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Solutions of 236 mg dm—3 Acid Red 1 (AR1), an azo dye widely used in textile dying industries, at pH 3.0
have been comparatively treated by anodic oxidation with electrogenerated H,0, (AO-H;0,), electro-
Fenton (EF) and photoelectro-Fenton (PEF) at constant current density (j). Assays were performed with a
stirred tank reactor equipped with a Pt or boron-doped diamond (BDD) anode and an air-diffusion cath-
ode for H,0, generation from O, reduction. The main oxidizing agents were hydroxyl radicals produced
at the anode from water oxidation in all methods and in the bulk from Fenton’s reaction between gener-
ated H,0, and 0.5 mmol dm~3 Fe?* in EF and PEF. For each anode, higher oxidation power was found in
the sequence AO-H,0, < EF < PEF. The oxidation ability of the BDD anode was always superior to that of Pt.
Faster and similar decolorization efficiency was achieved in EF and PEF owing to the quicker destruction
of aromatics with hydroxyl radicals produced in the bulk. The PEF process with BDD was the most potent
method yielding almost total mineralization due to the additional rapid photolysis of recalcitrant inter-
mediates like Fe(Ill)-carboxylate complexes under UVA irradiation. The increase in j always enhanced
the decolorization and mineralization processes because of the greater production of hydroxyl radicals,
but decreases the mineralization current efficiency. A total of 11 aromatic intermediates, 15 hydroxyla-
ted compounds, 13 desulfonated derivatives and 7 short-linear carboxylic acids were identified. NH4*,
NOs~ and SO42- ions were released during azo dye degradation. From the products detected, a compre-
hensive reaction sequence for AR1 mineralization is proposed. The relationship between decolorization,
mineralization and products formed is finally discussed.

Keywords:

Acid Red 1

Anodic oxidation
Boron-doped diamond
Electro-Fenton
Photoelectro-Fenton

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the UNESCO’s World Water Development Report [1]
manifested the growing concern about dying industrial effluents.
Large volumes of industrial effluents with high dye contents are
discharged into water bodies causing esthetic problems derived
from their color and their worrying hazardous effects on living
beings. Azo dyes are the most used organic dyes, representing
for over 70% of annual dyes consumption [2]. They have the
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azo group (—N=N-) as chromophore, associated with aromatic
systems containing groups such as —OH and —SO3H. Azo dyes are
highly recalcitrant and are hardly removed by conventional bio-
logical and physicochemical methods, thus persisting in the aquatic
environment [2,3]. They are toxic to aquatic organisms and humans
[4,5] and possess carcinogenic, mutagenic and bactericide prop-
erties [1]. The development of powerful and effective oxidation
processes to remove azo dyes and their by-products from wastew-
aters are required to avoid their adverse environmental impact and
the danger they imply to public health.

Electrochemical advanced oxidation processes (EAOPs) are
based on the in situ generation of hydroxyl radical (*OH) to min-
eralize organic matter in waters [6,7]. The high standard redox
potential of this radical (E°(*OH/H,0)=2.80 V/SHE) favors its non-
selective reaction with most organics giving dehydrogenated or


dx.doi.org/10.1016/j.electacta.2014.07.117
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.07.117&domain=pdf
mailto:sergigarcia@ub.edu
mailto:sergigs_87@hotmail.com
dx.doi.org/10.1016/j.electacta.2014.07.117

X. Florenza et al. / Electrochimica Acta 142 (2014) 276-288 277

hydroxylated derivatives up to complete combustion to CO,, inor-
ganic ions and water. EAOPs are promising and environmentally
friendly technologies that are very effective for organics degrada-
tion and easily usable and scalable [6-10]. Although some papers
have been recently published dealing with the decolorization and
removal of several azo dyes by these methods [11-15], much
deeper information about the influence of operating parameters
and generated products on the degradation processes of a high
number of these pollutants is needed to clarify the possible viability
of EAOPs for wastewater remediation.

The most typical EAOP is anodic oxidation (AO), where adsorbed
hydroxyl radical (M(®*OH)) is generated from water discharge by
reaction(1)atananode (M) with high O,-overpotential by applying
a high current [6,13,16-20].

M + Hy0 — M(*OH) + H* +e- 1)

The non-active boron-doped diamond (BDD) anode is currently
considered the best anodic material for AO since it generates very
high amounts of reactive physisorbed BDD(*OH) radicals as a result
of its very weak BDD-*OH interaction and great O,-overpotential
[21]. These properties confer BDD the ability of being more effective
toremove aromatics including azo dyes than other common anodes
such as Pt [22,23] and PbO, [24,25].

Carbonaceous cathodes like graphite [26], carbon or graphite
felts [12,26-30], activated carbon fiber [31], carbon sponge [32],
carbon-polytetrafluoroethylene (PTFE) gas (O, or air) diffusion
[11,15,33-36], carbon nanotubes [37,38] and BDD [14,39,40] have
shown a high efficiency for H,0; electrogeneration from the two-
electron reduction of injected O, from reaction (2):

Oz(g) + H"+2e — H,0, (2)

In an undivided cell for AO, the use of a carbon-PTFE air-diffusion
cathode minimizes the possible cathodic reduction of organic pol-
lutants [15,23]. In this EAOP, so-called AO with electrogenerated
H,0, (AO-H;0,), other weaker reactive oxygen species (ROS) than
*OH can be produced at the anode, like hydroperoxyl radical (HO,*)
from H,0, oxidation by reaction (3):

M + Hp0,— M(HO,*) + H* e~ (3)

Cathodes with ability for H, O, electrogeneration have also been
extensively used in indirect EAOPs based on Fenton’s reaction
chemistry [7-9]. The most common method is electro-Fenton (EF)
[11,12,15,26-30,32,35,36], where *OH is produced in the bulk from
the reaction between generated H,0, and low amounts of added
Fe2* jon by Fenton’s reaction (4) with optimum pH 2.8:

FeZ+ + H,0, + HT— Fe3* +°*OH + H,0 (4)

Reaction (4) is catalytic and can be propagated from Fe2* regen-
eration, pre-eminently by Fe3* reduction at the cathode [27,32].

When an undivided cell is used in EF, organic molecules are
mainly destroyed by the combined action of M(*OH) formed at the
anode from reaction (1) and *OH produced in the bulk from reac-
tion (4), along with a slower destruction by other weaker ROS such
as H,0, and HO,* [7]. Unfortunately, the EF treatment of aromatics
with an air-diffusion cathode does not allow total mineralization
of aromatic solutions due to the formation of Fe(Ill)-carboxylate
complexes that are only slowly removed by BDD(*OH) [7,41]. This
problem can be solved performing the photoelectro-Fenton (PEF)
process, in which the solution treated by EF is irradiated with UVA
light[15,31,33,42-45] and the degradation process is enhanced by:
(i) the photoreduction of Fe(OH)2*, the pre-eminent Fe3* species at
pH near 3, to regenerate Fe2* producing more *OH from reaction (5)
and (ii) the photolysis of generated Fe(Ill)-carboxylate complexes
by the general reaction (6):

Fe(OH)?* + hv— Fe** +*OH (5)

Fe(OOCR)?** + hv— Fe2t +CO, +R® (6)

The aim of this paper is to gain a better knowledge on the decol-
orization and mineralization processes of azo dyes during their
EAOP treatments. To do this, the AO-H,0,, EF and PEF degrada-
tions of an azo dye widely used in the textile industry like Acid
Red 1 (AR1, Cy3H13N30g5S,2-, see characteristics in Table 1) were
comparatively studied at pH 3.0 using Pt/air-diffusion and BDD/air-
diffusion cells. Solutions with 236 mg dm~3 AR1 (100mg dm3
of dissolved organic carbon (DOC)) were checked, since it corre-
sponds to typical azo dye contents found in industrial effluents
[34]. The influence of current density (j) on the decolorization effi-
ciency and mineralization degree and rate was examined to better
explain the role of generated oxidizing agents and/or UVA radia-
tionin all the EAOPs tested. Aromatic intermediates were identified
by liquid chromatography-mass spectrometry (LC-MS). Generated
carboxylic acids and released inorganic ions were identified and
quantified by high-performance liquid chromatography (HPLC). A
reaction sequence for AR1 mineralization involving all the products
detected is proposed. Finally, the relationship between decoloriza-
tion, mineralization and products formed is discussed.

2. Experimental
2.1. Chemicals

Reagent grade Acid Red 1 was supplied by Sigma-Aldrich
and used as received. Analytical grade anhydrous sodium sulfate
and iron(Il) sulfate heptahydrate were purchased from Fluka and
Sigma-Aldrich, respectively. The solution pH was initially adjusted
with analytical grade sulfuric acid supplied by Across Organics.
Sodium perchlorate and perchloric acid, used in some trials, were
analytical grade purchased from Merck. Carboxylic acids, other
chemicals and solvents used in chromatographic techniques were
of HPLC, LC-MS and analytical grade purchased from Sigma-Aldrich,
Lancaster, Merck and Panreac. All solutions were prepared with
high-purity water obtained from a Millipore Milli-Q system with
resistivity > 18 M€2 cm at 25°C.

2.2. Electrolytic system

Electrolytic experiments were performed in an open and undi-
vided two-electrode cell of 150 cm?3 capacity with an external jacket
allowing circulation of thermostated water regulated by a Selecta
Digiterm 3000524 thermostat. The anode was a BDD thin film sup-
plied by Adamant Technologies (La-Chaux-de-Fonds, Switzerland)
or a Pt sheet of 99.99% purity supplied by SEMPSA (Barcelona,
Spain). The cathode was a carbon-PTFE air-diffusion electrode from
E-TEK (Somerset, NJ, USA), mounted as described elsewhere [46],
allowing H,0, generation from air injection at a flow rate of 300
cm3 min~1. All electrodes had a geometric area of 3 cm? and were
separated about 1 cm. The assays were made at constant j by con-
necting the electrodes to an Amel 2053 potentiostat-galvanostat
and the potential difference of the cell was directly measured with
a Demestres 601BR digital multimeter. To remove the impurities of
the BDD anode surface and activate the air-diffusion cathode before
the degradation trials, they were polarized in 100 cm3 of a 0.05 mol
dm—3 Na, S0, solution at 100 mA cm~2 for 180 min.

All experiments were carried out with 100 cm? of solutions
containing 236 mg dm~3 AR1 in 0.05mol dm~3 Na,S0,4 as back-
ground electrolyte at pH 3.0. In EF and PEF, 0.5 mmol dm—3 Fe2*
were added to the solution as catalyst. The solution pH and the Fe2*
concentration were chosen since they have been found optimal for
similar treatments of other aromatics [11,15,33-36]. The solution
was maintained at 35.0°C, which is the maximum temperature
that our system can be thermostated without significant water
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Table 1
Chemical structure and characteristics of Acid Red 1 azo dye.
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Hydrazone form

Chemical formula
IUPAC name

CisH13N3Na; 055>

Colour Index name Acid Red 1
CAS number 3734-67-6
Colour Index number 18050

M [g mol~] 509.44
Amax [nm] 506

Sodium 5-(acetylamino)-4-hydroxy-3-(2-phenyldiazenyl)-2,7-naphthalenedisulfonate

evaporation during prolonged electrolysis time. The solution was
stirred by a magnetic bar at 800 rpm to ensure homogeneity in
solution and the mass transport of reactants toward/from the
electrodes. A Philips 6-W black light blue tube lamp was used
for UVA irradiation in PEF, providing wavelengths of 320-400 nm
with Amax =360 nm with an energy of 5Wm~2, as detected with a
Kipp&Zonen CUV 5 global UV radiometer.

2.3. Instruments and analytical procedures

The solution pH was determined using a Crison GLP 22 pH-
meter. Samples were collected at regular time intervals, alkalinized
to stop the mineralization process and filtered with 0.45 wm PTFE
filters purchased from Whatman before analysis. The decoloriza-
tion of AR1 solutions was followed by monitoring their absorbance
(A) decrease at the maximum visible wavelength of Apax =506 nm
(see Table 1) using a Shimadzu 1800 UV-vis spectrophotometer
thermostated at 35°C to record the solution spectra between 200
and 800 nm. The percentage of color removal or decolorization effi-
ciency was then calculated by Eq. (7) [2]:

Ag — At
Ag

% Color removal = 100 (7)
where Ay and A; are the absorbance at initial time and time ¢ at
Amax = 506 nm, respectively.

The mineralization of AR1 solutions was monitored from their
DOC abatement, determined on a Shimadzu VCSN Total Organic
Carbon (TOC) analyzer. Reproducible DOC values with an accuracy
of £1% were obtained by injecting 50 p.L aliquots into the analyzer.

From the DOC decay, the mineralization current efficiency (MCE)
for each trial was estimated by Eq. (8) [34]:

nFVs ADOC)exy |

MCE (%) =
4.32 x 10" mit

(8)
where F is the Faraday constant (96,487 Cmol-1),Vs is the
solution volume (dm3), A(DOC)exp is the experimental DOC
decay (mg dm3), 432x107 is a conversion factor (3600 s
h~1 x 12000 mg Cmol~1), m is the number of carbon atoms of AR1
(18 C atoms), I is the applied current (A), t is the electrolysis time
(h) and n refers to the number of electrons involved in the total
combustion of AR1 assuming the main formation of ammonium
and sulfate ions from reaction (9):

C18H13N3045,% + 36H,0 — 18C0O; + 25042~
+3NH* +73H" 4 74e- 9)

Total nitrogen (TN) referred to all N-species present in solution
was determined with a Shimadzu TNM-1 module coupled to the
above TOC analyzer.

The evolution of generated carboxylic acids was followed by
ion-exclusion HPLC using a Waters 600 LC fitted with a Bio-Rad
Aminex HPX-87H,300 mm x 7.8 mm (i.d.), columnat 35 °Cand cou-
pled to a Waters 996 photodiode array detector set at A =210 nm.
For this analysis, 20 pL aliquots were injected to the LC and a
4mmol dm—3 H,S0,4 at 0.6 cm>® min~! was used as mobile phase.
Ammonium, nitrate and sulfate ions released during mineralization
were analyzed by ion chromatography by injecting 25 L aliquots
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into a Shimadzu 10Avp LC coupled to a Shimadzu CDD 10Avp
conductivity detector. The NH4* concentration was determined
using a Shodex IC YK-421, 125 mm x 4.6 mm (i.d.), cationic col-
umn at 40°C and a 24.2 mmol dm~3 boric acid, 5.0 mmol dm—3
tartaric acid, 1.5 mmol dm~3 18-crown-6 and 2.0 mmol dm~3 2,6-
pyridinedicarboxylic solution at 1.0 cm3 min~! as mobile phase.
The NOs~ and SO42~ contents were quantified with a Shim-Pack
IC-A1S, 100 mm x 4.6 mm (i.d.), anionic column at 40 °C and circu-
lating a mobile phase composed of 2.6 mmol dm—3 phthalic acid
and 2.4 mmol dm~3 tris(hydroxymethyl)aminomethane (pH =4.0)
at 1.5 cm3 min~1.

Aromatic intermediates formed between 2 and 40 min of EF
treatment of 100 cm?® of 236 mg dm~—3 AR1 solution in a BDD/air-
diffusion cell at 33.3mAcm2 were identified by LC-MS using a
Shimadzu SIL-20AC LC filled with a Teknokroma Mediterranea Sea
C-18 3 pm, 15 mm x 0.46 mm (i.d.), column at 30°C and coupled
to a Shimadzu LCMS-2020 MS. The MS operated in negative mode
with electrospray source ionization (ESI), by applying 4.5 kV inter-
face voltage and 60V Q-array RF voltage. The DL temperature was
250°C and pure N, was used as nebulizing and dryer gas. Mass
spectra were collected in the m/z range of 50-600 using both, total
ion current (TIC) and selected ion (SIM) acquisition. This analy-
sis was made by injecting 20 pL aliquots into the LC, previously
filtered with a Millipore filter of 0.22 wm, using a 75:25 (v/v) ace-
tonitrile/water (5 mmol dm~3 ammonium acetate) mixture at 0.2
cm? min~! as mobile phase.

3. Results and discussion

3.1. Comparative degradation of Acid Red 1 by electrochemical
advanced oxidation processes with a Pt or BDD anode

To assess the effectiveness of the EAOPs to degrade AR1, a first
series of trials was made by treating 236 mg dm~3 azo dye solutions
in 0.05mol dm~3 Na,S04 at pH 3.0 by AO-H,0,, EF and PEF using
Pt/air-diffusion and BDD/air-diffusion cells at 100 mAcm—2 and
35°C for 360 min. In these experiments, the solution pH remained
practically unchanged, slowly decreasing up to final values of pH
2.7-2.8, probably due to the formation of acidic products like car-
boxylic acids [7,18].

Fig. 1a shows a very poor DOC removal of the AR1 solution by
AO-H,0, with Pt, only reaching 16% mineralization at the end of
this treatment as a result of the low oxidation ability of Pt(*OH)
formed from reaction (1) at the Pt surface, along with the poor
oxidative action of other ROS like H,O, and HO,* generated from
reactions (2) and (3). In contrast, the alternative use of a BDD anode
causes a much faster DOC decay, up to attain 93% mineralization at
360 min. This positive degradation behavior can be related to the
expected greater oxidation ability of generated BDD(*OH) at the
BDD surface [6,24,25], indicating that it is the best anode to remove
more rapidly and in larger extent the DOC of the AR1 solution com-
paratively with AO-H;0,.

Fig. 1a also highlights a remarkable effect of the anode mate-
rial in the EF process. Thus, when Pt was used, DOC was rapidly
reduced by 52% in 180 min, whereupon it was slightly removed.
This enhancement in dye degradation compared to the AO-H,0,
process is due to the additional oxidation of organics by *OH pro-
duced in the bulk from Fenton’s reaction (4). The very slow DOC
removal found for EF with Pt at long electrolysis time suggests
the formation of quite recalcitrant products that are difficultly
destroyed by Pt(*OH) and °*OH. The faster degradation process
under the action of *OH in the bulk can also be observed in Fig. 1a
for EF with BDD, primordially during the first 180 min of treat-
ment where 80% DOC reduction was already achieved. At longer
time, however, the degradation was progressively decelerated up to
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Fig. 1. Percentage of (a) DOC abatement and (b) color removal at Apax =506 nm vs.
electrolysis time for the degradation of 100 cm? of 236 mg dm~3 Acid Red 1 (AR1)
solutions in 0.05 mol dm~3 Na,S0O4 at pH 3.0, 100 mA cm~2 and 35 °C using a (open
symbols) Pt/air-diffusion or a (solid symbols) BDD/air-diffusion cell. Method: (O, ®)
Anodic oxidation with electrogenerated H, 0, (AO-H,0-), (CJ,®) electro-Fenton (EF)
with 0.5 mmol dm~3 Fe?* and (A,a) photoelectro-Fenton (PEF) with 0.5 mmol dm—3
Fe2* and 6 W UVA light of \pax =360 nm.

reaching 92% mineralization at 360 min, a value quite similar to 93%
found for AO-H,0, with BDD. These findings suggest the produc-
tion of very recalcitrant products like Fe(Ill)-carboxylate complexes
in EF, which are slowly removed mainly by BDD(®*OH), thereby
largely inhibiting the mineralization process at long electrolysis
time [7,29,32]. When the PEF process was applied, less influence
of the anode material was found due to the potent action of UVA
irradiation, as can be seen in Fig. 1a. This EAOP yielded a very fast
mineralization of the AR1 solution to yield almost total mineraliza-
tion (> 96% DOC removal) after 300 min using Pt, and in a shorter
time of 240 min for BDD. The large acceleration of the degradation
in PEF compared to EF can then be related to the production of more
amounts of *OH from reaction (5) along with the quick photolysis
of intermediates like Fe(Ill)-carboxylate complexes via reaction (6)
[35,36,41,42]. These phenomena are more significant when a Pt
anode was used because the latter complexes are very slowly min-
eralized by Pt(*OH) and *OH, as stated above. The quicker removal
of these compounds by BDD(*OH) can explain the superiority of
PEF using BDD instead of Pt.

The role of the oxidizing agents generated in the comparative
assays mentioned above to directly remove the azo dye was clar-
ified by determining the decolorization efficiency of the treated
solutions at Amax =506 nm. Note that the decolorization process
could involve not only the cleavage of AR1 but also the destruction
of other possible conjugated aromatic products that absorb at sim-
ilar wavelength region, as found for other azo dyes [34,35]. Fig. 1b
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Fig. 2. Evolution of the UV-vis spectra recorded during the treatment of 100 cm3
of 236 mg dm~3 AR1 solutions in 0.05mol dm~—3 Na,SO,4 at pH 3.0 and 35°C by
(a) AO-H,0, and (b) EF with 0.5 mmol dm~3 Fe?* using a BDD/air-diffusion cell at
100 mAcm—2.

shows that AO-H, 0, with BDD led to overall decolorization in about
240 min, time in which only 86% color removal was achieved using
the Pt anode. This corroborates the existence of a fast attack of
BDD(°*OH) on AR1, which becomes much slower under the action of
Pt(*OH) as expected from its lower oxidation ability. In contrast, the
inset panel of Fig. 1b depicts a much quicker decolorization under
EF conditions, which was completely attained after ca. 14 min for
Pt and only 10 min for BDD. This behavior is indicative of the pre-
dominant destruction of AR1 by *OH formed from Fenton’s reaction
(4), suggesting the pre-eminent destruction of aromatic intermedi-
ates by this oxidant. The slightly higher color removal reached in EF
using BDD instead of Pt can be justified again by the quicker paral-
lel attack of BDD(*OH) than Pt(*OH), although the reactivity of both
radicals over the azo dye is much smaller than *OH. These results
evidence the different reactivity of hydroxyl radicals generated in
the bulk by Fenton’s reaction and those formed at the anode surface
from water oxidation. It is noteworthy that the percentage of color
removal-time plots for the PEF processes with Pt and BDD (data not
shown) overlapped with the corresponding EF ones. This evidences
low production of additional *OH induced from photolytic reaction
(5) and high stability of AR1 under UVA illumination.

Figs.2aand 2b show the evolution of the UV-vis spectrarecorded
in the above AO-H,0, and EF treatments, both with BDD, respec-
tively. The spectrum of the starting solution displayed a visible band
with two strong peaks centered at 506 nm (characteristic of AR1,
see Table 1) and 530 nm. According to the behavior of other azo
dyes [47], these bands can be associated with two tautomeric forms
in equilibrium given in Table 1, the azo form with Apax =506 nm
and the hydrazone one with A =530 nm, where the hydroxyl group
appears as carbonyl group and its hydrogen is linked to the azo
group. A similar absorbance can be observed for both peaks,

suggesting near 50% of each tautomeric form. In addition, the UV
region exhibited three bands, the weakest one at 364 nm corre-
sponding to the amide group linked to the naphthalene ring, other
band centered at 312 nm related to the naphthalenic ring and the
most intense one associated with the benzenic ring at 236 nm. As
canbe seenin Fig. 2a, the intensity of all the bands of AR1decayed at
similar rate with prolonging the AO-H, 0, treatment up to 240 min.
This indicates that the azo dye is the principal species present in the
solution during the decolorization process, suggesting that its aro-
matics products are rapidly removed by BDD(®*OH). Note also the
very low absorption intensity between 200 and 400 nm at 240 min
of electrolysis, as expected if small quantities of aliphatic products
like carboxylic acids are accumulated in the medium because they
are destroyed at similar rate as produced. For the EF treatment,
however, Fig. 2b shows a rapid drop in intensity of all the bands dis-
appearing at 6 min of electrolysis, although a wide undefined band
remained in the visible region up to 10 min. This behavior can be
accounted for the generation of some colored aromatic intermedi-
ates while solution is decolorized, which are completely destroyed
by *OH in 10 min. At this time, an intense absorption in the UV
region of 200-400 nm can be observed, suggesting the accumu-
lation of large quantities of aliphatic products that are destroyed
more slowly and pre-eminently by BDD(*OH), in agreement with
the slow DOC fall found in EF (see Fig. 1a).

3.2. Effect of current density on the electrochemical advanced
oxidation processes with BDD

The current density is an operating variable that influences the
amount of oxidizing hydroxyl radicals generated in EAOPs. To clar-
ify the effect of this parameter on AR1 degradation, the above
236 mg dm~3 azo dye solutions were treated by the methods tested
between 16.7 and 100 mA cm~2 using the BDD/air-diffusion cell,
which comparatively yielded the most potent procedures.

Figs.3a,3band 3c depict a gradual increase in DOC removal with
increasing j for AO-H,0,, EF and PEF, respectively. After 360 min
of the former treatment, Fig. 3a shows that mineralization rose
from 54% for 16.7mAcm~2 to 93% for 100mA cm~2, as expected
from the concomitant increase in rate of reaction (1) yielding more
amounts of BDD(*OH) that accelerate the degradation process. For
the comparative EF processes, Fig. 3b depicts an enhancement
of the mineralization rate due to the acceleration of reaction (2)
yielding more H,0, and hence higher quantities of *OH from Fen-
ton’s reaction (4). Thus, DOC was reduced by 68% and 92% at the
end of the electrolyses at 16.7 and 100 mA cm~2, respectively. The
faster DOC removal was always achieved by the most potent PEF
process, where the time needed for reaching almost total min-
eralization decreased from 360min at 16.7mAcm~2 to 240 min
at 100mA cm~2 (see Fig. 3c). This trend can be explained by the
quicker photolysis of intermediates by UVA light since they are
more rapidly formed by the greater amounts of BDD(*OH) and *OH
produced at higher j.

Figs. 4a, 4b and 4c present the MCE values calculated from Eq.
(8) for the trials of Figs. 3a,3b and 3c, respectively. The efficiency
increased progressively with decreasing j in all cases, becoming
greater in the sequence AO-H, 0, < EF < PEF, in agreement with their
relative oxidation ability over AR1. Thus, these processes yielded
maximum MCE values of 12%, 32% and 39% at the lowest j of
16.7mAcm2. Note that the efficiency did not vary significantly
during each AO-H, 0, treatment, suggesting a practically constant
destruction rate of intermediates with BDD(*OH), according to the
evolution of the UV-vis spectra shown in Fig. 2a. In contrast, the
MCE values underwent a dramatic decay at long electrolysis time of
EF and PEF, corroborating the formation of more recalcitrant prod-
ucts like Fe(Ill)-carboxylate complexes at the beginning of both
treatments, in agreement to the UV-vis spectra of Fig. 2b. These
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Fig. 3. Effect of current density on the change of per cent of DOC abatement with
electrolysis time for 100 cm? 0f 236 mg dm~3 AR1 solutions in 0.05 mol dm~—3 Na,S04
at pH 3.0 and 35°C treated by (a) AO-H,0,, (b) EF and (c) PEF using a BDD/air-
diffusion cell. In the two latter methods, 0.5 mmol dm~—3 Fe?* was added to the
solution. Applied j: (v) 16.7mAcm=2, (A) 33.3mAcm~2, () 66.7 mAcm~2 and (0J)
100 mAcm~2.

species are then more slowly destroyed by the oxidizing species
generated and/or photolyzed by UVA light, thereby making the pro-
cess less efficient. On the other hand, the rise in MCE at lower j for
all the EAOPs seems contradictory to the decay in DOC abatement
shown in Fig. 3. This opposite tendency can be related to a grad-
ual loss in the relative production of hydroxyl radicals due to the
acceleration of their non-oxidizing reactions with the increase of j,
which causes fewer attacks on organic compounds, thus reducing
the efficiency. These parasitic reactions involve primordially the
oxidation of BDD(*OH) to O, at the anode by reaction (10), as well
as the reaction of *OH in the bulk with generated H,0, to form
HO,* via reaction (11) and with Fe2* by reaction (12) [6-8]:

BDD(*OH) — 2BDD + O, + 2H* +2e~ (10)

H;05 +°OH — HO,* + H,0 (11)

(¢}

40 - n

20 [~ m

| | | 1 1 1
0 60 120 180 240 300 360 420

time / min

Fig. 4. Mineralization current efficiency vs. electrolysis time for the trials of Fig. 3.

Fe* +°OH — Fe3* + OH~ (12)

The positive effect of increasing j on the decolorization efficiency
of the above trials was also found. As can be seen in Fig. 5a, arise inj
from 33.3 to 100 mA cm~2 promoted the production of BDD(*OH)in
AO-H,0,, enhancing the destruction of AR1 and hence, favoring the
decolorization process. Total decolorization was achieved at about
300 and 240 min for 66.7 and 100 mA cm~2, respectively, needing a
much longer time for lower j values. Fig. 5b highlights that times of
40, 20 and 10 min were needed for reaching total decolorization at
33.3, 66.7 and 100 mA cm~2, respectively, of EF. This trend can be
related to the enhancement of *OH formed from Fenton’s reaction
(4) because of the acceleration of H,O, production from reaction
(2). Similar results were obtained for PEF, corroborating the small
participation of reaction (5) in *OH generation.

The decolorization rate related to the change of the absorbance
at A =506 nm with time was analyzed for each trial from kinetic
equations with simple reaction orders. Excellent straight lines were
obtained for a pseudo-first-order reaction, as presented in the inset
panels of Fig. 5a and 5b. Note that the decolorization rate cannot
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Fig. 5. Influence of current density on the variation of decolorization efficiency with
electrolysis time for the degradation of 100 cm? of 236 mg dm~3 AR1 solutions in
0.05 mol dm~—3 Na,SO4 at pH 3.0 and 35 °C by (a) AO-H,0; and (b) EF with 0.5 mmaol
dm~3 using a BDD/air-diffusion cell. Applied j: (A) 33.3mAcm~2, () 66.7 mA cm2
and (O) 100 mA cm~2. The inset panels show the corresponding kinetic analysis
considering a pseudo-first-order decay for the dye absorbance at Amax =506 nm.

be strictly associated with the decay kinetics of AR1 due to the
formation of colored aromatic intermediates, as deduced from the
UV-vis spectra recorded in EF (see Fig. 2b). Thus, the apparent rate
constant (kgec) derived from the above analysis has only experi-
mental validity. Increasing kge. values of 1.3 x 104 s~1 (R2=0.997),
1.8x 1074 s71 (R2=0.991) and 2.9 x 10~4 s~ (R2=0.993) for AO-
H,0;and 2.6 x 1073571 (R2=0.992),6.1 x 103571 (R2=0.994) and
8.8 x 1073 s~1 (R2=0.999) for EF were determined at 33.3, 66.7
and 100mA cm~2, respectively. These findings demonstrate that
the k4o values for EF and PEF are about 20-30 times higher than
those of AO-H;0,, corroborating the predominant role of generated
*OH in the bulk to remove aromatics in the indirect electrochemical
processes based on Fenton’s reaction chemistry.

3.3. Identification of aromatic intermediates and evolution of
generated carboxylic acids

Table 2 collects the aromatic products detected by LC-MS during
the first 40 min of EF treatment of a 236 mg dm—3 azo dye solu-
tion at 33.3mA cm™2, i.e., while it is decolorized. Since organics are
mainly attacked by hydroxyl radicals, the same kinds of products
are expected in AO-H,0, and PEF. As can be seen, apart from the
starting compound (1), 11 aromatic intermediates, 15 hydroxyla-
ted derivatives and 13 desulfonated compounds were identified
by this technique. The aromatic intermediates include molecules
with similar structure to the azo dye (compounds 2-4), as well
as naphthalenic (compounds 5-8) and benzenic (compounds 9-12)
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Fig. 6. Evolution of (a) oxalic and (b) oxamic acids detected during the treatment
of 100 cm? of 236 mg dm~3 AR1 solutions in 0.05mol dm~3 Na,SO,4 at pH 3.0
and 35°C by (@) AO-H,0,, (C,m) EF with 0.5 mmol dm~3 Fe?* and (A,a) PEF with
0.5mmol dm~3 Fe?* using a: (open symbols) Pt/air-diffusion or (solid symbols)
BDD/air-diffusion cell at 100 mA cm~—2.

derivatives coming from the loss or oxidation of functional groups.
Acetamide (13) and aniline (14), expected to be released from these
degradation reactions, were not detected by LC-MS.

The further destruction of the above aromatic products is
expected to yield short-chain carboxylic acids [7,8]. This point was
confirmed by analyzing the solutions treated at 100 mAcm~2 by
ion-exclusion HPLC. These chromatograms revealed the formation
of succinic (15, t;=11.75 min), maleic (16, t- = 8.24 min), acetic (17,
tr=14.9 min), glycolic (18, t =12.2), oxamic (19, t; = 9.4 min), oxalic
(20, t;=6.9 min) and formic (21, t,=13.7 min) acids. Acids 15-18 are
expected to be formed from the cleavage of the benzene moieties,
which are then oxidized to acids 20 and 21 [7,15,23,32-36]. Acid
19 could be formed from the degradation of 13 [48]. Note that acids
19-21 are ultimate intermediates that are directly transformed into
CO, [41,44].

Ion-exclusion chromatograms of the solutions electrolyzed by
AO-H, 0, with Pt did not exhibit any carboxylic acid due to the low
oxidation ability of Pt(*OH), giving small mineralization at 360 min
(see Fig. 1a). In contrast, when a BDD anode, with much higher oxi-
dation ability, was used maximum contents of 10.5 mg dm—3 for 18,
8.0mgdm~3 for17,4.6 mg dm~3 for 20 (see Fig. 6a),4.1 mg dm3 for
19 (see Fig. 6b) and 1.2 mg dm3 for 21, along with traces (< 1.0 mg
dm—3) of 15 and 16, were found. All these acids were practically
removed at the end of the treatment, only corresponding to about
10% of the 7.0 mg dm~3 DOC of the final solution (see Fig. 1a). This
means that small amounts of other persistent products that react
even more hardly with BDD(*OH) than carboxylic acids are formed
during AR1 degradation.

A different pattern was found for the EF and PEF treatments,
where acids 15-18 and 21 were accumulated at short electrolysis
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Aromatic compounds along with their hydroxylated and desulfonated derivatives identified by LC-MS during the EF treatment of 100 cm? of 236 mg dm~3 AR1 solution using
a BDD/air-diffusion cell at 33.3 mAcm2.

Hydroxylated derivatives

Desulfonated

derivatives
Number Name Molecular Number of  m/z Number of m/z
formula -OH added -S03~ lost
SOy
=N
N ‘
1 Acid Red 1 HO - 232b 1 1400°
(5-Acetylamino-4-
hydroxy-3-
phenylazo- HN SOy
naphthalene-2,7-
disulfonate)
O
1 240° 1
O\ g
A
N
2 5-Amino-4- - 211
hydroxy-3-
phenylazo- HO
naphthalene-2,7-
disulfonate R
H,N SO;
1 219P
2 2270
O\ g
=N
N
3 4-Hydroxy-5- - 226 13882
nitro-3-phenylazo-
naphthalene-2,7- HO
disulfonate
O,N SO;5”
1 234P 1
O\ g
=N
N
4 4-Hydroxy-3- - 4072 1 13272
phenylazo-
naphthalene-2,7- HO
disulfonate
SO;5”
1 211°
2 219P
(0]
)J\NH OH
5 5-Acetylamino-3- NH, - 187° 1 1295°
amino-4-hydroxy-
naphthalene-2,7-
disulfonate
"05S SO;”
1 195P 1 131128
2 203 1 13272
3 211° 1 13432
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Table 2 (Continued)
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Hydroxylated derivatives Desulfonated
derivatives
Number Name Molecular Number of  my/z Number of m/z
formula -OH added -SO3~ lost
O
)J\NH OH
6 4-Acetylamino-5- - 180° 22322
hydroxy-
naphthalene-2,7-
disulfonate
058 SOy
1 3762 13282
3922 2
3 4082 1
NO, OH
NO,
7 4-Hydroxy-3,5- - -¢ 2 22332
dinitro-
naphthalene-2,7- } R
disulfonate O3S SO3
1 4092 1 13292
2 4252
3 4412
NH, OH
8 4-Amino-5- - 159> 2190
hydroxy-
naphthalene-2,7-
disulfonate 038 SOy
2 -¢ 2
SOy
9 3-Hydroxy-5- - 261 1197
sulfophthalic
acid HO COOH
COOH
1 138b 1
SOy
H,N OH
10 4-Amino-3,6- 1 2922
dihydroxy-5-
sulfophthalic HO COOH
acid
COOH
H
o} N N
A
11 Hydroxy-3- 1 2322
acetylamino- /
benzenesulfonate
SOy
NH,
12 Aminophenol \ 3 156
—OH

\

Negative ion with z=2 1 and ® 2
¢ Not detected
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times up to 4mg dm~—3 as maximal and their Fe(Ill) complexes
disappeared in about 40-60 min owing to the action of BDD(*OH),
°OH and/or UVA light. However, these species acted much more
slowly over the Fe(Ill) complexes of acids 19 and 20, which were
accumulated in large extent and persisted during long electrolysis
times. Fig. 6a shows a quick accumulation of acid 20 up to near
80-120mg dm~3 in both EF and PEF processes. This acid was
slowly reduced to 67 mg dm~3 after 360 min of EF with Pt because
of the low reactivity of Pt(*OH) and *OH to destroy Fe(Ill)-oxalate
species, whereas it was removed up to 7 mg dm~3 in EF with BDD
as a result of the quicker attack of BDD(*OH) on such complexes.
The predominant photolysis of Fe(Ill)-oxalate complexes under
UVA irradiation via reaction (6) explains the total disappearance
of acid 20 at 300 min of PEF with Pt, which was even shortened to
180 min using BDD by their parallel destruction with BDD(*OH).
A similar behavior can be observed in Fig. 6b for the evolution of
acid 19, accumulated in much lesser extent. For EF, the maximum
content of 5.4 mg dm~3 attained by this acid at 90-120 min using Pt
decayed to a final value of 2.8 mg dm~3 because of the low removal
power of Pt(*OH) and *OH on Fe(Ill)-oxamate complexes, whereas
using BDD these species were totally destroyed by the more potent
action of BDD(*OH). In PEF with Pt much more quantity of acid
19 was accumulated (16 mg dm=3), suggesting that UVA light
promotes the degradation of N-derivatives, and it was rapidly
reduced to a final content of 3.0 mg dm~3 due to the photolysis of
Fe(Ill)-oxamate complexes. The combined action of BDD(*OH) and
UV light caused the total disappearance of these species in only
180 min using PEF with BDD.

A mass balance of the final content of both acids 19 and 20
revealed their contribution in only 18.7, 1.9 and 0.8 mg dm~3 to
the 42.3, 8.3 and 4.0 mg dm~3 DOC of the final solutions of EF with
Pt, EF with BDD and PEF with Pt, respectively (see Fig. 1a). These
findings, along with the absence of carboxylic acids in the final solu-
tion of PEF with BDD with 3.3 mg dm~3 DOC, indicate the formation
of other persistent products that are hardly removed by hydroxyl
radicals and UVA light.

3.4. Time-course of released inorganic ions

To assess the evolution of inorganic ions like NH4*, NO3~ and
SO42~ expected from the degradation of AR1, 236 mg dm~3 azo
dye solutions were treated by AO-H,0,, EF and PEF with BDD
using 0.05mol dm~3 NaClO4 at pH 3.0 regulated with HCIO,4 at
100 mA cm~2 for 360 min. The corresponding DOC-time plots found
in this perchlorate medium were quite similar to those previously
described for 0.05 M Na,SO4 in Fig. 1a; the former medium was then
preferred for a better measurement of the concentration of released
SO42~ ion. Moreover, the TN of final solutions was determined to
quantify the remaining soluble N.

After 360 min of AO-H,05, Figs. 7a and 7b highlight the accu-
mulation of 1.9 mg dm~3 NH4* (7.6% of initial N) and 19.1 mg dm—3
NO5~ (22.0% of initial N). The sum of both species and the N of acid
19 contained in the remaining solution (see Fig. 6b) only yielded
29.8% of initial N, very far from 93% determined from TN. This
means that the final solution with 7.0mg dm~3 DOC is primor-
dially composed of other unidentified N-products of low molecular
mass and low carbon content. In contrast, Figs. 7a and 7b reveal
the superiority of N loss as NH;* compared to NO3~ in EF and PEF.
At the end of the former process, 8.3 mg dm—3 NH,* (32.0% of ini-
tial N) and 14.1 mg dm~3 NOs~ (16.5% of initial N) were found,
whereas the latter one yielded 5.5mg dm~3 NH4* (22.0% of ini-
tial N) and 9.2 mg dm~3 NOs~ (10.5% of initial N). The TN of both
final solutions corresponded to 60.0% of initial N, a value superior
to 48.5% and 32.5% obtained as sum of the released inorganic ions
in EF and PEF, respectively. This indicates again the presence of
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Fig. 7. Evolution of (a) ammonium, (b) nitrate and (c) sulfate ions detected during
the degradation of 100 cm?® of 236 mg dm—3 ART1 solutions in 0.05 mol dm~3 NaClO4
at pH 3.0 and 35 °C using a BDD/air-diffusion cell at 100 mA cm~2. Method: (®) AO-
H,0,, (W) EF with 0.5 mmol dm~3 Fe?* and (a) PEF with 0.5 mmol dm~3 Fe2*.

a large proportion of unidentified N-recalcitrant products in their
final solutions. It is remarkable that the continuous oxidation with
BDD(*OH) favors the preponderance of N lost as NO3~ in AO-H, 0,
whereas *OH and UVA light promote the release of N as NH4* in
EF and PEF. Moreover, the action of *OH and UVA light in the latter
two processes leads to the loss of a larger proportion of initial N
(about 40%) from the solution, probably in the form of N; and NxOy
species.

Fig. 7c shows the evolution of SO42~ ion released from the
sulfonic groups of the azo dye. While this ion was continuously
accumulated for 300 min in AO-H,0,, it was released throughout
less time, in about 120-180 min, and in a similar way by EF and
PEF, suggesting that *OH rather than BDD(*OH) favors the desul-
fonation reactions of intermediates. In all these treatments, a final
S042~ content of 29.6 mg dm—3 corresponding to 100% of initial S
was obtained, thereby corroborating that the two sulfonic groups
of AR1 are completely released as SO42~ ion.
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3.5. Proposed reaction pathway for Acid Red 1 mineralization

Based on the main intermediates detected in the BDD/air-
diffusion cell, Fig. 8 presents a reaction sequence proposed for
AR1 mineralization in acidic medium by all the EAOPs with BDD.
While all compounds can be always oxidized by BDD(*OH), *OH is
considered as the main oxidant of aromatics in EF and PEF. Their
hydroxylated and desulfonated derivatives are not specified for
simplification. In EF and PEF, Fe(Ill)-carboxylate species are always
formed, only being detailed for acids 19-21. Parallel slower reac-
tions with other weaker ROS (H,0, and HO,*) are also feasible.

The sequence is initiated by the oxidation of 1 to yield either
the compound 2 with release of 13 or the cleavage of the azo
bond to produce the naphthalenic compound 5 losing 14. Further
degradation of 2 leads to the nitro-compound 3 or its deaminated
compound 4, whereas the subsequent deamination of 5 gives the
compound 6. The oxidation of 3, 4 and 6 yields the naphthalenic
derivatives 7 and 8, the phthalic acid compounds 9 and 10 and the
benzenesulfonic acid 11, which is converted into the aminophenol
12 with loss of 13. The cleavage of the benzenic ring of compounds
9,10, 12 and 14 leads to a mixture of acids 15-18, which are finally
converted into the acids 20 and 21. Parallel oxidation of 13 gives
the acid 19. The ultimate acids 19-21 can then be slowly mineral-
ized with BDD(*OH) in AO-H,0,, whereas their Fe(Ill) complexes
can be slowly destroyed primordially with BDD(*OH) in EF, but
quickly photolyzed by UVA light in PEF. NH4*, NO3~ and SO42~ ions
are released during the deamination, denitration and desulfonation
reactions, respectively, involved in the degradation process.

3.6. Relationship between decolorization, mineralization and
generated products

The above findings indicate a close relationship between decol-
orization, mineralization and accumulation of products for AR1
degradation. The slow decolorization found by AO-H, 0, due to the
slow cleavage of the azo bond suggests a higher recalcitrant charac-
ter of AR1 thanits aromatic products, which are poorly accumulated
as deduced from the UV-vis spectra shown in Fig. 2a. Results of
Fig. 1a highlights that AR1 mineralization in AO-H, 0, is enhanced
when decolorization and, consequently, destruction of aromatic
intermediates are already significant, which makes more effective
the attack of BDD(*OH) to mineralize the generated short-linear
aliphatic compounds like carboxylic acids. In the indirect electro-
chemical methods based on the Fenton’s reaction chemistry, the
more potent action of *OH in the bulk favors both the decoloriza-
tion and mineralization at the starting steps, as can be seen in
Figs. 1a and 1b, leading to a much higher accumulation of inter-
mediates during their degradation processes. The UV-vis spectra
recorded in Fig. 2b during the EF treatment suggests the accu-
mulation of colored aromatic products, identified as compounds
2-4 together their hydroxylated and desulfonated derivatives by
LC-MS (see Table 2). These colored oxidation products are also
expected in AO-H;0,, but their low concentration in the medium
does not affect significantly the shape of the peaks in its UV-vis
spectra. A significant decolorization is also needed in EF and PEF
to begin an effective mineralization, primordially at the lowest j
values where less amounts of oxidant BDD(*OH) and *OH are gen-
erated, as deduced from Figs. 3b and 5b. The recalcitrant character
of final Fe(Ill)-carboxylate complexes can be clearly observed at
long electrolysis time in EF, which caused a dramatic fall in MCE.
The quick photodecarboxylacion of such complexes, along with the
photolysis of other intermediates, explains that PEF is the most
powerful EAOP for AR1 mineralization. Inorganic ions are usually
released at the beginning of all process, with pre-eminent loss of
the initial N as NO3~ ion in AO-H;0, and as NH4* ion in EF and PEF.
This points again to the lower oxidation ability of BDD(*OH) than

*OH over the aromatic products generated. However, persistent N-
derivatives of low molecular mass are always formed avoiding the
total mineralization of AR1.

4. Conclusions

The effectiveness of EAOPs using a Pt or BDD anode and an air-
diffusion cathode to degrade AR1 has been corroborated in terms
of the decolorization efficiency and mineralization rate at pH 3.0.
The oxidation power of these methods increased in the sequence
AO-H,0, < EF < PEF regardless of the anode used. This behavior is
explained by the quicker oxidation of aromatic pollutants with *OH
in the bulk in the two latter methods than with M(*OH) formed at
the corresponding anode surface. The use of a BDD anode compared
to Ptalwaysyielded faster decolorization and higher mineralization
rate, because of the superior oxidation power of BDD(*OH) than
Pt(*OH). Faster and similar decolorization efficiency was found for
both EF and PEF processes due to the high photostability of AR1
under UVA irradiation. The UV-vis spectra of their electrolyzed
solutions with BDD showed the formation of colored aromatic
intermediates, which were detected by LC-MS. Almost total min-
eralization was only achieved in PEF due to the rapid photolysis
of persistent intermediates like Fe(Ill)-carboxylate complexes. The
increase in j always enhanced the decolorization and mineraliza-
tion processes because of the greater production of BDD(*OH) and
*OH, but the concomitant increase in rate of the parasitic reactions
of these radicals decreased the mineralization current efficiency.
Under all experimental conditions, the PEF process with BDD was
the most powerful EAOP for AR1 degradation. However, the degra-
dation kinetics of real dying effluents could be enhanced and be
more cost-effective by using sunlight as inexpensive and renew-
able energy source, with high irradiation intensity and a wider
applicable range of wavelengths than artificial UVA light [15]. A
total of 11 aromatic intermediates, 15 hydroxylated compounds
and 13 desulfonated derivatives were identified by LC-MS and 7
short-linear carboxylic acids were detected and quantified by ion-
exclusion HPLC. While all the initial S of AR1 was converted into
S042~ ion, the initial N was mineralized preferentially as NO3~ ion
in AO-H,0, and as NH4" ion in EF and PEF. A large loss of N from
solution was found for the two latter methods and the formation
of very persistent N-derivatives of low molecular mass prevented
reaching total mineralization in PEF. A reaction sequence involving
all the products detected is proposed for AR1 mineralization by the
EAOPs with BDD. The relationship between decolorization, miner-
alization and products formed during azo dye degradation is finally
discussed.
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