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Abstract

The development of new or upgraded electrochemical water treatment technologies is
considered a topic of great interest. Here, Tartrazine azo dye solutions were treated by means
of a quite innovative dual electrochemical persulfate (S;0s>, PS) activation that combines
H2>02 generation at an air-diffusion cathode and anodic oxidation (AO) at a boron-doped
diamond (BDD) anode using a stirred tank reactor. This so-called AO-H,O>/PS process was
compared to AO with stainless steel cathode, both in 50 mM Na>SOs medium, finding the
oxidation power increasing as: AO < AO-H202 < AO/PS < AO-H202/PS. In the latter, the dye
and its products were mainly destroyed by: (i) hydroxyl radicals, formed either from water
oxidation at BDD surface or via reaction between H.O, and S;0s?, and (ii) sulfate radical
anion, formed from the latter reaction, thermal PS activation and cathodic S,0s>~ reduction.
Hydroxyl radicals prevailed as oxidizing agents, as deduced from trials with tert-butanol and
methanol. The reaction between S,0s%>" and accumulated H,O, was favored as temperature
increased from 25 to 45 °C. The effect of PS content up to 36 mM, dye concentration within the
range 0.22-0.88 mM, current density (j) between 8.3 and 33.3 mA cm2 and pH between 3.0 and
9.0 on the process performance was examined. All decolorization profiles agreed with a pseudo-
first-order kinetics. The best results for treating 0.44 mM dye were attained with 36 mM PS at
pH 3.0, j = 16.7 mA cm™ and 45 °C, yielding total loss of color, 62% TOC removal and 50%
mineralization current efficiency after 360 min. The slow mineralization was attributed to the
persistence of recalcitrant byproducts like maleic, acetic, oxalic, formic and oxamic acid. It is
concluded that the novel AO-H>O./PS process is more effective than AO/PS to treat Tartrazine

solutions, being advisable to extend the study to other organic pollutants.

Keywords: Anodic oxidation; H2O> electrosynthesis; Persulfate; Sulfate radical; Tartrazine;

Water treatment
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1. Introduction

Modern urban agglomerations are characterized by an ever-increasing population that
generates large volumes of toxic effluents from food and textile industries. This type of
wastewater contains high amounts (up to 250 mg L) of soluble azo dyes that confer
characteristic coloring (Zollinger, 2003; Forgacs et al., 2004; Brillas and Martinez-Huitle,
2015), thus posing aesthetic problems. Moreover, its composition is rather complex due to the
presence of surfactants, inhibitors, active substances and salts, among others. Their reported
carcinogenicity, toxicity and mutagenicity urge an adequate processing before discharge into
water bodies (dos Santos et al., 2007; UNESCO, 2012). Dyes are persistent in the aquatic
environment because of their photostability and high resistance to biodegradation and,
moreover, they cannot be destroyed by conventional classical methods like adsorption,
coagulation or filtration (dos Santos et al., 2007; Martinez-Huitle et al., 2015; Aleem et al.,
2016)

Chemical, photocatalytic and electrochemical advanced oxidation processes (AOPS) have
demonstrated a high effectiveness for the decolorization and mineralization of azo dye solutions
(Martinez-Huitle et al., 2015; Batista et al., 2017; Garcia-Segura and Brillas, 2017; Fernandes
et al., 2018; Oriol et al. 2019). In AOPs, organic pollutants are destroyed via non-selective
attack of hydroxyl radical (*OH) generated on site, thanks to its great oxidation power. Anodic
oxidation (AO) is gaining importance among AOPs, as it has been successfully utilized to
decontaminate not only dye solutions (EI-Ghenymy et al., 2015), but also herbicides,
pharmaceuticals and industrial chemicals (Oturan and Aaron, 2014; Flores et al., 2016;
Vasconcelos et al., 2016). In AO, the anode composition has a strong influence on the treatment
effectiveness and efficiency. At present, the superiority of boron-doped diamond (BDD) thin
films to achieve the electrochemical incineration of organic pollutants is quite well established.

These anodes possess much greater oxidation power than classical ones like dimensionally



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

stable anodes (DSA) and Pt. This is due to the larger tendency of BDD to produce purely
physisorbed *OH (denoted as BDD(*OH)) from water oxidation according to reaction (1)
(Panizza and Cerisola, 2009; Davis et al., 2014; EI-Ghenymy et al., 2015; dos Santos et al.,
2018a; Lanzalaco et al., 2018). Moreover, at high current Oz can also be generated from anodic
water oxidation. The main drawback for AO application is the excessive cost of the BDD
anodes, although their large stability and long lifetime can support their viability (Martinez-

Huitle and Panizza, 2018).
BDD + H,O — BDD(*OH) + H" + e~ (1)

In most articles focused on AQ, the role of the cathode is disregarded, assuming that it only
involves the side reduction reaction from H,O or H* to Hy. The situation is radically different
when a carbonaceous cathode fed with O is employed, since the weak oxidant H.O> (E° = 1.76
V|SHE) is produced from reaction (2) (Brillas et al., 2009; Lanzalaco et al., 2017) giving rise
to the AO-H.O: process (Flores et al., 2016; Fajardo et al., 2019). Cathodes made of carbon felt
(Panizza and Oturan, 2011; El Ghenymy et al., 2014) or carbon-polytetrafluoroethylene (PTFE)
(EI-Ghenymy et al., 2015; dos Santos et al., 2018a, 2018b; Campos et al., 2020) stand out when
H>0> production is intended for water treatment. Electrogenerated H>O> can be anodically
oxidized to O, with the pysisorbed hydroperoxyl radical (HO:*) formed as primary

intermediate via reaction (3) (Martinez-Huitle et al., 2015).
Oz + 2H" + 2= - H0; )
BDD + H;0; — BDD(HO:") + H* + e~ (3)

Although a frequent advantage of the AO-H.O; process is that no chemicals need to be
added to the system, its oxidation power may be enhanced in the presence of chemicals like
Fe?* or persulfate (Zhou et al., 2014; Monteil et al., 2019). This is due to the promotion of

activation reactions, which becomes an interesting feature for industrial application. The AO-
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H.02 system can be upgraded by activating the produced H202 with metallic ions such as Fe?*,
resulting in the powerful electro-Fenton (EF) process (Brillas et al., 2009; Oturan and Aaron,
2014). In contrast, less is known about an alternative activation mechanism involving the
persulfate (S20s>-, PS) ion, which originates sulfate radical anion (SO4*) and *OH as follows
(Crimi and Taylor, 2007; Monteagudo et al., 2015; Matzek and Carter, 2016, Luo et al., 2020):
$2062 + H20; — 2S04 + 2°0OH (4)

Romero et al. (2010) found that SO4°*~ prevailed at pH < 7, both SO4°~ and *OH were present
at pH 9, and *OH predominated at pH 12. SO4*" is a strong oxidant with an E° = 2.44 V|SHE,
slightly milder than *OH (Armstrong et al., 2015), and can attack many aromatic and cyclic
organic molecules (Wojnarovits and Takacs, 2019). It can be formed from S;0s%" through
several activation routes, including the following: thermal activation via reaction (5) (Devi et
al., 2016), reaction with *OH or an organic molecule R via reaction (6) or (7), respectively
(Matzek and Carter, 2016; Xie et al., 2016; Bu et al., 2018), and reduction at a cathode like
stainless steel (SS) via reaction (8) (Devi et al., 2016). In sulfate medium using an undivided
electrolytic cell, it can also be produced from SO?- anodic oxidation via reaction (9), depending
on the anode. Its further dimerization yields S,0s?>" from reaction (10) (Panizza and Cerisola,

2009; Luo et al., 2017, Liu et al., 2018).

$,0s% + heat — 2S04* (5)
$,08%" + *OH — HSOs4~ + SOs~ + %0, (6)
$,0¢8> + R — 250,~ +R° (7)
$:0¢>” + e — SO + SOs* (8)
SO2 — SOs~ + e 9)
2S04~ — S,08%" (10)
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Note that SO4* is able to enhance the oxidation power of the treatment because it offers
another route to generate *OH, which can be represented either by reaction (11) or (12) (Devi

et al., 2016; Matzek and Carter, 2016; He et al., 2020; Luo et al., 2020).
SO+~ + H,0 — SO~ + *OH + H* (11)
SOs*~ + OH- — SOs* + *OH (12)

Several works have discussed the PS activation in AO, with application to the removal of
dyes (Wu et al., 2012) pharmaceuticals (Liu et al., 2018; Song et al., 2018) and other pollutants
(Crimi and Taylor, 2007; Chen and Huang, 2015; Bu et al., 2018). However, to our knowledge,
the activation of PS by means of AO-H>0O- process has not been assessed yet. This option could
be advantageous because of the expected production of BDD(*OH) from reaction (1), *OH via
reactions (4) and (11) or (12), and SO4*~ via reaction (4)-(9). Note that the activation of PS via
reaction (6) can alternatively occur through BDD(*OH), as shown in reaction (13). The

combination of all these radicals leads to a very oxidizing reaction environment.
S:0s*" + BDD(*OH) — BDD + HSOs + SO + %0, (13)

This work aims to evaluate the oxidation power of the novel PS activation by means of
AO-H,0; process (i.e., AO-H202/PS) to destroy Tartrazine azo dye (CisHoNsNazO9S,, see
structural and physicochemical properties in Table 1) as target molecule. The trials were
conducted with dye concentrations similar to those detected in dyeing wastewater, aiming at a
more realistic approach. Previous studies have also considered the treatment of high Tartrazine
contents by EF (Barros et al., 2014; Thiam et al., 2014; Zhang et al., 2019) and solar
photoelectro-Fenton (dos Santos et al., 2018b). In the present study, comparative assays were
made applying the AO/PS process with SS cathode to clarify the role of generated BDD(*OH),
*OH and SOs*~ radicals in the decolorization and mineralization of Tartrazine solutions. The

influence of temperature, PS and dye concentrations, current density (j) and pH on the process

6
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performance was assessed. Recalcitrant short-linear carboxylic acids produced during the dye
mineralization were identified by ion-exclusion high-performance liquid chromatography

(HPLC) to explain the observed degradation rate.

2. Materials and methods

2.1. Chemicals

Tartrazine dye was purchased from Sigma-Aldrich (Sant Louis, USA) and its purity (85%)
was confirmed by total organic carbon (TOC) analysis. The rest corresponded to salts employed
as stabilizers. Standard carboxylic acids were of analytical grade purchased from Panreac
(Castellar del Valles, Spain). Analytical grade methanol and tert-butanol used as scavengers
were supplied by Sigma-Aldrich. Analytical grade Na>SO4 and Na>S>Og were acquired from
Prolabo (Sonora, Mexico) and Sigma-Aldrich, respectively. H2SO4 (98% purity) purchased
from Merck (Darmstadt, Germany) and analytical grade NaOH supplied by Panreac were
utilized for pH adjustment of the initial solution (3.0-9.0). High purity water (Millipore Milli-
Q system, resistivity >18.2 MQ cm at 25 °C) was used to prepare the solutions. All reagents

employed for analysis were of analytical or HPLC grade obtained from Merck and Panreac.

2.2. Electrolytic treatments

A total solution volume (V) of 130 mL containing a given dye and/or PS concentration at
pH 3.0-9.0 was treated in each trial. The dye solution, made conductivity by addition of Na;SO4
and/or PS, was placed in an undivided tank reactor containing an anode-cathode pair. It was
stirred magnetically to maximize the transport of species (reagents and products) toward/from
the electrodes. The temperature of treated solutions remained constant during the electrolysis
thanks to heat exchange with thermostated water circulating externally. The anode was a BDD
thin layer coating over Si supplied by NeoCoat (La-Chaux-de-Fonds, Switzerland). In AO
experiments, the cathode was an SS (AISI 304) sheet, which was replaced by a carbon-PTFE

7
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air-diffusion electrode supplied by Sainergy Fuel Cell (Chennali, India) to carry out the AO-
H20; trials. This cathode was fed with air at a flow rate of 400 mL min™ to produce H202. The
geometric area of all the electrodes was 3 cm? and the distance between the active sides of the
anode and cathode was about 1 ¢cm in order to minimize the ohmic drop of the solution and
hence, the cell voltage at a given current (1). Galvanostatic electrolyses (i.e., at constant j) were
carried out with an Amel 2049 potentiostat-galvanostat, and the cell voltage was continuously

monitored with a digital multimeter.

2.3. Equipment and analysis

The samples collected at different reaction times were filtered with Whatman PTFE filters
(0.45 um). The H2O> concentration, mainly accumulated from O reduction, was determined
by a standard spectrophotometric method measuring the absorbance of a yellowish Ti(IV)
complex on a Shimadzu 1800 UV/Vis spectrophotometer at A = 408 nm. The same device, with
the detector set at A =426 nm (the maximal of Tartrazine, as can be seen in the UV/Vis spectrum
shown in Table 1), was employed to measure the change of absorbance of the dye solution,
previously diluted (6-fold). The percentage of color removal, considering an initial absorbance
Ao and absorbance A at electrolysis time t, was calculated as follows (Thiam et al., 2015a):

Ay-A

% Color removal = x 100 (14)

0

The decolorization of Tartrazine by activated PS was also carried out in the presence of
two well-known scavengers, tert-butanol and methanol, in order to evaluate the competitive
generation of *OH and SO4*~. The first reagent reacted selectively with *OH, whereas the second
one reacted indistinctly with both radicals, thus allowing estimating the contribution of each
oxidizing agent to Tartrazine destruction.

A TOC analyzer from Shimadzu, model VCSN, allowed providing the solution TOC

values upon injection of aliquots of 50 uL. For a higher accuracy, the non-purgeable organic
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carbon (NPOC) method was applied. The mineralization current efficiency (MCE, in %) of a
given experiment was estimated from the TOC decay (A (TOC)exp) at constant I (in A) and time

t (in h) according to Eq. (15) (Thiam et al., 2015b).

NFVA(TOC) ey
4.32x107mlt

MCE= ( )x100 (15)

which includes the Faraday constant F (96485 C mol™?), the number of carbon atoms in a
Tartrazine molecule (m = 16), a conversion factor and the number of electrons (n) for the
mineralization process that was taken as 58 considering the following theoretical overall

mineralization of the anionic form of Tartrazine (dos Santos et al., 2018b):
C16HoN40eS2*~ + 31H,0 — 16CO. + 2S04% + 4NH.* + 55H" + 58~ (16)

The energy consumption per unit TOC mass (ECroc) at the end of the assays was calculated

from the average cell voltage Ecei (in V) (Bolton et al., 2001):

Ecenlt

ECroc(kWh (g TOC) )= VA(TO0)mg

(17)

The generated carboxylic acids during Tartrazine mineralization were detected by ion-
exclusion HPLC with a Waters system. A Bio-Rad Aminex HPX 87H, 300 mm x 7.8 mm,
column at 35 °C allowed their separation, with further detection at A =210 nm. Using a 4.0 mM
H,SO4 solution at 0.6 mL min™, excellent peaks corresponding to oxalic, oxamic, maleic,
formic and acetic acids at retention times of 6.7, 9.3, 8.0, 13.9 and 15.2 min, respectively, were
displayed in the chromatograms.

The electrolytic trials for color and TOC removal determination, as well as for the
measurement of the content of generated carboxylic acids, were made twice and thus, the
average values accompanied by their error bars (95% confidence interval) are reported in

figures. It is also noteworthy that the same BDD anode and air-diffusion cathode were
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employed in all the assays, showing a large stability and reproducibility as concluded from the

close values obtained in repeated trials.

3. Results and discussion

3.1. Comparative Tartrazine treatment by AO/PS and AO-H20,/PS

A series of blank assays was first carried out, each one consisting in the treatment of 130
mL of 0.44 mM dye solutions at pH 3.0 and 45 °C under different conditions. Fig. 1a shows a
quite scarce color removal of 6.8% after 360 min when the dye solution contained 36 mM PS,
evidencing a very mild reaction between Tartrazine and S,0s> as well as a quite insignificant
contribution of SO4*~ formed from reaction (5). When the same kind of study was made
replacing PS by 100 mg L? (2.94 mM) H,0;, color disappearance was more evident but still
low at 360 min (12%), which can be related to the low oxidation power exhibited by such low
concentrations of H20- in front of dyes. In contrast, a mixture of 2.94 mM H,O; + 36 mM PS
was much more effective, causing a greater color removal that ended in 25% decolorization
(see blank assay in Fig. 1a). This enhancement confirms the generation of very active species
like SO4*~ and *OH from reaction (4) (Monteagudo et al., 2015; Matzek and Carter, 2016).
However, the solution TOC (100 mg L™ TOC) did not undergo any change, meaning that the
oxidation power of this system is too low to mineralize the byproducts formed during Tartrazine
degradation.

The performance of AO and AO-H20; using a BDD/SS and a BDD/air-diffusion cell,
respectively, to decolorize Tartrazine solutions with 50 mM Na;SO4 was then assessed at j =
16.7 mA cm. No significant pH changes were found in these assays. As can be seen in Fig.
1a, the solution color decayed rapidly in both treatments, attaining 54% and 64% decolorization

at 360 min. The fast decay in color by AO can be ascribed to the effective attack of BDD(*OH),

10
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formed via reaction (1), over the dye and its colored byproducts, with an expected much smaller
impact of oxidant SO4*~ that can be produced from SO4%- oxidation via reaction (9) (Panizza
and Cerisola, 2009). The superior decolorization achieved in AO-H,O; can be associated with
the additional mild oxidation by electrogenerated H2O>, as stated above, and the contribution
of physisorbed BDD(HO:*) formed via reaction (3).

Similar experiments were made with 36 mM PS as an alternative electrolyte, obtaining a
much quicker color decay. As can be seen in Fig. 1a, 77% and 92% of color was removed in
AO/PS and AO-H.0,/PS, respectively. The large enhancement as compared to the previous
conventional AO and AO-H:O: in sulfate medium can be correlated with the effective
activation of S;0s% to produce SO4*~. In AO/PS, this radical can be originated from thermal
activation via reaction (5), from chemical reaction (13) with BDD(*OH) at the anode surface,
and from direct cathodic reduction via reaction (8). The additional SO4*~ route via reaction (4),
sustained by continuous H2O: electrogeneration, along with the modest contribution of H,O>
and HO:* explained before, justify the superior performance of AO-H2O./PS.

All the absorbance decays determined in the electrochemical experiments agreed with a
pseudo-first-order kinetics with an excellent linear plot (In (Ad/A) vs t). Table 2 collects the
apparent rate constant for decolorization (keec) (i.e., the slope of the above linear plot) and the
corresponding R? value for each treatment. These kqec-values corroborate the strong influence
of PS on color loss, since the value was doubled when moving from the AO to the AO/PS
process, whereas it increased 2.8-fold when comparing AO-H202 with AO-H>O/PS. The
values also confirmed the comparatively lower oxidative action of electrogenerated H>O, with
only 1.3-1.8-fold increase in kgec When using the air-diffusion cathode instead of SS.

The mineralization of solutions containing 0.44 mM Tartrazine and either 50 mM Na>SO4
or 36 mM PS by the AO processes described above was monitored from their TOC abatement

at j = 16.7 mA cm™. Fig. 1b and the data of Table 2 corroborate the sequence found from Fig.

11
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1a for the oxidation power of the processes: AO < AO-H;02 < AO/PS < AO-H,0/PS. The
same oxidizing agents and reasons argued to justify this tendency for decolorization are then
valid for mineralization. Worth noting, the differences observed in TOC abatement when
comparing the four methods are smaller than those commented for decolorization. This is due
to the slow destruction of the byproducts generated in all these treatments, which often have
quite similar or identical structures (Brillas et al., 2009). AO-H20./PS was then the most
powerful process to achieve both, the loss of solution color and TOC, emphasizing the interest
of electrochemistry for PS activation.

The MCE values calculated for the assays of Fig. 1b from Eq. (15) are presented in Fig. 1c.
The final efficiencies for the four treatments are summarized in Table 2 as well. Higher MCE
values were determined as the oxidation ability of the AO process increased. Furthermore, the
data of Fig. 1c highlight that they became slowly but progressively higher as the electrolysis
progressed. For the more powerful process (i.e., AO-H>O2/PS), the MCE was upgraded from
37% at 30 min to 50% at 360 min. This behavior can be accounted for by the formation of
byproducts with smaller refractoriness to oxidation at longer electrolysis time. The last column
of Table 2 lists the ECroc values calculated from Eq. (17) at the end of the four processes. The
opposite trend is evidenced, with ECtoc dropping as the MCE grew. The lowest ECroc (= 0.260
kWh (g TOC)!) was obtained in the AO-H,0,/PS process, disclosing that it was the most cost-
effective treatment for the remediation of Tartrazine solutions.

The aforementioned pseudo-first-order kinetic behavior suggests a constant production of
the oxidizing species (mainly BDD(*OH), *OH and SO4*") in all processes, with varying
quantities in each one. To better assess the relevance of these radicals, 40 mM tert-butanol or
60 mM methanol were added as scavengers to 0.44 mM dye solutions that contained 36 mM
Na>S20g at pH 3.0 and 45 °C. The solutions were electrolyzed by AO-H,0/PS at j = 16.7 mA

cm™. Fig. 2a shows a large decrease in final decolorization, from 92% to 44%, caused by tert-

12
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butanol, a well-known *OH scavenger. The loss of performance was more pronounced in the
presence of methanol, a scavenger of *OH and SO4°~, since only 17% of color removal could
be attained. A pseudo-first-order kinetic abatement was also determined for the color loss in
these cases (Fig. 2b). The kdec-value dropped from Kgec = 7.1x10° mint in pure AO-H202/PS to
Kaec(t-butanol) = 1.6x102 and kgec(methanol) = 0.6x107 mint. According to these results, one
can conclude that BDD(*OH) and *OH were the predominant oxidants, roughly representing a
77.5% (= 100%(Kdec - kaec(t-butanol))/kqec) Of reactive radicals acting over Tartrazine and its
byproducts, whereas SOs*~ had a lower contribution of 14.1% (= 100x(Kkgec(t-butanol) —

Kdec(methanol))/kqec). The rest of oxidants (8.4%) comprised H>O2 and HO>".

3.2. H2O> generation in the BDD/air-diffusion cell

To give further insight into the H-O,-mediated PS activation in the BDD/air-diffusion cell,
the concentration of H.O, accumulated either in 50 mM NaxSO4 or 36 mM PS at pH 3.0 and
16.7 mA cm was determined at different temperatures. Fig. 3a shows the typical enhancement
of H20O> content in sulfate medium, reaching maximum values of 15.3, 16.0 and 17.4 mM as
the temperature was risen from 25 to 35 and 45 °C. However, at a given temperature, the current
efficiency for H20. generation (determined from Faraday’s law) decayed as the electrolysis
progressed. For example, at 45 °C, this value was 67.7% at 90 min, 55.9% at 180 min and 40.4%
at 360 min. The gradual loss in efficiency can be ascribed to the progressive increase in rate of
reaction (3) as H20 concentration was risen, eventually producing HO>* (Brillas et al., 2009).
On the other hand, the higher accumulation of this species at greater temperature was due to the
enhanced transport of O, and H* toward the carbon-PTFE surface, which improved the
continuous supply for H>O2 production from reaction (2). This phenomenon allowed

counteracting the expected acceleration of thermal H>O. decomposition to H.O and O».
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In contrast, a much lower H>O> concentration was accumulated in PS medium, as clearly
shown in Fig. 3b. At 25 °C, the accumulated H2O> attained a steady content of ca. 4.32 mM
between 240 and 360 min of electrolysis, being much smaller than 17.4 mM found in sulfate
medium (see Fig. 3a). This remarkable difference can thus be explained by the efficient
activation reaction (4), yielding a great quantity of SO4*~ and *OH that contributed decisively
to the oxidation of the organics in the AO-H.O2/PS process, as pointed out above. The steady
state could then be attained when the generation rate of H,O> by reaction (2) became equal to
its destruction rate via reaction (3) at the BDD surface and, pre-eminently, via reaction (4) with
S,0s%". Fig. 3b also reveals a drastic reduction of accumulated H.O, content with increasing
temperature, achieving 3.26 mM at 35 °C and 2.41 mM at 45 °C. This decay can be related to
the upgraded activation rate via reaction (4). Assays at temperature above 45 °C were not made
because the cell was open to the atmosphere and a progressive solution evaporation occurred
with the consequent lack of reproducibility in color loss and TOC determination. These results

indicate that 45 °C is the best temperature to ensure the greatest production of SO4*~ and *OH.

3.3. Effect of experimental variables on the AO-H20,/PS performance
To offer a more comprehensive analysis of the AO-H;O,/PS treatment of Tartrazine
solutions, the effect of temperature, persulfate and dye contents, j and pH on decolorization and

mineralization is discussed in the following subsections.

3.3.1. Effect of temperature

The influence of temperature on Tartrazine removal was studied between 25 and 45 °C,
since exceeding the latter value was not convenient in our setup, as stated above. These
experiments were carried out with 0.44 mM dye solutions, in the presence of 36 mM PS, at pH
3.0 and j = 16.7 mA cm™. Fig. 4a illustrates a large enhancement of color loss as temperature

was increased, ending in decolorization percentages from 72% to 92%. The rise in Kgec-value

14



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

under such conditions, shown in Table 2, agrees with this tendency. Similarly, TOC was
removed more rapidly as heating was more pronounced (see Fig. 4b), thereby yielding higher
MCE values (see Fig. 4c). This behavior was also reflected in a gradually lower ECroc, as can
be inferred from the data of Table 2. Note that the upgraded decolorization and mineralization
of dye solutions can be interpreted in terms of a larger quantity of oxidants, in accordance with
the concomitant decay in H2O. accumulation, as determined in the PS electrolyte (see Fig. 3b).
Thermal PS activation and improved mass transport of reagents toward the electrode surface
are the most directly affected phenomena as temperature increases. Note that Fig. 3a shows this
latter effect in the case of reaction (2), generating more H>O. From this discussion, one can
deduce that the optimum temperature for the AO-H>O2/PS process was 45 °C, which was used

in the subsequent experiments.

3.3.2. Effect of persulfate concentration

The influence of PS content was assessed by adding to the study two new supporting
electrolytes, with 37.5 mM NaxSO4 + 9.0 mM Na2S20s (25% PS) and 25 mM NaxSO4 + 18 mM
Na2S20g (50% PS). These values are in between 50 mM Na>SO4 (0% PS) and 36 mM NaxS;0s
(100% PS) tested above. Worth highlighting, all these solutions had a similar conductivity,
between 6.9 and.7.5 mS cm. Fig. 5a depicts the time course of the percentage of color removal
for the AO-H.O; treatment of 0.44 mM Tartrazine in such media at pH 3.0, 45 °C and j = 16.7
mA cm. A progressive increase in decolorization can be observed upon increase of the PS
percentage, yielding final color removals of 63%, 73%, 83% and 92% at 0%, 25%, 50% and
100% PS, respectively. This phenomenon can be ascribed to the gradually greater production
of SO4*- and *OH induced by the presence of more S;0s?" that is involved in reactions (4)-(6),
(8) and (13). Excellent linear correlations were obtained from the pseudo-first-order kinetic
analysis made for the absorbance decay of all these experiments. The corresponding kgec-values

are listed in Table 2 and show an almost linear upgrading with raising PS from 0% to 100%,
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which suggests a proportional enhancement of the quantity of oxidizing agents formed. This
almost linear increase in the number of oxidants can justify the greater TOC removal achieved
at higher PS content (Fig. 5b), as well as the expected rise in MCE highlighted in Fig. 5¢ and
the consequent decrease in ECtoc. The latter was more evident when comparing the value at
0% (0.400 kWh (g TOC)™) and 25% PS (0.289 kWh (g TOC)™Y), as collected in the last column
of Table 2. This means that a small addition of PS already had a major positive impact on the
mineralization process, although the AO-H>0./PS process became more effective with 100%
PS. Note that for practical application to real water treatment, the PS content should be

monitored, in order to ensure the complete removal of residual amounts.

3.3.3. Effect of dye concentration

To evaluate the limits of the oxidation power of the AO-H>O2/PS process, the treatment of
Tartrazine concentrations varying between 0.22 and 0.88 mM, i.e., TOC ranging from 50 to
200 mg L, was examined in 36 mM PS at pH 3.0, 45 °C and 16.7 mA cm™. From Fig. 6a, it is
evident that the solution color disappeared more rapidly as the amount of target dye molecules
became smaller. Overall decolorization was achieved after 330 min at 0.22 mM dye, whereas
92% and 81% color removals were found at 0.44 and 0.88 mM dye, respectively. This tendency
was confirmed by the correspondingly decreasing keec-values, from 1.19x107 to 7.1x107 and
4.7x10° min? (see Table 2). Nonetheless, a larger number of target molecules was destroyed,
as expected from a greater amount of available oxidizing agents (Brillas and Martinez-Huitle,
2015). The same effect is confirmed in Fig. 6b for TOC removal, which was reduced by 86%,
62% and only 46% for solutions containing 0.22, 0.44 and 0.88 mM dye, respectively, meaning
again that a greater quantity of TOC was progressively abated. This agrees with the calculated
MCE values depicted in Fig. 6¢. The highest efficiency (~ 65%) was attained at 0.88 mM dye,
followed by ~ 50% at 0.44 mM and ~ 35% at 0.22 mM. The growth of MCE at higher dye
concentration can be ascribed to the preferential attack of oxidants over greater amounts of
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organics, with the concomitant deceleration of their wasting reactions. These parasitic reactions
that are promoted in the absence of enough organic matter include, for example, the anodic
oxidation of BDD(*OH) to O, the dimerization of *OH to H.O», the reaction between these two
species or the conversion of SO, into S,0s>" (e.g., via reaction (10)) (Panizza and Cerisola,
2009; Thiam et al., 2015b; Matzek and Carter, 2016). In contrast, higher ECtoc values were
determined with increasing dye content because of the progressive decrease of the TOC/TOCq
ratio (see Table 2). These findings allow concluding that the method is effective in a wide range
of dye concentrations, turning out to be more efficient when the solutions to be treated are more

polluted.

3.3.4. Effect of current density

This is expected to be a key parameter in this novel process, since it regulates the rate of
electrode reactions, eventually determining the amount of oxidants produced. The influence of
j within the range 8.3-33.3 mA cm was assessed by treating solutions with 0.44 mM dye and
36 mM PS at pH 3.0 and 45 °C. Fig. 7a highlights the rise in color removal when j rose, as a
result of the enhanced generation of BDD(*OH), H202 and SO4°~ promoted by the electrode
reactions (1), (2) and (8), respectively. After 360 min of electrolysis, 98% decolorization was
achieved at j = 33.3 mA cm, whereas only 88% of color decay was found at j = 8.3 mA cm.
This led to a rising kdec-value with increasing j (see Table 2), as well as to a quicker TOC
removal (Fig. 7b), with 46% vs. 71% abatement at 8.3 and 33.3 mA cm™. In contrast, a drastic
enhancement of MCE is evidenced in Fig. 7c as j decreased, reaching a value as high as 90%
at the lowest j. In other words, the AO-H20./PS process lost efficiency in a significant manner
as j was risen. This is an apparently curious phenomenon, since it seems contrary to the
concomitantly greater production of oxidizing agents. However, it can be related to the
acceleration of the parasitic reactions that cause the destruction of reactive radicals, with a

consequent negative impact on their availability to participate in the degradation of organic
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matter (Brillas et al., 2009). The results in Table 2 also allow observing a gradual rise of ECtoc
with increasing j, as expected if a larger proportion of the electrical energy supplied to the cell
was spent in those wasting reactions. Despite being true that the mineralization in the AO-
H>0./PS process is more efficient at low j, the use of high j values seems more convenient in
practice because of the quicker and larger removal of organic pollutants and their intermediates.
Therefore, when time is an issue, moderate to high j must be employed, especially when

devising the scale-up of the technology.

3.3.5. Effect of pH

Another variable of interest in AO-H>O2/PS is the solution pH, since it can affect the
SO4*~/*OH ratio because the former radical can be transformed into the second one depending
on the pH, as shown in reactions (11) and (12). If only considering those equilibria, SO4*~ is
expected to predominate at acidic pH, whereas *OH should prevail at pH > 12 (Romero et al.,
2010). Fig. 8a reveals that the removal of color from a 0.44 mM Tartrazine + 36 mM PS solution
was slightly upgraded upon gradual alkalinization from pH 3.0 to 9.0, at 45°C and j = 16.7 mA
cm. Along these treatments, the pH did not vary substantially when the initial value was 3.0,
whereas it reached values close to 4.9 and 7.1 when the process started from 7.0 and 9.0,
respectively, owing to the formation of acidic byproducts. Moreover, a similar total loss of color
was achieved, varying between 92% and 94%. In agreement, very close kgec values from 7.1x10
3t0 7.6x10° min were determined (see Table 2). The slightly faster decolorization attained in
alkaline medium can be explained by the decrease of the SO4*~/*OH ratio, thus favoring the
presence of the stronger oxidant *OH that could enhance the destruction of organics. This fact
is more evident in the corresponding TOC abatement presented in Fig. 8b, attaining 75% at pH
9.0 in front of 62% at pH 3.0 (see Table 2). Note that the superior degradation in alkaline
medium can also take advantage of the quicker destruction of the anionic form of many

intermediates, which predominates over their typical neutral form at acidic conditions.
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Similarly, Fig. 8c corroborates that the MCE values for these assays decreased in the sequence:
pH 9.0 > pH 7.0 > pH 3.0, whereas the ECroc values rose, as expected, in the opposite direction
(see Table 2). The AO-H20./PS treatment of Tartrazine solutions is then very effective within

the pH interval 3.0-9.0.

3.4. Evolution of final carboxylic acids

It is well known that the electrochemical degradation of azo dyes is initiated by the
cleavage of the -N=N- bond, destroying the aromaticity of the molecule with the consequent
loss of color (Brillas and Martinez-Huitle, 2015). It is then expected that Tartrazine is converted
into simpler molecules like benzene and diazinyl derivatives (Thiam et al., 2014), which easily
release the sulfonate group as sulfate ion and the N atoms as ammonium ion (dos Santos et al.,
2018b). The gradual oxidation of the benzene rings leads to aliphatic species that finally evolve
to carboxylic acids as main byproducts before reaching complete the mineralization. To confirm
this, the evolution of the concentration of short carboxylic acids generated during the AO-
H>0O2/PS treatment of 130 mL of 0.44 mM Tartrazine in 36 mM PS at pH 3.0, 45 °C and j =
16.7 mA cm was followed by ion-exclusion HPLC. Characteristic peaks corresponding to
maleic, acetic, oxalic, formic and oxamic acids were distinguished in the chromatograms. The
two former acids resulted from the degradation of longer carboxylic acids coming from the
cleavage of the benzenic molecules. Both acids were subsequently oxidized to the ultimate
oxalic and formic acids, which undergo a direct transformation into CO_ (Flores et al., 2016;
dos Santos et al., 2018a, 2018b). On the other hand, the destruction of N-derivatives yielded
oxamic acid as another final product.

The large persistence of all the carboxylic acids detected can be understood from Fig. 9,
being oxalic acid the one formed to a greater extent. Low contents of acetic acid were
continuously accumulated in the medium, whereas the profiles of the other four acids showed

a maximum concentration at 180-240 min, i.e., when the formation and destruction rate became
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equal for each acid. Their removal can be mainly ascribed to the attack of BDD(*OH) formed
from reaction (1), since this is the most powerful oxidant (Brillas et al., 2009). The final
concentrations of maleic, acetic, oxalic, formic and oxamic acids were 18.1, 6.1, 26.5, 2.9 and
8.9 mg L1, respectively. The sum of these five values accounted for 20.2 mg L™ TOC, which
represents a 53% of the 38 mg L™ TOC remaining in the treated solution (see Fig. 4b). Based
on this, it can be stated that carboxylic acids were the main byproducts formed during the
application of AO-H.0>/PS, although a significant proportion of other undetected recalcitrant
compounds were produced as well, mostly arising from the destruction of the relatively stable
heterocylic diazinyl ring. The very slow destruction of all the above byproducts explains the
long time needed to achieve a high degree of mineralization, as compared to the much shorter
time required to remove the solution color. Since most of the aliphatic products generated are
expected to be biodegradable, a biological treatment could be implemented once the toxic

aromatics have been removed from the solution.

4. Conclusions

It has been demonstrated that the new AO-H.O2/PS process outperforms the AO/PS,
reported in the literature, for the decolorization and mineralization of Tartrazine solutions in a
BDD/air-diffusion cell. The main oxidizing agents at pH 3.0 were BDD(*OH) and *OH, with
contribution of SO4*~, H202 and HO2*. The oxidant SO4*~ was produced from S,0s?~ activation,
either thermally, cathodically or through reactions with H.O. and BDD(*OH). The H;O>
accumulated in PS medium dropped largely when the temperature increased from 25 and 45
°C. Accordingly, the fastest color disappearance and TOC removal was attained at 45 °C, with
higher MCE and lower ECroc values. The kqec-value showed an almost linear variation with the
amount of PS added to the solution. The process became more efficient upon increase of the

initial dye concentration, although this entailed a slower mineralization. The rise in j accelerated
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the decontamination, but the ECroc was higher due to the promotion of the parasitic reactions.
The AO-H,02/PS process showed a similar performance within the pH range 3.0-9.0, being
slightly more powerful under alkaline conditions because of the conversion of SO4*~ to *OH.
Maleic, acetic, oxalic, formic and oxamic acids were formed as the main recalcitrant products.
Their large persistence, along with that of other unidentified compounds, explains the slow

mineralization of the dye solutions.
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Figure captions

Fig. 1. (a) Percentage of color removal, (b) TOC and (c) MCE vs. time during the treatment of
130 mL of 0.44 mM Tartrazine solutions at pH 3.0 and 45 °C in a stirred tank reactor with BDD
anode at j = 16.7 mA cm. The cathode was an air-diffusion electrode in AO-H20 and an SS
sheet in AO. Some selected trials were made in the presence of 36 mM NaS;0s. Process: (@)
AO-H,0,/PS, (M) AO/PS, (A) AO-H,0; in 50 mM Na;SO, and (¥) AO in 50 mM Na;SO,.
Blank experiments were performed with analogous Tartrazine solutions and: (/) 2.94 mM

H20,, (A) 36 mM NaxS20s or (O) 2.94 mM H20, + 36 mM NazS;0es.

Fig. 2. (a) Effect of (A) 60 mM methanol and () 40 mM tert-butanol as radical scavengers
on color removal, as compared to (®) AO-H.O./PS decolorization show in Fig. 1. (b) Kinetic

analysis assuming pseudo-first-order color removals.

Fig. 3. Influence of temperature on the evolution of H>O, concentration accumulated in 130
mL of (a) 50 mM Na2SOs and (b) 36 mM Na.S20s solutions at pH 3.0 using a BDD/air-

diffusion cell at j = 16.7 mA cm™.

Fig. 4. Effect of temperature on the variation of (a) percentage of color removal, (b) TOC and

(c) MCE with electrolysis time for the AO-H2O0,/PS treatment shown in in Fig. 1.

Fig. 5. Effect of persulfate content on the change of (a) percentage of color removal, (b) TOC
and (c) MCE with electrolysis time for the treatment of 130 mL of 0.44 mM Tartrazine at pH
3.0 and 45 °C using a BDD/air-diffusion cell at j = 16.7 mA cm. Concentrations of Na,SO4 +
PS: (A) 50 mM Na2SO4 (0% PS), (H) 37.5 mM NazSOs + 9.0 mM Na,S,0s (25% PS), (¢) 25

mM NaxSO4 + 18 mM NaxS;0g (50% PS), and (@) 36 mM NazS20g (100% PS).
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Fig. 6. Effect of initial Tartrazine concentration on the time course of (a) percentage of color
removal, (b) TOC and (c) MCE for the AO-H.O>/PS treatment of 130 mL dye solutions with

36 mM Na2S;0s at pH 3.0 and 45 °C using a BDD/air-diffusion cell at j = 16.7 mA cm™,

Fig. 7. Influence of j on the change of (a) percentage color decay, (b) TOC and (c) MCE over
time for the AO-H20>/PS treatment of 130 mL of 0.44 mM Tartrazine with 36 mM Na>S,0s at

pH 3.0 and 45 °C using a BDD/air-diffusion cell.

Fig. 8. Effect of initial pH on (a) percentage of color removal, (b) TOC and (c) MCE vs.
electrolysis time for the AO-H20,/PS treatment of 130 mL of 0.44 mM Tartrazine with 36 mM

Na,S,0s at 45 °C using a BDD/air-diffusion cell at j = 16.7 mA cm™.

Fig. 9. Time course of the concentration of (@) oxalic, () oxamic, (¥) maleic, (A) formic
and (¢) acetic acids detected during the AO-H20./PS treatment of 130 mL of 0.44 mM
Tartrazine with 36 mM Na»S,0g at pH 3.0 and 45 °C using a BDD/air-diffusion cell at j = 16.7

mA cm2.
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Table 1

Structural and physicochemical characteristics of Tartrazine azo dye.

Chemical structure

Chemical name

Chemical formula
Color Index number
M (g mol™?)

Amax (Nm)

UV/Vis spectrum

*Na'00C

N ‘
: I N SOz Na*
"Na'03S

HO

Trisodium;5-oxo-1-(4-sulfonatophenyl)-4-[(4-sulfonato-
phenyl)diazenyl]-4H-pyrazole-3-carboxylate
C16H9N4NazO9S;

69850

534.36

426

Absorbance (a.u.)

300 350 400 450 500 550 600
/ nm
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Table 2
Apparent rate constant for decolorization with the corresponding squared correlation coefficient,
percentages of TOC removal and mineralization current efficiency, and energy consumption per unit TOC

mass after 360 min of electrolysis of 130 mL of Tartrazine solutions under different experimental

conditions.
[Tartrazine] [NazS:0s] [Na:SOs] pH T i Kaec R? % TOC % MCE ECroc
(mM) (mM) (mM) (°C) (mAcm?) (10°min?) removal (kWh (g TOC)?)
AO (BDD/SS cell)
0.44 36 - 3.0 45 16.7 3.9 0.987 49 39 0.330
0.44 - 50 30 45 16.7 1.9 0.978 36 28 0.430
AO-H,0, (BDD/air-diffusion cell)
0.22 36 - 3.0 45 16.7 11.9 0.996 86 35 0.375
0.44 9 375 3.0 45 16.7 3.4 0.985 47 37 0.289
0.44 18 25 3.0 45 16.7 4.6 0.991 53 43 0.300
0.44 36 - 30 25 16.7 3.3 0.982 36 29 0.440
0.44 36 - 30 35 16.7 4.1 0.988 41 33 0.390
0.44 36 - 3.0 45 8.3 5.3 0.981 46 90 0.140
0.44 36 - 3.0 45 16.7 7.1 0.985 62 50 0.260
0.44 36 - 3.0 45 33.3 9.7 0.980 71 24 0.530
0.44 36 - 7.0 45 16.7 7.2 0.979 69 56 0.230
0.44 36 - 9.0 45 16.7 7.6 0.983 75 61 0.210
0.44 - 50 30 45 16.7 2.5 0.978 40 32 0.400
0.88 36 - 3.0 45 16.7 4.7 0.990 46 66 0.204
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