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Synthetic solutions of hydrolysed C.I. Reactive Orange 4, a monoazo textile dye commercially named
Procion Orange MX-2R (PMX2R) and colour index number C.I. 18260, was exposed to electrochemical
treatment under galvanostatic conditions and Na,SO4 as electrolyte. The influence of the electrochemical
process as well as the applied current density was evaluated. Ti/SnO,-Sb-Pt and stainless steel elec-
trodes were used as anode and cathode, respectively, and the intermediates generated on the cathode
during electrochemical reduction were investigated. Aliquots of the solutions treated were analysed
by UV-visible and FTIR-ATR spectroscopy confirming the presence of aromatic structures in solution
when an electro-reduction was carried out. Electro-oxidation degraded both the azo group and aromatic
structures. HPLC measures revealed that all processes followed pseudo-first order kinetics and decolouri-
sation rates showed a considerable dependency on the applied current density. CV experiments and XPS
analyses were carried out to study the behaviour of both PMX2R and intermediates and to analyse the
state of the cathode after the electrochemical reduction, respectively. It was observed the presence of
a main intermediate in solution after an electrochemical reduction whose chemical structure is sim-
ilar to 2-amino-1,5-naphthalenedisulphonic acid. Moreover, the analysis of the cathode surface after
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electrochemical reduction reveals the presence of a coating layer with organic nature.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It is generally well accepted that colour in waterways is an aes-
thetic problem rather than an ecotoxic hazard. The Ecological and
Toxicological Association of Dyes and Organic Pigment Manufactur-
ers (ETAD) has, over the last 30 years, been pioneering in promoting
an understanding of the human health and environment impacts
of colourants and contributing to the body of knowledge in these
areas. Thus, the impact and toxicity of dyes in the environment have
been extensively studied [1,2]. However, the knowledge concern-
ing their carcinogenic, mutagenic and bactericide properties is still
incomplete since there is a large variety of dyes. Different treat-
ments to decolourise and degrade dyeing wastewaters have then
attracted increasing interest since the large majority of these dyes
are not degradable in conventional wastewaters treatment plants
[3]. A wide range of methods have been developed for this pur-
pose. Ozonation [4], advanced oxidation processes [5-8], enzymatic
[9] or adsorption processes [10] have been studied recently for the
removal of different dyes. Over the past 10 years, the electrochem-
ical techniques have been found of special interest for wastewater
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remediation [11-14]. Among all their advantages, it is interest-
ing to notice the high yields of removal/degradation of polluting
substances with maximum energy resource management. These
techniques show facility and precision on control of the electro-
chemical process (since the electron is the main reagent) and a
compact design [15]. To improve the electrochemical treatment
efficiency, many researches have been focused on the electrode
development. Various types of electrodes such as graphite [16],
activated carbon fibre [17], Pt [18-21] and boron doped diamond
electrodes (BDD) [22-25] have been studied but, in the last years,
Dimensionally Stable Anodes (DSA) have arisen great interest as
one of the promising electrodes. Currently, their use for the degra-
dation of organic pollutants is an active area of research [26-29].
In this sense, anodes coated with SnO, exhibit high overpotential
for oxygen (1o, ) and chlorine evolution [30,31], good stability, low
resistivity and high electrical conductivity (thanks to doping). They
are known as “non-active” electrodes because they do not partic-
ipate in the oxidation; they only provide adsorption sites for the
radicals *OH,4s generated as a result of water discharge (Eq. (1)).

HyO — *OHygs +Ht +e (1)

On the other hand, as far as it is known, the efficiency of the
electrochemical oxidation is also in direct relation to support-
ing medium. Then, an extensive range of electrolytes have been
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employed such as H,SO4 [32,33], KNO3 [34], HCIO4 [27], NaF [32],
Na, S04 [17,35-41] and NaCl (or KCl) [35-37,41-49]. From all these
supporting electrolytes, the role of chloride is important since the
colour removal and degradation degree of azo dyes obtained may
be enhanced. However, although DSA-type electrodes are usually
preferred due to their high stability, the large production of oxi-
dant C10~ in a chlorinated medium affects directly to the electrode
material stability. This fact reduces its service life and gives undesir-
able toxic chlorinated by-products. In this sense, sulphate is an inert
supporting electrolyte which does not produce any reactive species
during the electrolysis, except under special conditions where it
may generate persulphate [50-53].

Recently, electrochemical reduction has been found as an
interesting method for a suitable decolourisation of wastewaters
containing dyes. Nevertheless, the number of papers that have been
published dealing with the direct electro-reduction of dyes is lim-
ited and studies of surface modification of the cathode during the
electrolysis and its influence in the electrode activity is not reported.
The electro-reduction process of Amaranth solutions was investi-
gated by Fan et al. [17,53]. Working under galvanostatic conditions
it was obtained a 95% of colour removal. On the other hand, it has
been demonstrated that the cathodic reduction of dyes containing
azo groups was possible by the use of iron-TEA as mediator sys-
tem and a stainless steel multi-cathode cell electrically connected
with one or two anodes. This configuration allows the operation of
the cell with a maximum cathode area and minimum anode area
[54,55].

Reactive dyes are one of the most significant technological inno-
vations of the 20th century in the dyes field. However, the fixation
reaction of these dyes is hindered by another competitive reaction
consisting on the dye hydrolysis. This is the reason why reactive
dyes are only retained from 60 to 90% at best case on cellulose fibres.
For this reason they are one of the major responsible of coloured
rivers. An additional problem is that reactive dyes in both its ordi-
nary and hydrolysed forms are not easily biodegradable and thus
even after extensive treatment, colour from unexhausted reactive
dyes may still remain in textile wastewater.

In this work, we will evaluate the electrochemical oxidation
and reduction of an azo/dichlorotriazine reactive dye: C.I. Reactive
Orange 4 (commercially named Procion Orange MX-2R, PMX2R, and
Colour Index Number 18260), in the presence of Na;SO4 as elec-
trolyte. Doped SnO, and stainless steel electrodes were employed
as anode and cathode, respectively and the evaluation of interme-
diates interferences is carried out in order to explain the supposed
loss of electroactivity of the cathode during the treatment. This dye
was selected as a representative dye with a 1,3,5-triazinyl group as
a functional group. Procion MX dyes present a hydrolysed unfixed
form that can amount to as much as 15-40% of the total applied
[56].

2. Materials and methods
2.1. Chemicals

Ultrapure water from an Elix 3 Millipore Milli-Q RG system with
a resistivity near to 18.2 M2 cm was used for the preparation of all
solutions. Dye solutions were simulated from the commercial prod-
uct (supplied by Zeneca) according to real concentrations found in
textile effluents.

Taking into account that the hydrolysed form of the dye is
responsible for colour in effluents containing wastewaters from tex-
tile industry, all synthetic dye solutions were hydrolysed previously
by NaOH solution addition. As a result of this process, all dye solu-
tions presented an alkaline pH (about 10-13) where two chlorine
atoms of the dye molecule were replaced by two OH groups.

Blank solutions with the corresponding supporting electrolytes
were also prepared and used in a separate compartment. These
solutions consisted of 0.5 M NaOH (Merck p.a.)+0.1/0.5M Na,;SO4
(Merck p.a.). It is important to highlight that NaOH was only used to
obtain the same alkaline pH as the dye solutions, and Na;SO4 was
the electrolyte.

2.2. Electrolyses

The electrolyses of the alkaline aqueous solutions of hydrol-
ysed dye were carried out in divided electrolytic cells. This allowed
us to study separate processes of electro-reduction and electro-
oxidation. The convenient separation between anode and cathode
compartments was achieved with a Nafion 117 (Du Pont) cationic
membrane. The dye molecule has an anionic nature in solution;
for this reason, an anionic membrane could not be used since the
huge molecular weight of the dye and the applied current density
made the membrane blocked. A cylindrical stainless steel electrode
was employed as cathode in all cases. The chemical composition
and diameter are the same as those for the working electrode
of voltammetric experiments. The anodes were: a platinum wire
when electro-reduction process was studied and a Ti/SnO,-Pt-Sb
electrode when electro-oxidation was carried out. The volume of
solution to be treated was 55 mL in every case and the area of the
electrodes was 2 cm?. The homogeneous nature of the medium
during the electrolyses was maintained using magnetic stirring.
The dye concentration selected for electrolytic experiments was
0.8gL-1. This value is included in the range of real dye concen-
tration found in textile effluents [57]. All the experiments were
carried out under galvanostatic conditions with a power supply
(Model Grelco GVD310 0-30Vcc/0-10 A). The applied current den-
sities were 125 and 250mAcm~2 until a total loaded charge of
227 AhL-1. Then, the final samples could be compared at constant
experimental conditions.

2.3. Preparation of the electrodes

With the purpose of obtaining the maximum reproducibility in
voltammetric experiments and electrolyses, both the platinum and
the stainless steel electrode underwent a pre-treatment. The plat-
inum electrode required a flame thermic treatment before each
electrochemical experiment according to the method developed by
Clavilier [58].

The stainless steel electrode required a pre-treatment consisting
of a mechanical polishing of the electrode and immediately after-
wards a cleaning with acetone was carried out. Finally, a polishing of
the working electrode with 1.0, 0.3 and 0.05 pm alumina slurry was
performed cleaning the electrode with ultrapure water after every
polishing session. At this point, a cathodic treatment was made on
the electrode surface in order to eliminate the oxide traces.

The electrodes of doped tin dioxide used in electrochemical
experiments for oxidation processes were prepared following a
standard thermal decomposition method of the salt precursor on
a titanium substrate [59-62]. Titanium plates (1 cm x 1cm) were
first pre-treated in order to eliminate the superficial layer of TiO,
(an electric semiconductor) and to obtain a higher roughness. Thus,
the electrocatalytic oxide deposit could adhere to the support. This
pre-treatment consisted of degreasing with acetone using ultra-
sounds for 10 min. Following, the titanium supports were etched
for 1h in a boiling solution of oxalic acid (10%). After that, the
supports were rinsed with ultrapure water and the precursor solu-
tion was brushed on the Ti plate. This precursor solution contained
10% SnCl4-5H,0 (provided by Aldrich)+ 1% SbCl; (purchased from
Fluka)+0.252% H,PtClg-6H,0 (supplied by Merck) dissolved in a
mixture of ethanol (provided by Panreac) + HCI (supplied by Merck).
Afterwards, the electrodes were introduced in an oven at 400 °C for
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10 min. In this phase of the procedure, the decomposition of the
salt and the formation of the metal oxide take place. This process
was repeated until a weight increment of about 2 mg cm~2. Finally,
a final thermal treatment at 600 °C was applied for 1 h.

2.4. Analyses and instruments

2.4.1. Cyclic voltammetry

All voltammetric measurements were performed using an
Eco-Chemie Autolab PGSTAT30 potentiostat/galvanostat at room
temperature. Oxygen was previously removed from all solutions
by bubbling nitrogen for 30 min to remove oxygen prior to the
experimental runs and the solution was protected under nitrogen
atmosphere during the experiments. A three electrode electro-
chemical cell was used. The system consisted of a cylindrical
stainless steel working electrode (chemical composition in wt.%:
C<0.050, Si 0.750, Mn <2.000, P 0.040, S 0.015, Cr 18-19, Cu
8.5-9) with 4mm diameter and a Ag/AgCl (KCl 3 M) reference
electrode. A platinum wire was used as counter electrode. Voltam-
metric measurements revealed similar results when both 0.1 and
0.5M Na,S04 were used as background electrolyte so only those
results obtained with 0.1 M Na,SO4 will be shown. Voltammet-
ric studies were performed at different dye concentrations: 0.08,
0.8 and 3.9gL! since textile effluents concentrations vary from
0.01 to 0.25gL~! reaching concentrations about 1gL~! in some
cases [57].

2.4.2. Spectroscopical techniques

The UV-visible spectra of PMX2R and its evolution during
the electrolysis were recorded using a Genesys 10 UV Scanning
spectrophotometer. Fourier Transform Infrared Attenuated Total
Reflection (FTIR-ATR) experiments were performed with a Nicolet
Magna 550 Spectrometer equipped with DTGS detector in order to
monitor the functional groups evolution during the electrolysis. X-
ray photoelectron spectroscopy (XPS) analyses were performed at a
base pressure of at 5 x 10~19 mbar and a temperature around 173 K.
The XPS spectra were obtained with a VG-Microtech Multilab elec-
tron spectrometer using unmonochromatized Mg Ko (1253.6eV)
radiation form a twin anode source operating at 300 W (20 mA,
15kV). The binding energy (BE) scale was calibrated with reference
to the C 1s line at 284.6eV.

2.4.3. Chromatographic techniques

High Performance Liquid Chromatography (HPLC) analysis was
performed using a Hitachi Elite Lachrom Chromatographic Sys-
tem equipped with diode array detector. The chromatographic
separations were performed on a Lichrospher 100 RP-18C col-
umn with 5 wm packing. Mobile phase composition was methanol
(eluent A)/aqueous buffer solution KH,PO4-Na;HPO4 (eluent B)
with pH 6.9. Separation was accomplished at a flow rate of
1mLmin~!, at 25°C and injection volume of 80 L. The detection
wavelength was set at 486 and 250 nm. At the beginning of the
chromatographic separations, the gradient elution consisted of 15%
methanol-85% aqueous buffer and it was progressively modified to
30% methanol-70% aqueous buffer during 10 min.

In order to identify the major intermediates formed along
the process, Gas Chromatography-Mass Spectrometry (GC-MS)
analyses were carried out. A Shimadzu GCMS-QP2010 gas
chromatograph-mass spectrometer equipped with a secondary
electron multiplicator dinode (MSD) was used. The capillary col-
umn was a Teknokroma S Meta X5, P/N TR-820232 (30 m x 0.25 mm
I.D. and 0.25 pm film thickness). The analyses were carried out
by a splitless injection mode (1 L) with a helium carrier flow of
30mLmin~! and inlet set at 250 °C. The oven temperature program
was first set at 140 °C for 4 min and then brought to 275 °Cat arate of
10°Cmin~'. The mass spectrometry analyser operated in the elec-

tron impact mode with a scan of m/z 40-1000, scan speed of 2000,
at 0.5 s intervals and ion source temperature of 200°C.

3. Results and discussion
3.1. Electrolysis assays

3.1.1. UV-visible spectroscopy

Typical UV-visible spectra for untreated and treated dye solu-
tions have been done and changes in absorbance of dye solutions
were investigated, as shown in Fig. 1. A divided electrolytic cell was
used for the electrolytic treatments. It is important to highlight
the assumption of the degradation reaction as the predominant
process. The initial spectra showed that the wavelength of max-
imum absorbance (Amax) was 486 nm in the visible region and
corresponds to the azo group. In addition, the aromatic rings
absorbance was observed between 200 and 300nm, in the UV
region. In order to perceive distinctions between intermediates
and initial dye structures, both the azo group and the aromatic
rings absorbance were monitored during the electrolytic processes.
Fig. 1 shows the UV-visible spectra of the initial solution (I) and
final solution after the electro-reduction (II) and electro-oxidation
() assays at 125mAcm~2 and in presence of 0.1 M Na,SO4 as
electrolyte (227 AhL~1). The azo group was completely destroyed
after an electro-reduction process but the aromatic structures
remained in solution although in minor quantity. In contrast, the
electro-oxidation (III) showed a considerable degradation of the dye
structure which is in accordance with the TOC and COD removal
percentages observed for this process. At the experimental condi-
tions commented above, it was obtained a 55% and a 75% of TOC
and COD removal. These results lead us to think that the intermedi-
ate species generated during the process present an oxidation state
more positive than the initial one but some of them remain in solu-
tion. As explained in Section 2, at 227 AhL~! of loaded charge the
TOC and COD removals are considered invariable and this permits
to compare the final samples at the same conditions. This gave an
energetic consumption of 2.56 kW L1 [63].

3.1.2. FTIR-ATR spectroscopy

To confirm the differences observed between electro-oxidation
and electro-reduction, horizontal FTIR-ATR spectroscopy was also
employed. This technique permitted to demonstrate the evolution
of functional groups during electrolyses. The spectra were collected
at 8cm~! resolution as a result of an average of 100 scans with a
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Fig. 1. UV-visible spectra of the initial solution of 0.8 gL~' PMX2R (I) and the final
solution after electrochemical reduction (II) and electrochemical oxidation (III). Elec-
trolysis conditions: 0.5 M Na,SOy as electrolyte; current density 125 mA cm~2; total
charge loaded 227 AhL'; electrode area =2 cm?; V., =55 mL. Inset figure: chemical
structure of PMX2R.



190

Procion
MX2R
0.8 g1

1800 1700 1600 150014001300 120011001000 900 800
Wavenumbers (cm-1)

Fig. 2. Comparison of the horizontal FTIR-ATR spectra obtained for the initial dye
(concentration 0.8 g L-1) and final solution after an electro-reduction process and an
electro-oxidation process at 250 mA cm~2 and 0.1 M Na,S04 as electrolyte (loaded
charge 227 AhL-1). Electrolytic cell divided with cationic membrane. Electrode
area=2cm?; Vi, =55 mL. Resolution: 8 cm~!. 400 scans. Prism of ZnSe.

ZnSe prism. Fig. 2 shows the spectra of the initial dye solution with
a concentration of 0.8 gL~ and those obtained from the samples
resulting from electro-oxidation and electro-reduction processes at
227 Ah L1 respectively. By comparing the differences observed we
can conclude the following facts [64]:

i The strong band appeared at 1400cm~! (I) in the spectrum
corresponding to the original dye is related to the aromatic
structures —C=C- stretching vibration. Electro-oxidation pro-
cess eliminated aromatic structures since this band was not
observed. On the other hand, the spectrum corresponding to
electro-reduction process showed this band indicating the pres-
ence of aromatic structures.
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ii As a result of the electro-oxidation, a weak band at 1740 cm™!
(I) appeared. This can be ascribed to -C=0 stretching vibration,
maybe related to carbonyls groups. Besides, a band at 1200 cm™!
(IlI) seems to be more intense. This could be because of the partial
relation of this band with -C-0 bending mode of the carbonyl
groups. These bands are not present in the spectrum correspond-
ing to electro-reduction process.

The band at 1530cm~! (IV) can be associated to the —-C-N-

stretching vibration mode of the triazinic group. Both electro-

oxidation and electro-reduction processes degraded this group

(at least partially) since this band diminished in both cases.

iv A very sharp strong band at 1620 cm~! (V) was observed in the
initial dye spectrum. This transition could indicate the stretching
vibration of the imine bond (C=N-) present in the corresponding
tautomeric form of the PMX2R molecule. After the electro-
reduction process this band split in two weak bands at 1590 and
1670 cm~! which may be attributed to -N-H bending mode as a
result of the azo rupture and the formation of the amino group.

=:

ii

3.1.3. Chromatographic analyses

HPLC technique was employed to monitor the diminution in
concentration of PMX2R as loaded charge (AhL~1) increases. Since
this technique is specifically useful to study the cleavage of the azo
group as well as the formation of intermediates, the decolourisation
produced during the electrolyses was studied. Then, representa-
tive chromatograms were obtained during electro-oxidation and
electro-reduction processes at 125 and 250 mAcm~2 with 0.1 M
Na,SO4 as electrolyte. Fig. 3 shows the UV-visible spectra of the
intermediates generated and their corresponding retention times
during the electrolyses. All representations shown in Fig. 3 were
registered considering that the area of the chromatographic peak
of the dye containing the unbroken azo group (Areajnita) Was
reduced in 99%. At this point of the electrolysis, the area of the
chromatographic peak for the untreated dye corresponds to the
presence of only 1% of the intact azo group in solution (that is
Area=0.01Areajyjtia )- As was to be expected, the band correspond-
ing to the azo group (centred at 486 nm; visible region) does not
appear at this point of the electrolysis in all cases. However, the
UV region of these spectra shows substantial differences between
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Fig. 3. 3D UV-visible/chromatograms images obtained when Area=0.01Areajyi,. (a) Electrochemical reduction at 125mAcm~2; (b) electrochemical reduction at
250 mA cm~2; (c¢) electrochemical oxidation at 125 mA cm~2; (d) electrochemical oxidation at 250 mA cm~2. 0.1 M Na,S0y as electrolyte; electrode area=2 cm?. Inset figures:
chromatograms obtained at 250 nm for each experiment. Loaded charge values (AhL-1) shown.
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electro-reduction and electro-oxidation processes. Thus, at 250 nm
(inset figures in Fig. 3a and b), electro-reduction processes shows
chromatograms where a main peak is observed for the two current
densities employed. It was observed that the area of this chromato-
graphic peak was influenced slightly by the current density applied
during the electro-reduction process. However, it is very interest-
ing to highlight that a superficial brown layer appeared onto the
stainless steel electrode during the electro-reduction in both cases.
Electro-oxidation processes present a different behaviour and, as it
can be seen, the height of these bands is one order of magnitude
lesser than those obtained in the electro-reduction processes.

As explained above, the spectrum of PMX2R solutions shows
the azo group band at about 486 nm. At this wavelength, the chro-
matogram obtained shows a main peak whose integrated area is
in direct relation with the quantity of dye present in solution with
this chromophore group intact (figure not shown) [63]. The vari-
ation of PMX2R concentration can be evaluated by plotting the
evolution of Ln (Area/Area;piy) versus loaded charge (AhL-1), as
shown in Fig. 4. Then, the decolourisation kinetics and the apparent
decolourisation rate constants (kapp, s~!) can be determined. In all
cases, it was a pseudo-first order kinetic since the chromatographic
area varies exponentially with loaded charge (AhL-1). As shown
in Fig. 4, the apparent decolourisation rate constants are influ-
enced by the current density applied. Thus, it was observed that
decolourisation obtained by electrochemical oxidation was higher
at 250 mA cm—2. In contrast, electrochemical reduction showed the
opposite behaviour since increasing current density diminished
the decolourisation rate. In fact, when the applied current den-
sity was 125mAcm~2, the loaded charge necessary to reduce in
a 99% the quantity of azo group present in solution during the
electro-oxidation process was about 195 Ah L~1. At the same condi-
tions, electrochemical reduction processes needed a loaded charge
of about 125AhL-! (see Fig. 3a and c). When current density
was 250 mA cm~2, it was observed that electrochemical oxidation
needed 108 AhL~! to obtain only 1% of the initial quantity of azo
group in solution. On the other hand, electrochemical reduction
required 196 AhL-1 of loaded charge (see Fig. 3b and d). This is
connected with the major generation of sub-products from electro-
chemical reduction of PMX2R which are responsible for the layer
observed on the stainless steel electrode surface. Therefore, the
cathode can undergo a greater block of the electrocatalytic activity
resulting in a decrease of the decolourisation rate.

Focusing the attention on the electrochemical reduction process
carried out at 250 mAcm™2, the intermediates generated during
this electrochemical process were studied in order to understand
the block of the cathode. Thus, different chromatograms were
obtained during the electro-reduction process at 250 mA cm—2 and
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Fig. 4. Logarithm of the normalised chromatographic area of the dye peak versus
loaded charge (AhL-1).(a) Oxidation at 250 mA cm~2; (b) reduction at 125 mA cm~2;
(c) oxidation at 125 mA cm~2; (d) reduction at 250 mA cm~2. Synthetic solutions of
PMX2R 0.8 gL~ and 0.1 M Na,SOy4; Electrode area=2cm?; Vi, =55 mL. Chromato-
graphic dye peaks detected at 486 nm.
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() and the electro-reduction product at 250 nm (M). Current density: 250 mA cm~2.
Synthetic solution of 0.8 gL-' PMX2R with 0.1 M Na;S04 as electrolyte. Electrode
area=2cm?; Vo =55 mL.

0.1 M Na,S0y4 as electrolyte. The detector wavelength was set at the
maximum value of absorbance of the azo group (486 nm). Fig. 5
shows the variation of the dye concentration as a function of the
integrated area of the chromatographic peak observed at 486 nm
versus loaded charge (AhL-1). As it can be seen, the azo group
was practically removed when the electro-reduction process was
performed. On the other hand, when the detector was set at the
wavelength absorbance of the aromatic structures (250 nm), it was
detected a main chromatographic peak (tg about 2.0 min) whose
area increased with loaded charge (AhL~1) until a constant value.
It can be seen that, as a consequence of the cleavage of the azo group
by electrochemical reduction, a stable intermediate was generated
in solution. From about 100 AhL-! on up, the integrated area of
this chromatographic peak presents a constant and stabilized value.
This behaviour coincides with the complete disappearance of the
azo group.

Different commercial compounds with a chemical structure
similar to some moieties of the PMX2R molecule were anal-
ysed by HPLC (250nm as detection channel) and UV-visible
spectroscopy. From those results, it was observed that 2-amine-1,5-
naphthalenedisulphonic acid was the most similar compound to
the main electro-reduction intermediate generated during an elec-
trochemical reduction. The reason was the so close values of tg and
a similarity degree of 98.8% obtained by comparing the UV-visible
spectra (data not shown). Internal patron assays were also car-
ried out with this commercial product and confirmed this result.
According to this, this electro-reduction intermediate should be
structurally similar to 2-amine-1,5-naphthalenedisulphonic acid
[63].

Preliminary GC-MS analyses carried out in our laboratory cor-
roborated this assumption. Aliquots of a PMX2R solution treated
by electrochemical reduction were taken at loaded charge of
about 45AhL-1, when a complete decolourisation was observed,
and at 240AhL-! of loaded charge (final sample). Both sam-
ples were subjected to a derivatisation process in order to
turn sulphonated species (resulting from electrochemical reduc-
tion) into more volatile products. For his purpose, the sulphonic
groups were chemically reduced to thiol groups using iodide-
trifluoroacetic anhydride [65,66]. It was observed that both samples
presented the characteristic peaks of derivatized 2-amine-1,5-
naphthalenedisulphonic acid (figure not shown). The area of these
peaks was higher at 240 AhL-! so, from these results, it can be
deduced that this specie is stable in solution as the information
drawn from Fig. 5 revealed.

3.2. Studies of the cathode layer

3.2.1. Cyclic voltammetry
Cyclic voltammetry technique was required for explanation of
electrochemical behaviour of both the PMX2R molecule and inter-
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mediate species generated during the electrochemical treatment of
the dye solution [67,68].

First, a 0.5M NaOH+0.5M Na,SO4 medium (blank solution)
was chosen to investigate the electrochemical behaviour of the
stainless steel electrode in absence of dye. Fig. 6a shows the sta-
bilized voltammogram obtained in these conditions. The curve was
obtained at 50 mVs~! and the electrode was first introduced into
solution at the open circuit potential value (—1.1V). After that, the
selected potential region was from —1.35 to 0.53 V. The voltammo-
gram was measured using Ag/AgCl, KCl (3 M) reference electrode.
As it can be seen, the processes which take place are the oxida-
tion and reduction of the working electrode surface at —0.70 and
—1.04V, respectively. The redox behaviour of chromium contained
in the working electrode appeared at 0.48 and 0.36 V for chromium
oxidation and oxide reduction, respectively.
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Fig. 6. (a) Cyclic voltammogram of a stainless steel electrode immersed in a blank
solution (0.5 M Na;SO4 and 0.5 M NaOH). Tenth scan. Scan rate: 50 mV s~!. (b) Effect
of increasing the PMX2R concentration on cyclic voltammograms recorded on a
stainless steel electrode. Scanrate: 50 mV s~!. Concentrations: 0.08,0.8 and 3.9 gL'.
Tenth scan. (¢) Cyclic voltammograms obtained when the stainless steel electrode
was immersed in blank solution after a previous voltammetry assay in a 0.08 gL~!
PMX2R solution. Scan rate: 50 mV s~!. First, fifth and tenth scans. All experiments
recorded from —1.35 to 0.53 V. Electrode previously introduced into the solution at
—1.1V (open circuit potential).

Fig. 6b shows the stabilized cyclic voltammograms obtained on
a stainless steel electrode immersed in PMX2R solution with differ-
ent concentrations: 0.08, 0.8 and 3.9gL~'. In presence of PMX2R,
a strong oxidation peak was observed at —0.55V. This peak was
related to the dye oxidation. Overlapped to this peak, a small shoul-
derispresented at —0.61 V corresponding to the surface oxidation. A
broad cathodic peak around —0.95 Vis appeared in the reverse scans
associated to the surface reduction when 0.08 gL~ dye concentra-
tion was used. The dye reduction peak, at this dye concentration,
was also observed at —0.69 V. It is interesting to notice that, when
the dye concentration increases, a new cathodic process is appeared
at —0.83 V modifying the corresponding cyclic voltammogram. In
fact, this can be clearly observed when a dye solution of 3.9gL"!
concentration was used and it seems to be related to the generation
of intermediate species as the concentration increased.

In order to study the adsorption capability of the species present
in solution on the stainless steel electrode, a new experience was
carried out. After several consecutive cycles of a cyclic voltammetry
experiment in PMX2R solution, the electrode was extracted from
the electrochemical cell, cleaned carefully with ultrapure water and
transferred into a blank solution. After that, a voltammetric expe-
rience was carried out at the same conditions. This experiment
allows identifying the adsorbed species which could be incorpo-
rated to the surface of the electrode. The cyclic voltammograms
obtained are shown in Fig. 6¢. As it can be seen, a redox response
of adsorbed species was observed at —0.69 and —0.77 V for oxida-
tion and a reduction peaks, respectively. The block of the surface
as a result of this adsorption was confirmed with the absence of
the typical voltammetric peaks of chromium contained in the elec-
trode surface. When a high number of scans were accumulated, the
peaks corresponding to the adsorbed species disappeared. Then,
the redox behaviour of the stainless steel was only observed as well
as the chromium redox behaviour too.

The type of adsorption produced on the stainless steel elec-
trode was studied by performing open circuit assays (figure not
shown). The electrode was immersed into a 0.08 gL' PMX2R solu-
tion at open circuit for 15 min. Following, it was gently washed
with ultrapure water and introduced into a blank solution where
a voltammetric experience was carried out. The cyclic voltammo-
grams registered in this experience would show the influence that
the open circuit potential could have on the adsorption produced.
It was observed that the voltammograms presented similar shapes
to that obtained when a blank solution was studied in the same
experimental conditions. This fact confirmed that the adsorption
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Fig. 7. Vertical FTIR-ATR spectrum of the layer appeared on the stainless steel elec-
trode during the electrochemical reduction of 0.8 gL~! PMX2R and 0.5 M Na;SO4
solutions in electrolytic cell divided using a cationic membrane. Electrode area:
4. cm?. Resolution: 8 cm~!. 400 scans. Prism of KRS5.
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Fig. 8. XPS spectra of the layer appeared during the electrochemical reduction of a 0.8 gL~' PMX2R and 0.5 M Na;S0O, solution. Electrode area: 4 cm?. Electrolytic cell divided
using a cationic membrane. (a) XPS general spectrum, (b) oxygen O 1s XPS high resolution spectrum, and (c) carbon C 1s XPS high resolution spectrum. (d) Sulphur S 2p XPS

high sensibility spectrum.

observed on the electrode surface (Fig. 6¢) occurred as a result of
the previous electrochemical treatment.

3.2.2. FTIR-ATR spectroscopy

The layer appeared on the stainless steel electrode during the
reduction electrolysis assays was further analysed by vertical FTIR-
ATR spectroscopy technique (Fig. 7). The spectrum was collected at
8 cm~! resolution with an average of 400 scan and a KRS5 prism.

The sharp band appeared at 1400 cm~! (I) can be ascribed to the
stretching vibration of the C-C bond in the naphthalene structure.
Besides, the strong and broad band around 1000-1200cm~"! (II)
clearly indicates the -C=C- stretching vibrations of the naphtha-
lene structure. From these results, it can be deduced the presence
of naphthalene groups in the layer. Finally, the band of moderate
intensity around 590-600 cm~! (III) indicates the presence of iron
oxides.

From the FTIR-ATR results it could be deduced the organic nature
of the layer taking into account that naphthalene groups are present
in the dye structure too.

3.2.3. X-ray photoelectron spectroscopy

The application of surface analytical techniques such as X-ray
photoelectron spectroscopy provides molecular information rel-
evant to the electrode surface chemistry. In this sense, a XPS
characterisation of the layer was performed. The general XPS spec-
trum (Fig. 8a) denoted the presence of C, O, S, Cl, among other traces
of metallic elements.

No contribution for the N 1s (around 400 eV) was observed in the
general survey and high resolution spectra between 395 and 408 eV.
Then, the azo bond (-N=N-), aromatic amines and/or the dichloro-
triazine groups were not detected. Considering these data, it is
possible that the cleavage of the molecule occurred on the azo bond
and/or the nitrogen linked to the naphthalene group. Consequently,
the layer could be originated from disulphonate-naphthalene
and/or hydroxy-sulphonate-naphthalene moieties. Deconvoluted
high sensibility spectrum of the O 1s (Fig. 8b) revealed the pres-
ence of two bands at 531 and 531.9 eV corresponding to hydroxyl
and sulphonate groups, respectively [69]. Carbon high sensibility
spectrum (Fig. 8c) showed four deconvoluted bands at 284.6, 286.4,
289.4 and 290.9eV. The band at 284.6 was attributed to C-C and

C-H bonds, which are clearly present in naphthalene structure.
Contribution at 286.4 eV is due to C-OH bond [70], present in the
molecular structure of the hydroxy-naphthalene moiety. Signals at
289.4 and 290.9eV are attributed to carbonate and polycarbon-
ate groups [71], arisen from contamination. The S 2p analysis of
high sensibility spectrum (Fig. 8d) revealed the presence of two
bands at 168.5 and 169.8 eV (spin-orbit coupling), both attributed
to sulphonate group [72,73].

Therefore, hydroxyl and sulphonate groups are present in the
molecular structure of hydroxyl-sulphonate-naphthalene. Accord-
ing to this, this fragment could be responsible for the layer appeared
on the cathode; but it cannot be discarded a mixed origin from the
hydroxyl-sulphonate-naphthalene and disulphonate-naphthalene
moieties combination.

4. Conclusions

The main conclusions of this work can be summarized in the
following points:

e Spectroscopical studies indicated that both the electro-oxidation
and electro-reduction treatments were able to degrade triazinic
and azo groups. The electrochemical oxidation degraded the aro-
matic groups present in the dye molecule. Carbonyl groups were
detected after the electrochemical oxidation of the dye and naph-
thalenic amines were formed during the azo group cleavage by
electrochemical reduction of the dye solution.

e The decolourisation for all the electrolyses studied followed a
pseudo-first order kinetic as HPLC measurements revealed. It was
found that the current density influenced the rate constant of
the electrochemical treatments. When electrochemical reduction
was performed at 125 mA cm~2, the process showed better results
than at 250 mAcm~2. In both cases, a brown layer appeared on
the SS electrode surface.

XPS and FTIR spectroscopy analyses of the layer revealed that it

could be composed of two moieties of the dye molecule with

similar structure: the hydroxyl-sulphonate-naphthalene and the
disulphonate-naphthalene moieties.

¢ CV measurements showed the presence of adsorbed species on
the electrode surface as a consequence of a degradation process
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of the dye molecule during the electrochemical treatment. No
spontaneous irreversible adsorption of the PMX2R molecule was
found. In addition, a substantial dependence of the reduction pro-
cess on the dye concentration was found.
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