  infer a w value of about 80 kW h m−3 for the
experiment at pH 9.5 for a COD decay of only 40%; clearly the per-
formance of the anode material used is very poor, as the current
efficiency is only 5.5%. On the other hand, Sakalis et al. [6] reported
that the COD of a real effluent could be reduced from 150 mg  L−1

to 10 mg  L−1, in 30 min  of electrolysis, using a Nb/BDD anode at
an applied potential of 18 V. From their data, one may  infer a w
value of about 36 kW h m−3, which coincidently is similar to the w
value obtained in this work using the same type of anode. From
these results and those here reported, it becomes clear that COD
abatement by electrooxidation is more efficiently attained using
BDD anodes. A similar conclusion was reached by Andrade et al.
[18], who compared the performance of Si/BDD and Ti–Pt/�-PbO2
anodes in the degradation of the Reactive Orange 16 dye.

3.4. On the stability of the anodes

The Ti–Pt/�-PbO2 anode was  stable during all the experiments,
and no loss of the PbO2 film or deactivation of the anode was
noticed. The specific determination of Pb in the electrolyte was
not carried out; however, Ciríaco et al. [31], which used a Ti–Pt/�-
PbO2 anode prepared according to the methodology adopted in
our laboratory [27,28] to degrade Ibuprofen, did not detect Pb
(by atomic absorption spectroscopy—AAS) in electrolyte sam-
ples collected at the end of their degradation assays (except for
one sample—0.22 ppm, which was just above their AAS detection
limit—0.2 ppm). Additional evidence on the good stability of this
electrode was  previously obtained in our laboratory, by a service
life test [27].

On the other hand, despite the Nb/BDD anode having pre-
sented a much better performance in the degradation of the
real textile effluent, as discussed above, this electrode presented
instability problems during the studies whose results are here
reported. During some experiments with the Nb/BDD anode, local-
ized detachments of the diamond film from the niobium substrate
occurred throughout the electrode area (photos of the surface of
two Nb/BDD electrodes with such damage can be seen in Fig. SI-
3 in the supplementary data). These detachments occurred when
the Nb/BDD anode was  used in electrolyses of the real textile
effluent at 55 ◦C with NaCl addition. This problem is similar to
what was noticed before for BDD deposited on titanium substrates,
when cracks may  appear and cause the detachment of the dia-
mond film [19]. Most authors do not report any problem with their
BDD anodes; however, their substrate is most commonly p-type
Si [18,20–22,31,38–42].  The localized detachments of the diamond
film on the Nb/BDD anode may  be caused by minute defects in
the diamond film, which lead to oxide growth on the underly-
ing niobium substrate (passivation films are easily formed on Nb,
as discussed, for instance, by Biaggio et al. [43]) and consequent
detachment of the diamond film. Fortunately, the COD abatement
performance of the Nb/BDD anode is just as good in the presence
as in the absence of NaCl in the effluent.

4. Conclusions

The results of an investigation of the electrochemical degra-
dation of a real textile effluent using an Nb/BDD or Ti–Pt/�-PbO2
anode have been presented, in the absence and presence of chlo-

ride ions, for the system’s optimized hydrodynamic conditions.
The Nb/BDD anode yielded much higher decolorization and COD
removal rates than the ones obtained with the Ti–Pt/�-PbO2
anode, at any experimental condition. The best conditions were
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ttained applying a current density of 5 mA  cm−2, at 55 ◦C, without
aCl addition, when the electrochemical process is under charge-

ransfer control and the Nb/BDD anode is stable. Moreover, for the
b/BDD anode, at the end of each electrolysis the DFZ value was
lways below the limit.

The rate of decolorization of the real textile effluent was
ncreased in the presence of chloride ions (1.5 g L−1 NaCl). Thus,
sing the Nb/BDD anode the relative absorbance of the efflu-
nt could be reduced to less than 10% using an applied electric
harge per unit volume of the electrolyzed effluent of only about

 kA h m−3. This higher decolorization rate has been accounted for
y the greater ability of active chlorine to degrade the chromophore
f the dyes present in the effluent.

On the other hand, the COD removal rate was not increased
hen NaCl was added to the real textile effluent. Nevertheless,
ractically total COD removal was attained with the Nb/BDD anode
sing an applied electric charge per unit volume of the electrolyzed
ffluent of only 7 kA h m−3, with an energy consumption of about
0 kW h m−3. This result, which has been accounted for by the high
xidation power of the hydroxyl radicals electrogenerated at the
urface of the Nb/BDD anode, allows to conclude that the Nb/BDD
node could be an excellent option for the remediation of textile
ffluents, specially if its cost is diminished.

Finally, if one’s goal is simply the decolorization of a textile
ffluent, the Ti–Pt/�-PbO2 anode might still be an adequate choice,
specially if one takes into account the cost of BDD anodes and the
ossible instability of diamond films in the presence of chloride

ons.
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