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ARTICLE INFO ABSTRACT

Mixtures of monoazo Tartrazine, diazo Ponceau SS and triazo Direct Blue 71 dyes with 105 mgL71 of total
organic carbon (TOC) in 0.050 M Na,SO, at pH 3.0 have been treated by solar photoelectro-Fenton (SPEF).
Experiments were carried out in a 2.5L pre-pilot plant with a Pt/air-diffusion cell coupled to a solar planar
photoreactor. Comparative trials were made by anodic oxidation with electrogenerated H,O, (AO-H,0,) and
electro-Fenton (EF) to better understand the role of oxidizing agents. AO-H,0, gave poor degradation due
to the low oxidation ability of "OH formed at the Pt anode and H,O, nroduced at the cathode. Similar color
removal was achieved in EF and SPEF because the main oxidant was  OH formed in the bulk from Fenton's
reaction. EF yielded partial mineralization by formation of molecules with high stability against OH. In con-
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Direct Blue 71 trast, these by-products were rapidly photolyzed under sunlight irradiation in SPEF, which was the most pow-

Ponceau SS erful treatment. Up to 8 linear final carboxylic acids were detected, along with the release of sulfate and am-

i"lar photoelectro-Fenton monium ions. The effect of Fe*" and azo dye concentrations, and current density over the SPEF performance
artrazine

was assessed. Total mineralization of azo dyes mixtures occurred when operating up to 105mgL~" TOC with

Water treatment 0.50mM Fe?" at 100mA cm 2.

©2018.

1. Introduction

The presence of one or various azo (-N=N-) bonds linked to aro-
matic rings with lateral anionic sulfonic groups confers to the azo
dyes interesting industrial properties, including high stability and sol-
ubility in water, and yields characteristic colors depending on the
aromatic systems involved (Robinson et al., 2001; Zollinger, 2003;
Forgacs et al., 2004; Solis et al., 2012; Brillas and Martinez-Huitle,
2015). Azo dyes represent about 70-75% of the world dye production
(Rajkumar and Kim, 2006) and are widely utilized in food and tex-
tile industries, which release large volumes of effluents loaded with
mixtures containing up to 250mgL " of such compounds. Dye waste-
water presents major concerns when it is discharged into water bodies
because its color and complex composition cause aesthetic problems,
discouraging their downstream use (dos Santos et al., 2007; UNESCO,
2012; Brillas and Martinez-Huitle, 2015). Moreover, aquatic organ-
isms can be affected by these chemicals due to their well-proven
mutagenicity, carcinogenity and toxicity, along with the production
of highly toxic by-products (Sharma et al., 2007; Ulson de Souza
et al., 2007; Ghoneim et al., 2011). The persistence of dyes in the
aquatic environment is associated to their large photostability and
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resistance to biodegradation, as well as to the ineffective decontami-
nation by conventional treatments like filtration, adsorption and coag-
ulation (Bhattacharya and Sanghi, 2003; dos Santos et al., 2007; Vilar
etal., 2011; Verma et al., 2012; Brillas and Martinez-Huitle, 2015).

The effective, degradation of azo dyes by in-situ generated hy-
droxyl radical ( OH) in advanced oxidation processes (AOPs) has
been demonstrated (Forgacs et al., 2004; Anjaneyul 1., 2005;
Vilar et al., 2011; Khandegar and Saroha, 2013; llas and
Martinez-Huitle, 2015). Tha high standard redox potential
(E°=2.80VISHE at pH 0) of OH allows its non-selective reaction
with most recalcitrant organic pollutants. Among the AOPs, great at-
tention has been paid to the electrochemical AOPs (EAOPs) because
of their simplicity along with high mineralization ability (Brillas et
al., 2009; Panizza and Cerisola, 2009; Chaiyont et al., 2013; Oturan
and Aaron, 2014; Sirés et al., 2014; Brillas and Martinez-Huitle, 2015;
Moreira et al., 2017). Solar photoelectro-Fenton (SPEF) has recently
emerged as the most viable EAOP thanks to the combined action of
generated OH and solar photons to remove organics from wastewater
(Ruiz et al., 2011; Salazar et al., 2012; Pérez et al., 2017; Steter et al.,
2018). It is more potent than other ubiquitous EAOPs like anodic ox-
idation (AO) and electro-Fenton (EF). In AO, organics are destroyed
by adsorbed M( OH) produced at the surface of an anode M from wa-
ter oxidation at high current (Panizza and Cerisola, 2009):

M+H20—>M@)+H++e (1
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The best performance regarding the destruction of organics in
AO is achieved with non-active boron-doped diamond (BDD) anodes
(Santos et al., 2008; Bezerra Rocha et al., 2012; Sirés et al., 2014;
Brillas and Martmez Huitle, 2015)., since they produce hlgh quan-
tities of physisorbed oxidant BDD( OH). In contrast, active anodes
such as Pt possess much lower oxidation power because they accu-
mulate small Pt( OH) concentrations as a result of its conversion to
a superoxide (PtO) with much weaker oxidation ability (Panizza and
Cerisola, 2009; Sirés et al., 2014).

The use of a carbonaceous cathode in a one-compartment cell can
favor the generation of other reactive oxygen species, like H,O, from
reaction (2), which can also contribute to the gradual oxidation of
organics (Brillas et al., 2009; Oturan and Aaron, 2014; Sirés et al.,
2014). The process is known as AO-H,0,.

0,+2H +2e¢ - H,0, )

In the EF, process, a catalytlc amount of Fe?" is added to form ho-
mogeneous "OH and Fe** upon reaction with electrogenerated H,O,,
according to Fentons reaction (3) (Brillas et al., 2009; Slres et al.,
2014). The Fe** reduction at the cathode regenerates Fe** to con-
tinuously produce "OH. Cathodes such as reticulated vitreous car-
bon (Coria et al., 2015; Ellouze et al., 2017), carbon felt (Dirany
et al, 2012; El-Ghenymy et al., 2014), C-polymer air-diffusion
(Olvera-Vargas et al., 2015; dos Santos et al., 2016; Galia et al., 2016)
and BDD (Cruz-Rizo et al., 2017) have shown their great effective-
ness for H,O, production. The best anode for EF is RDD because of
the superior oxidation ability ~f heterogeneous BDD( OH) when it is
combined with homogeneous OH.

H,0, + Fe*" - Fe** +@ +O0H™ 3)

The SPEF process can be performed under EF conditions, with ad-
ditional of the treated solution to sunlight (Solano et al.,
2015; Thiam et al., 2015b) in order to develop a much more cost-effec-
tive method as compared to UVA photoelectro-Fenton (Thiam et al.,
2015a; Garcias-Segura »nd Brillas, 2016). Apart from the oxidation
with heterogeneous M( OH) and homogeneous OH, the irradiated
UV photons from sunlight favor: (i) the degradation of photoactive
organics, (ii) the continuous regeneration of Fe?*, along with produc-
tion of homogeneous OH, from the photolysis of Fe(Ill) aquo-species
according to reaction (4), and (iii) the photodecarboxylation of com-
plexes of Fe(Ill) with some carboxylic acids via general reaction (5)
(Sirés et al., 2014; Thiam et al., 2015b):

Fe(OH)*" + hv — Fe*' + 4)

Fe(OOCR)*" + hv — Fe*' + CO, + R@ (3)

An advantage of SPEF is the need of less expensive anodes be-
cause of the crucial contribution of sunlight (Pérez et al., 2017). The
beneficial use of SPEF for wastewater treatment has been checked for
a reduced number of organics, but less is known about its degradation
behavior over mixtures of azo dyes. This is an important issue in order
to assess the viability of SPEF for the remediation of complex efflu-
ents containing azo dyes, whose different intermediates may react be-
tween them to difficult the mineralization process.

This work aims to investigate the decolorization and mineraliza-
tion of a mixture of three azo dyes widely employed in the food and

textile industries. The target compounds were the commercial sodium
salts of monoazo Tartrazine (C,;HgN,Na;0,S,), the diazo Ponceau
SS  (CyH 4,N4,Na,0,S,) and the triazo Direct Blue 71
(C4oHo5N;Na,0,5S,) dyes (see Table S1). The assays were performed
in 0.050M Na,SO, as supporting electrolyte at pH 3.0 using a 2.5L
solar pre-pilot flow plant with an electrolytic cell containing an active
Pt anode and an air-diffusion cathode, connected to a solar photoreac-
tor. Comparative AO-H,0, end EF treatments were carried out to clar-
ify the role of generated M( OH) and OH as well as the photolytic
action of sunlight. The effect of the concentration of Fe*" catalyst and
azo dyes concentrations and current density () on the decolorization
and mineralization rates was examined. Final short-chain linear car-
boxylic acids were detected by high-performance liquid chromatogra-
phy (HPLC) and the conversion of the initial S and N to inorganic ions
is discussed.

2. Materials and methods
2.1. Chemicals

Tartrazine (68% purity), Ponceau SS (77% purity) and Direct Blue
71 (40% purity) azo dyes were supplied by Sigma-Aldrich. The purity
of each dye was confirmed by TOC analysis, since the rest of com-
ponents were stabilizing salts. The supporting electrolyte was analyt-
ical grade Na,SO, purchased from Prolabo. The catalyst used for EF
and SPEF was analytical grade FeSO,-7H,O purchased from Fluka.
H,SO, (98% purity) supplied by Merck was used to adjust the solu-
tion pH to 3.0. All reagents for analysis were of HPLC or analytical
grade purchased from Merck and Panreac. Deionized water was used
to prepare the synthetic solutions.

2.2. Electrochemical advanced oxidation treatments

All the trials were made in a solar pre-pilot flow plant schema-
tized in earlier work (Flox et al., 2007). A volume of 2.5L of dye
mixture was recirculated from the reservoir, thanks to a centrifugal
pump, to the electrochemical cell coupled to a solar planar photoreac-
tor. A flowmeter was used to regulate the liquid flow rate to 180Lh™"
and two heat exchangers allowed operating at 35 °C, with the photore-
actor exposed to direct sunlight irradiation. The cell was a one-com-
partment filter-press reactor equipped with two parallel electrodes of
20cm? area in contact with the solution, separated 1.2cm. The anode
was a Pt plate supplied by SEMPSA (Barcelona, Spain) and the cath-
ode was a carbon-polytetrafluoroethylene (PTFE) air-diffusion elec-
trode supplied by Sainergy Fuel Cell (Chennai, India). The outer face
of the cathode was in contact with a gas chamber filled with atmos-
pheric air at 4.5Lh ™" to continuously produce H,0,. The photoreactor
was a polycarbonate box (24.0cmx24.0cm X 2.5cm, 600mL of irra-
diated volume), with a mirror at the bottom and tilted 41° (latitude of
Barcelona). An Agilent 6552A DC power supply provided constant j,
directly displaying the instantaneous cell voltage. The SPEF experi-
ments lasted 300 min and were made in clear and sunny days of the
summer of 2017, with an average UV power of 33.7Wm 2, deter-
mined with a Kipp & Zonen CUV 5 radiometer. Analogous AO-H,0,
and EF tests were carried out by covering the system with an opaque
cloth.

2.3. Equipment and analysis

The pH of all solutions was determined with a GLP 22 pH-me-
ter from Crison. Samples for analysis were immediately adjusted to
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pH=8.0 to stop the degradation process and filtered with 0.45pm
PTFE filters from Whatman.

The color loss was determined from the absorbance decay at
Amax=3515nm (see the UV/vis spectrum of the mixture in Fig. SM-1),
using a Shimadzu 1800 UV/Vis spectrophotometer. The percentage of
color removal for a treated solution with absorbance A4 at electrolysis
time ¢ starting from an initial absorbance 4, was calculated from Eq.
(6) (Ruiz et al., 2011):

Ay —A
O~ 100

%Color removal =
Ao (6)

The TOC of the solutions was measured with a Shimadzu VCSN
TOC analyser using the non-purgeable organic carbon method. 50 pL
aliquots were injected into the analyser to obtain values with £1% re-
producibility. Decolorization and TOC measurements were replicated
and average values (with error bars in figures) are reported.

From the TOC abatement (A(TOC)eXp) at electrolysis time # (in h)
of a given assay, the mineralization current efficiency (MCE, in %)
was estimated from Eq. (7) (Murillo-Sierra et al., 2018):

aMCE < "meant VA (TOC)
4.32x107mmean@

(M

where n,,, and m,,, denote the mean number of electrons for the
mineralization process and the average number of C atoms in the mix-
ture, respectively, F is the Faraday constant, V" is the solution vol-
ume (in L), 4.32x 10 is a conversion factor (3600sh™' x 12,000mgC
mol ") and / is the applied current (in A). The Mpean a0d M. values
depend on the composition of the treated mixture and the mineraliza-
tion reaction of each dye, as discussed below.

The specific energy consumption per unit TOC mass (ECyg) for
the trials was determined from the average cell voltage E_;; (in V) ac-
cording to Eq. (8) (Flox et al., 2007; Ruiz et al., 2011):

Eolt
ECroc (kWh(gTOC)™!) = ——<

B VA(TOC)x, (8)

Generated short-chain linear aliphatic carboxylic acids were iden-
tified and quantified by ion-exclusion HPLC, NH," concentration was
determined from the standard phenate method. SO427 and NO; con-
centrations were obtained by ion chromatography, using the apparatus
and procedures reported earlier (Coria et al., 2018; dos Santos et al.,
2018).

3. Results and discussion

3.1. Comparative treatment by electrochemical advanced oxidation
processes

Solutions of 2.5 L of 0.136 mM Tartrazine (+0.154 mM Ponceau
SS + 0.080 mM Direct Blue 71, corresponding to 105 mg L™ TOC,
were prepared in 0.050M Na,SO, at pH 3.0 (i.e., the optimum value
for E| SPEF (Brillas et al., 2009; Brillas and Martinez-Huitle,
2015) Q and SPEF were carried out in the presence of 0.50mM

Fe®' as catalyst. The temperature was always kept at 35°C, which is
important for systems exposed to sunlight. A first set of trials was car-
ried out by AO-H,0,, EF and SPEF under comparable conditions by
applying a j=100mA cm 2 for 300 min. The solution pH did not vary
substantially along the electrolysis.

Fig. 1a shows a slow decolorization of the mixture by AO-H,0,,
only attaining 26.0% of color removal after 100min. This sucgests
that the attack of the generated oxidizing species (H,O, and Pt( OH))
on the azo dyes was mild, In contrast, Fig. 1a highlights that the gen-
eration of homogeneous OH from Fenton's reaction (3) in EF and
SPEF caused a great acceleration of decolorization, reaching 98.0%
and 99.8% at 100min, respectively. The slisht superiority of SPEF
over EF can be attributed to the additional OH production induced
by photolytic reaction (4). The inset of Fig. la depicts the excellent
pseudo-first-order linear correlations found for the time course of the
absorbance decays. This behavior presupposes that a constant amount
of generated hydroxyl radicals (Pt( OH) and OH) degrades each azo
dye. The slope corresponds to the apparent rate constant for decol-
orization (ky.). The values obtained for the trials are collected in
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Fig. 1. (a) Percentage of color removal at Amax =515 nm and (b) normalized TOC
removal with electrolysis time for the treatment of 2.5 L of a mixture of 0.136 mM
Tartrazine + 0.154 mM Ponceau SS + 0.080 mM Direct Blue 71 (105 mg =1 TOC) in
0.050 M Na2S804 at pH 3.0 using a pre-pilot flow plant with a Pt/air-diffusion press
cell of 20 cm2 electrode area coupled to a solar planar photoreactor of 600 mL of ir-
radiation volume, at current density (j) = 100 mA cm=2, liquid flow rate of 180 L h—1
and 35 °C. Method: (@) anodic oxidation with electrogenerated H202 (AO-H202), (m)
electro-Fenton (EF) with 0.50 mM Fe2+ and (&) solar photoelectro-Fenton (SPEF) with
0.50 mM Fe2+. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Table 1, along with the good R-squared obtained. As can be seen,
the kye.-value for SPEF (0.048 min ') was 1.23-fold higher than that
found in EF (0.039 minfl), whereas the latter was 13-fold higher
than that cbtained in AO-H,0,, This corroborates the higher oxidation
power of OH compared to Pt( OH) to destroy the azo dye molecules.

Fig. 1b illustrates a very different behavior for normalized TOC re-
movals under the above conditions, with mineralization being clearly
upgraded in the sequence: AO-H,0,<EF<SPEF. Table 1 shows that
the TOC decay attained using AO-H,0, was 2s low as 5.4%, as
expected from the low oxidation ability of Pt( OH) (Panizza and
Cerisola, 2009). A higher TOC decay was achieved by EF (56.0%),
whereas SPEF led to overall mineralization (~99% TOC removal).
This means that a large amount of irtermediates originated in EF were
converted to CO, upon action of OH generated from Fenton's re-
action (3). The photolytic destruction of photoactive organics hardly
degraded by hydroxyl radicals, like Fe(Ill)-carboxylate complexes
(Brillas et al., 2009; Salazar et al., 2012; Moreira et al., 2017; Pérez et
al., 2017; Steter et al., 2018), under UV irradiation explains the large
effectiveness of SPEF to reach complete mineralization.

3.2. Evolution of short-chain linear carboxylic acids and inorganic
ions released in SPEF

The azo dye mixture treated by SPEF was analyzed by ion-exclu-
sion HPLC, allowing the detection of eight generated carboxylic acids
like tartronic, tartaric, malic, succinic, acetic, oxalic, formic and ox-
amic. The five former acids arise from the cleavage and ring opening
of the aromatic rings, which are independently transformed into oxalic
and formic acids (Brillas et al., 2009; Sirés et al., 2014). Oxamic acid
is formed from N-intermediates. Oxalic, formic and oxamic acids are
final by-products that can be directly mineralized (Sirés et al., 2014;
Solano et al., 2015; Thiam et al., 2015a, 2015b; Garcia-Segura and
Brillas, 2016).

Under the SPEF conditions tested, a large accumulation of Fe**
formed from Fenton's reaction (3) is expected (Flox et al., 2007;
Brillas et al., 2009). Thus, all carboxylic acids form complexes with
Fe(IIT) that can be easily photolyzed from reaction (5). Fig. 2a il-
lustrates maximum contents of 13.3, 15.8, 19.5 and 69.8mgL_1 for
formic, tartronic, oxamic and oxalic acids, respectively, whereas Fig.
2b shows smaller maximum values of 1.0, 7.3, 7.9 and 8.4mgL7' for
succinic, acetic, tartaric and malic acids, respectively. Both figures

Table 1

Apparent rate constant for decolorization, with the corresponding R-squared, and per-
centage of TOC removal, mineralization current efficiency and specific energy con-
sumption per unit TOC mass after 300 min of treatment of 2.5 L of Tartrazine + Pon-
ceau SS + Direct Blue 71 mixtures in 0.050 M Na,SO, at pH 3.0 and 35°C. A pre-pilot
flow plant with a Pt/air-diffusion cell was used for AO-H,0, and EF, being coupled to
a planar photoreactor in SPEF.

TOC, g ECroc
(mg [Fe], g

@ %TOC %  (kWh(g
Method L") ecm?) (mM) (min") removal MCE TOC™)

AO- 105 100 - 3.0x10° 0994 5.4 1.3 11.99
H,0,
EF 105 100 0.50 0.03 0.994  56.0 132 116

SPEF 52 100 0.50 0.079 0.998  99.0 114 134
105 50 0.50 0.019 0.990 89.2 421 0.21
105 100 0.25 0.028 0.987 86.4 204 075
105 100 0.50 0.048 0.998 98.8 232 0.66
105 100 2.00 0.023 0992 76.4 18.0 0.85
105 150 0.50 0.064 0.990 98.5 154 134
157 100 0.50 0.029 0.996  89.7 31.7 048

80 T T

70 N
60 n
50 n

40
30 -

[Carboxylic acid] / mg L'

-
T 1 L | 1

[Nitrogenated inorganic ions| / mg L

0 60 120 180 240 300 360

Time / min

ic acids, (b) (0) acetic, () tartaric, (<») malic and () succinic acids, and (c) (®)

Fig. 2. Evolution of the concentration of (a) (@) oxalic, (M) tartronic, (#) formic and (.
@and (m) NOZ’— ions, detected during the same SPEF trial of Fig. 1.

evidence that all final acids were completely removed at 300 min of
SPEF. This fact, related to the large photolytic power of the UV pho-
tons from sunlight, explains the overall mineralization achieved in
SPEF.

The released inorganic ions during the above SPEF treatment were
also determined. A final SO,* concentration of 164.8mgL™" was
obtained, accounting for the release of 99.9% of the initial S
(55.0mgL™"). Fig. 2¢ shows the continuous formation of NO; and
NH," ions during the trial, attaining 7.8 and 29.3 mg L', This corre-
sponds to 2.7% and 35.0% of the initial N content (65.1 mg L), re-
spectively. No other nitrogenated ions like NO, were detected. Since
overall mineralization was reached, these results suggest that about
62% of the initial N was lost from the solution in the form of N, and
N,O, species, as previously reported for other N-compounds, includ-
ing azoRuiz etal., 2011; Thiam et al., 2015a, 2015b; dos Santos
et al., 20s—érez et al., 2017).
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3.3. Mineralization current efficiency and energy consumption

The above study allows concluding that the azo dye mixture can
be completely mineralized to CO, by SPEF, with release of 5042_ and
NH," as the predominant nitrogenated ion. The total mineralization re-
actions of the anionic forms of Tartrazine, Ponceau SS and Direct Blue
71 can be written as follows:

C,sHoN,0,S,” + 31H,0 — 16CO, +2S0,% + 4NH," +

55H" + 58¢” ©)
C,,H,,N,0,8,% + 45H,0 — (10)
22C0, +2S0,% +4NH," + 88H" + 90¢~

CyoHpsN;0,38," + 83H,0 — (1)

40C0O, +4S0,* +7NH," + 166H" + 169¢~

From these equations and considering a molar fraction of 0.367,
0.416 and 0.217 for Tartrazine, Ponceau SS and Direct Blue 71, re-
spectively, an 7n,,.,,=95.40 and m,,.,,=23.70 can be calculated, thus
being possible to estimate the MCE values from Eq. (7). Fig. SM-2a
depicts the MCE profiles obtained for the above AO-H,0,, EF and
SPEF treatments of the azo dye mixture, and the values found at
300min are given in Table 1. As expected, MCE values as low as
1.0-1.2% were found for AO-H,0, due to its lower oxidation power.
A great upgrade of MCE can be observed in EF, further enhanced
in SPEF. In these cases, maximum current efficiencies of 30.5% at
60min and 48.8% at 90 min, respectively, were obtained. After those
electrolysis times, a dramatic decay in MCE occurred down to 13.2%
and 23.2% at the end of such treatments (see Table 1). This trend is
typical of EAOPs, being related to the progressive consumption of or-
ganic load and the generation of by-products that are more hardly oxi-
dizable (Brillas et al., 2009; Panizza and Cerisola, 2009). For example,
Fe(III) complexes of the short-chain linear carboxylic acids mentioned
above.

Fig. SM-2b highlights the course of ECgc calculated from Eq.
(8) for the same assays. The low mineralization degree achieved in
AO-H,0, justifies the very high ECpgc values determined, up to
15.8kWh (g TOC)". Much lower consumptions were needed in EF
and SPEF, changing from 0.50 to 1.16kWh (g TOC)71 and from
03] to 056kWh (g TOC)_l, respectively. The combined action of
Pt( OH), OH and UV radiation favors the overall mineralization of
the azo dye mixture, with concomitant maximum MCE and minimum
ECqpqc values.

3.4. Effect of experimental variables on the performance of SPEF
treatment

Once the superiority of SPEF over the other EAOPs tested for
the decolorization and mineralization of the azo dyes mixture was
verified, the influence of experimental parameters such as Fe*" con-
centration, applied j and pollutant concentration on its performance
was examined in order to find the best operation conditions. The
Fe*" concentration affects the rate of JFenton's reaction (3) and, con-
sequently, the production of oxidant OH in the bulk. Its effect was
assessed between 0.25 and 2.00 mM, being tested for a mixture con-
taining 0.136 mM Tartrazine (+0.154 mM Ponceau SS + 0.080 mM
Direct Blue 71 (TOCy=105mgL™") at pH 3.0 and j=100mA cm .
Fig. 3a and b illustrate the comparative percentage of color removal
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Fig. 3. Effect of Fé2+ concentration on (a) percentage of color removal and (b) normal-
ized TOC abatement with electrolysis time for the SPEF treatment of the mixture of azo
dyes of Fig. 1 using a solar pre-pilot flow plant under the same experimental conditions,
except [Fe2+]0: (#) 0.25mM, (&) 0.50mM and (¥) 2.00mM. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)

and normalized TOC decay profiles for these tests, respectively. A
great acceleration in the decolorization of the mixture can be seen
when changing from 0.25 to 0.50mM Fe®*, but further increase to
2.00mM yielded a slower color loss, even worse than that obtained
at 0.25mM. This trend can also be deduced from the ky..-values ob-
tained from the kinetic analysis performed for the absorbance de-
cay and presented in the inset of Fig. 3a. Table 1 reveals that the
kgec-value at 0.50mM Fe** was 1.71-fold and 2.09-fold higher than
at 0.25 and 2.00mM, respectively. This means that the largest gen-
eration of OH from Fenton's reaction (3) was achieved at 0.50 mM
Fe?'. This concentration was also optimal for TOC removal, as can
be seen in Fig. 3b, since only partial mineralization (<87% TOC re-
duction) was reached at 0.25 and 2.00 mM Fe?* (cee Table 1). This
behavior confirms the positive oxidation power of OH during SPEF.
The enhancement of this process from 0.25 to 0.50 mM Fe?" can be
accounted for by the acceleration of Fenton's reaction (3) due to the
presence of higher concentration of catalyst. The opposite tendency
observed when Fe®* content rose from 0.5C to 2.00mM can be related
to the consumption of a large amount of OH by the excess of cat-
alyst added, as shown in reaction (12) (Brillas et al., 2009; Ruiz et
al., 2011). Accordingly, the highest MCE and smallest ECq values


NACHO
Comentario en el texto
Write as subscript.

NACHO
Comentario en el texto
Write as superscript.

NACHO
Comentario en el texto
In the pdf file, this reaction could be arranged like (10) and (11): write all products in a line below reagents.

NACHO
Comentario en el texto
A space is needed in "+0".

NACHO
Comentario en el texto
Write as superscript.


6 Chemosphere xxx (2018) xxx-xxx

resulted for the optimum system with 0.50mM Fe?" (see Table 1).
Fe** +@ — Fe’ + OH™ (12)

The effect of j on SPEF process was assessed in the range
50-150mAcm > for the mixture composed of 0.136 mM Tar-
trazine + 0.154 mM Ponceau SS+0.080 mM Direct Blue 71
(TOCy=105mgL" ) at pH 3.0, in the presence of 0.50 mM Fe?' It is
expected that an increase in j 2ccelerates all the electrode reactions,
leading to higher amount of Pt( OH) from reaction (1) ard H,0, from
reaction (2), with the consequent enhancement of the "OH produc-
tion from Fenton's reaction (3) (Ruiz et al., 2011; Salazar et al., 2012;
Pérez et al., 2017). Under these conditions, the destruction of organics
by such hydroxyl radicals is upgraded. Hence, photoactive intermedi-
ates are more rapidly formed and, in turn, they can be more quickly
photolyzed under sunlight irradiation. This tendency can be observed
in Fig. 4a and b for the decolorization and mineralization of the mix-
ture, respectively Only 86.0% of color disappeared after 100 minat
j=50mAcm 2, in contrast to its total disappearance at higher ; val-
ues of 100 and 150mA cm 2, due to the lower generation of Pt( OH)
and "OH. This is also reﬂected in the ky..-values obtained from the
pseudo-first-order kinetic analysis shown in the inset of Fig. 4a, which
rose 2.5-fold at j=100mA cm > and 3.4-fold at
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Fig. 4. Influence of current density on (a) percentage of color removal and (b) normal-
ized TOC decay vs. electrolysis time for the SPEF degradation of 2.5 L of a 0.136 mM
Tartrazine +0.154 mM Pounceau SS mM + 0.080 mM Direct Blue 71 mixture with
0.050 M Na2S04 and 0.50 mM Fe2+ at pH 3.0 and 35 °C using a solar pre-pilot flow
plant. Current density: (#) SOmA cm=2, (&) 100mA cm=2 and (¥) 150 mA cm=2. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

j=150mA cm 2 as compared to that found at j=50mA cm 2 (see Table

1). Fig. 4b highlights the smaller mineralization achieved at the latter
J, with 89.2% in 300 min, compared to the similar TOC reduction ob-
tained at the other two j values that yielded total mineralization (~99%
TOC removal). Fig. SM-3a illustrates the opposite trend for the cor-
responding MCE profiles, where this parameter decreases clearly with
raising j at times longer than 120 min. Table 1 shows that, at 300 min
of electrolysis, the current efficiency decayed largely from 42.1% to
15.4% when j increased from 50 to 150mA cm 2. This behavior is
characteristic of the EAOPs because of the greater enhancement of
non-oxidizing events. Parasitic reactions involve Pt( OH) and OH as
for example in the conversion of the former to O, by reaction (13),
and either the dimerization of the latter or its reaction with H,O, via
reactions (14) and (15), respectively (Brillas et al., 2009; Panizza and
Cerisola, 2009; Sirés et al., 2014). The partial consumption of both
hydroxyl radicals diminishes their reactivity with organics, ending in
lower MCE values.

2Pt{OH) — 2Pt + O, + 2H' +2¢” (13)

Q g H202 (14)
@+ H,0, — HO, H,0 (15)

A greater specific energy consumption was calculated at increasing
Jj» as seen in Fig. SM-3b and Table 1, because of the concomitant rise
of E,;in 9.9, 17. 1 and 23.0V for 50, 100 and 150 mA cm 2. The low-
est j=50mAcm * yielded the lowest ECqc values, varying between
0.18 and 0.24kWh (g TOC) .. At j values of 100 and 150 mA cm >
ECroc rose gradually from 120min of electrolysis, attaining up to
0.66kWh (g TOC) ' and as much as 1.34kWh (g TOC) "', respec-
tively. Although the use of j=50mAcm > was more cost-effective,
j=100mA cm 2 was preferable for the SPEF treatment of the azo dye
mixture because it allows achieving its overall mineralization.

Mixtures with 52, 105 and 157mgL"' TOC, coming from equal
relative molar concentrations of the three azo dyes at pH 3.0, were
prepared to examine the effect of the organic load over the SPEF per-
formance at optimum values of 0.50mM Fe’* and j=100 mAcm 2.
As can be seen in Fig. Sa, the percentage of color removal at a given
time decreased at higher initial solution TOC, attaining total decol-
orization in 80minat 52mgL "' TOC and 100 minat 105mgL "' TOC,
whereas at that time only 93.8% of color was removed using the solu-
tion with 157mgL™". The inset of this figure confirms again this trend,
with a gradual drop of the kg .-value from 0.079 to 0.029 min”'at in-
creasing TOC contents from 52 to 157n1gL_1 (see Table 1). This
behavior means that the decolorization rate did not follow a true
pseudo-first-order kinetics, i.e., independence from dye concentration
as reflzcted by a constant ky.-value. A different quasi-steady content
of Pt( OH) and OH modulated by the rate of non-oxidizing reac-
tions and the degradation of oxidation products, was then achieved
for each organic load tested. In agreement with this behavior, lower
normalized TOC abatement can be observed in Fig. 5b at higher or-
ganic load. This can be ascribed to the treatment of larger quanti-
ties of organic matter with a similar quantity of hydroxyl radicals
formed under the same conditions. Total mineralization was then fea-
sible for azo dye mixtures only up to 105mgL ™" TOC, reaching a par-
tial mineralization close to 90% at 157 mgL_1 Conversely, Fig. 6a
evidences a greater MCE as the initial TOC was increased, because
of the deceleration of parasitic reactions of Pt( OH) and OH en-
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Fig. 5. Effect of azo dye concentration on (a) percentage of color removal and (b) nor-
malized TOC abatement with electrolysis time for the SPEF treatment of 2.5 L of mix-
tures with equal relative molar concentration of each azo dye, also containing 0.050 M
Na2S04 and 0.50 mM Fe2+, at pH 3.0 and 35 °C using a solar pre-pilot flow plant at
J=100 mA cm=2. TOC content: (®) 52mgli=1 (&) 105mgli=1 and (*) 157mgL‘.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

hancing their attack over organics, whereas Fig. 6b illustrates the op-
posite trend for ECtoc. These tendencies can also be deduced from
the data of Table 1. Thus, the highest MCE of 31.7% and the smallest
ECroc of 0.48kWh (g TOC) ! were found at the highest 157mgL "
TOC.

4. Conclusions

Solutions containing 0.136 mM Tartrazine +0.154 mM Ponceau
SS + 0.080 mM Direct Blue 71 (105 mg L' TOC) at pH 3.0 can be
totally decolorized in 100 min and mineralized in 300 min by SPEF in
a flow plant, with 0.50mM Fe?" and j=100mA cm ? as optimum pa-
rameters. The percentages of color and mineralization removals were
very small using AO-H,0,, demonstrating the low oxidation power
of Pt( OH). The decolorization rate in EF was similar to that found
in SPEF because the main oxidant was OH originated from Fen-
ton's reaction (3) in both cases. However, SPEF gave much larger
mineralization due to the complete photodecomposition of photoac-
tive by-products under sunlight irradiation. This has been directly re-
lated to the formation of eight linear carboxylic acids. Initial S and
N contained in the azo dyes were mainly transformed into SO427 and
NH," ions. The absorbance decay always obeyed a pseudo-first-order

50
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Fig. 6. Time course of (a) mineralization current efficiency and (b) specific energy con-
sumption per unit TOC mass for the assays of Fig. 5b.

kinetics. Decrease of j and increase of initial TOC led to the greatest
MCE and lowest ECyq values.
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