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In recent years, the in situ electrochemical generation of the Fenton reagent, also known as the electro-
Fenton (EF) approach, has been studied in order to achievement the fact that the reduction of dissolved
oxygen to hydrogen peroxide (H,O;) can be carried out selectively in acidic medium. This work
describes the results obtained in the low flow plant (V = 3 L) with a boron doped diamond (BDD) as a
cathode operating at constant current density, room temperature and liquid flow rate of 12 L min™,
employed for on-site H,O, production in acidic medium (pH 3) to promote EF treatment. These
processes were evaluated by their abilities to degrade a commercial methyl orange (MO) azo dye.
Small quantities of generated carboxylic acids like ascorbic, benzoic, citric, maleic and oxalic acid
were detected by HPLC determinations. Based on the use of a BDD cathode, is possible the effectively
production of H,0, in the medium via oxygen reduction. The dye MO was quickly removed during the
first minutes of the treatment, yielding closely 80% of decolorization efficiency under optimized
conditions and 7.66 kWh m™ energy consumption. HPLC analysis confirmed that the MO degradation
became effective.
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1. INTRODUCTION

Hydrogen peroxide (H.O;) is currently one the most common chemicals used for water
treatment and chemical production, and it is a promising oxidant for green chemistry processes in the
near future [1]. The use of H,O, may offer an efficient alternative for controlling pollution in aqueous
media. Hydrogen peroxide is one the most popular non-selective oxidizing agents that are used to
convert organic compounds to carbon dioxide [2]. Several works have demonstrated that on-site
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electrochemical generation of H,O, can be used successfully to decontaminate effluents with different
organic compounds [3-6]. In this process, H,O, is continuously supplied to the contaminated solution
through oxygen (O) reduction by two electrons in an acidic medium, according to the following
equation [7-12]:

O,+2H" +2e” > H,0, (1)

The most common use of H,O, in environmental applications involves the addition of iron
(Fe?*) to the acidic solution to increase the oxidizing power of the H,0, by forming hydroxyl radicals
("*OH) via the Fenton's reaction, according to the equation [10,13-14]:

Fe** +H,0, - Fe* +'OH + OH 2)

This method is commonly referred to as electro-Fenton (EF) treatment and is considered an
advanced oxidation process (AOP) [15]. The principal reason for combining on-site hydrogen peroxide
generation and the Fenton's reaction is to improve the oxidation capacities of the two individual
processes, creating a synergetic system [16]. The hydroxyl radical species that are produced through
these processes are characterized by a large oxidation power (2.8 V vs ENH) [17] that is able to
transform organic compounds into CO, and H,0 [18].

The aim of this work is to present the effectiveness of these water-treatment processes by
studying the degradation of the azo dye Methyl Orange (MO). Tests were carried out using a
continuous flow reactor V = 3L that was operated to produce on-site H,O, using the Electro-Fenton
processes. Although, the effectiveness of these AOPs is almost definitive, maybe, these technologies
can be considered feasible for treating wastewaters containing dyes, if the by-products during
electrochemical treatment are monitored and studied. Therefore, using HPLC measurements, several
metabolites were identified and quantified, such as ascorbic, benzoic, citric, maleic and oxalic acid.

2. EXPERIMENTAL DETAILS.

The chemicals used in this work, such as sulfuric acid (H,SO,), sodium sulfate (Na,SQO,), and
ferrous sulfate (FeSO,4-7H,0), were purchased from J.T. Baker as ACS reagent grade and were used as
received, without further purification. Titanium (IV) oxysulfate (TiOSO4, 99.99%, ca. 15 wt. diluted
sulfuric acid solution) and the azo dye Methyl Orange (Ci4H14N3NaOsS, dye content 85 %) were
purchased from Sigma-Aldrich.

2.1. Electrochemical flow reactor.

Figure 1 shows a sketch of the recirculation flow plant with a one-compartment filter-press
reactor used for Methyl Orange (MO) degradation. For each trial, 3 L of solution were introduced into
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the reservoir and recirculated through the system by a magnetic drive centrifugal pump at a flow rate
of 12 L min™ regulated by a rotameter. The electrochemical reactor contained a BDD/BDD as anode
and cathode. Both electrodes were rectangular plates with a geometric area of 64 cm? in contact with
the solution, and separated a distance of 2.5 cm. The BDD electrode with a thickness of 2-7 um
supported on niobe was provided by Metakem ™. All electrolyses were performed at constant applied
current density (Jappl) supplied by a BK Precision DC Regulated power supply. Prior to the degradation
experiments, a 0.05 M Na,SO, solution was electrolyzed in the plant at 50 mA cm™ for 60 min to
remove the impurities of the BDD surface [10,19].

Electrochemical
reactor

Power supply

I —> Rotameter

Reservoir —

Figure 1. Sketch of the experimental set-up used for the degradation of Methyl Orange by electro-
Fenton (EF) processes using a two-electrode with monopolar connection. The anodes and
cathodes were of boron-doped diamond (BDD) thin film.

Solutions with MO were prepared at different concentration ranging from 50 to 250 mg L™
were comparatively degraded in 0.05 M Na,SO, as background electrolyte at different japp (7.8 and 31
mA cm) at ambient temperature (25+1 °C) for 60 min as limit time. The dye concentrations were
chosen since they are typical values in industrial textile wastewaters [10].

2.2. Evaluation on-site H,O, production.

Electrolysis experiments were carried out to test the capacity of the reactor to produce H,O,
through the cathodic reduction of dissolved O,. The pH of dye solutions was initially adjusted with
H.SO, to 3.0 and was not further regulated since it slightly decayed up to a value of 2.7-2.8 as
maximal during the treatments. The concentration of H,O, generated during electrolysis was
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determined by titrating with titanium (IV) oxysulfate and measuring the intensity of the color of the
H.O, reagent complex at a wavelength of 406 nm [19].

2.3. MO solution preparation

An accurately weighed quantity of the MO dye was dissolved in distilled water to prepare a
stock solution (1000 mg L™), and experimental solutions of the desired concentration (100, 150 and
200 mg L™) were obtained by successive dilution. The synthetic textile dye wastewater solution was
prepared in accordance with previous reports [20,21] in which dye concentrations ranged between 10
and 200 mg L™.

2.4. Analytical procedure.

The absorbance decay (Amax = 506 nm) for treated dye solutions was monitored from the
spectra measured between 300 and 800 nm at certain time intervals using a Thermo Scientific 300-UV,
UV-Vis spectrophotometer. Generated carboxylic acids were detected and quantified by HPLC
analysis with an Agilent 1100 LC equipped with an Agilent 1100 Series UV/vis detector set at A = 210
nm. The LC was filled with a Luna 5u C-18 (150 mm x 4.6 mm, 5 um) column at 30 °C. For these
analyses, 20 uL samples were injected into the LC and a 25 mM potassium dihydrogenphosphate
solution of pH 2.5 (adjusted with phosphoric acid) at 1.3 mL min™ was circulated as mobile phase.

3. RESULTS AND DISCUSSION.

3.1. Electrochemical generation of H,O, in the flow reactor.
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Figure 2. Time-course evolution of the concentration of H,O, during the electrolysis of 3 L solutions
containing 0.05M Na,SOy at pH 3.0 and 25 °C. With a flow rate of 12 L min™ and a current
density of: (8) 7.8 mA cm™, (o) 15 mA cm™ and () 31 mA cm™.
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Several tests were performed to evaluate the electrochemically generated H,O, concentration in
the flow reactor at different current densities (j). The capacity of the system to electrochemically
generate H,O, at the BDD cathode through O, reduction (Eq. 1) was studied spectrophotometrically
[19]. Figure 2 shows the variation of the H,O, concentration as a function of the electrolysis time and
current densities and flow rate Q = 12 L min™. Curve (e) corresponds to a sample in which the current
density was 7.8 mA cm'?; in this case, the H,0, concentration was approximately 64 mg L™ after a
reaction time of 180 min. Curve (o) corresponds to a current density of 15 mA cm™, and the resulting
H,0, accumulation was approximately 72 mg L™ after 180 min of electrolysis. Finally, curve ()
shows a current density of 31 mA cm™, which resulted in 82 mg L™ H,0,.

In all cases, it can be seen that the H,O, concentration is proportional to the current density
supplied to the system. On the other hand, the H,O, concentration did not increase linearly with
reaction time; after about 80 min, the H,O, concentration reached its steady-state value and remained
almost constant for the remainder of the reaction time. From these results, it is apparent that H,O,
undergoes chemical decomposition O, either on the anode (heterogeneous process) or in the medium
(homogeneous process) [22].

3.2. Effect of applied current densities over MO degradation under EF processes.

The decay of different concentration methyl orange during the electrolysis at different current
densities (j = 7.8, 15 and 31 mAcm™) was followed by spectrophotometric measurements, and the
results are shown in Figure 3. The absorption spectra of methyl orange at room temperature present a
maximum absorption at 506 nm, which is directly related to the MO concentration and also to the color
of the solution. As can be observed, increasing the current density resulted in a faster decolorization of
the solution. In this electrochemical technique, pollutants are mainly destroyed by the action of *OH
formed as intermediate at the solution by means Fenton’s process in accordance reaction 2 [23].

As shown, regardless of the initial concentration of dye (100, 150 or 200 mg L™), Figure 3
(a,b,c, respectively) there is a clear effect of increased oxidation power as the current densities
increases, for the formation rates of active species are certainly higher at higher japp. As estimated,
increasing jappi resulted in a faster decolorization of MO, due to a great H,O, production. AS jappi
increases from 7.8 mAcm™ to 31 mAcm?, the degradation rate is increased, being the most efficient
when is applied the j = 31 mAcm™. It has been reported that under constant Jappl, the electro-generation
of H,0O, at BDD surface is continuous [10,19] the higher japp carry out the production of larger amount
of H,O, favoring the removal of organic compounds with time. Then, the appropriate choice of japp
favors a more efficient degradation treatment.

3.3. Effect of MO dye concentration.

The Figure 3 also shows changes in absorbance decay over time, during electrolysis of
synthetic wastes polluted with initially different MO dye concentrations. It can be observed that trends
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of absorbance decay coincide and similar specific energy values are required to achieve complete
waste decolorization.
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Figure 3. Effect of current on (a, b and c) removal with electrolysis time for electro-Fenton
degradation of 100, 150 and 200 mg L™, of Methyl Orange solution in 0.05M Na,SO, at pH 3.0
and 25 °C. With 3 L of solution, flow rate of 12 L min™ and a current density of: () 7.8 mA
cm?, (0) 15 mA cm™ and (¢) 31 mA cm™.
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This shows that both oxidation rate and process efficiency are directly proportional to azo dye
concentration. As can be observed, for high pollutant concentrations, maximum efficiencies are
obtained during initial process phases, with subsequent constant efficiency loss during the experiment.
This behavior is characteristic of discontinuous electrochemical oxidation of wastewaters with electro-
Fenton process.

The highest decolorization efficiency was obtained by applying 31 mA cm™ and 80 mg L™ of
H20,. The results of Figure 3 also show that MO is quickly decolorized during the first 10 min under
these conditions, yielding 80% of decolorization efficiency, whereas at the same time, the use of 7.8
and 15 mA cm™ lead to 70% and 60% decolorization efficiency, respectively.

3.4. Determination of kinetic decolorization.

The decolorization kinetics of MO by electro-Fenton was studied for various contact times. The
data were then regressed for the pseudo-first order kinetic equation (3); [24]. The calculated kinetic
parameters were presented in Table 1.

o= kot 3
A AO+ 3

where A, is initial absorbance of the dye, A; is effluent absorbance of the dye at time t, and k;
(A min™) are the rate constants of the pseudo first-order kinetic equation.

Table 1. Evaluation of kinetic constants for the decolorization MO by means BDD/BDD set up using

equation 3.
Cor(‘rcrfggf’};ion i (mAcm?) K (min) R?
100
7.8 04272 0.9978
15 05050  0.9968
31 05580  0.9963
150
7.8 77252 09913
15 91729 09930
31 13.1650  0.9933
200
7.8 73786 09698
15 94017 09869

31 11.1130 0.9866
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These results suggest that the best experimental conditions for the decolorization under electro-
Fenton process occurred with the addition of 150 mg L™ and 200 mg L™ of MO, applying 31 mA cm™
and after 60 min electrolysis, as expected from the highest kinetic constant found of 13.16 min™ and
11.11 min™ under these conditions.

3.5. Identification and evolution of generated carboxylic acids

All chromatograms of electrolyzed solutions of methyl orange showed well-defined peaks
associated with carboxylic acids such as oxalic (t; = 1.63 min), ascorbic (t; = 1.94 min), citric (t, = 2.93
min), maleic (t. = 4.1 min), and benzoic (t, = 10.36 min), these results are shown in Table 2. Benzoic
acid is expected from the dissociation of its complex with the azo dye. This acid is produced from the
degradative cleavage of benzene groups such as sodium benzoate as product of reaction
decarboxylation. While that of the maleic acids are produced from the degradative cleavage of benzene
groups of methyl orange. Oxalic acid is ultimate acid that is mineralized to CO,.

The citric acid was rapidly reduced by electro-Fenton processes, being eliminated between 0
and 20 min. That means that it’s quickly destroyed by radicals *OH. This behavior was observed for
maleic acid, disappearing between 50 and 60 min in all cases, which for sake of simplicity are not
shown. On the other hand a different trend was obtained for ascorbic acid reached 0.42 mg L™ as
maximum accumulation at 40 min with current density of 7.8 mA cm™? and 200 mg L™ of methyl
orange. This acid was very slowly mineralized and remains up to the end of electrolysis due to lower
concentrations of hydroxyl radicals in the dissolution. The same trend can be observed in Fig. 4a for
the same acid with 150 mg L™, accumulated in much less up to 0.15 mg L™ at 20 min, although in this
case it decays slightly faster, where it practically disappears in 50 min.

Table 2. Products identified during the electro-Fenton degradation of methyl orange with 0.05M
Na;SO; in presence of 0.3 mM Fe?* at pH 3.0, using flow cell of 3 L at 25 °C, at different times
of electrolysis.

Compound Analytical Retention ~ Chemical structure
technique time (min)

Ascorbic acid HPLC 1.94 "

HQ H
HO OH
Benzoic acid HPLC 10.36 5
Os__OH
0 o}
Citric acid HPLC 2.93 )l\j‘/\)l\
OH
OH
OH O,
Maleic acid HPLC 4.1 oH
—
OH
o

Oxalic acid HPLC 1.63

HO
Ol
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Figure 4. Evolution of the concentration of generated carboxylic acids during the treatment of Methyl
Orange with 0.3 mM Fe?" at pH 3.0 and 25 °C using electrochemical cell by mean of electro-
Fenton process with BDD anode and cathode. Full symbols (e) with 150 mg L™, empty
symbols (o) with 200 mg L™. Plot (a): 7.8 mA cm™, (b): 15 mA cm™, and (c) 31 mA cm™.
(e,0) oxalic acid, (4,<) benzoic acid, and (m,0) ascorbic acid.
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In contrast, maleic acid was slowly eliminated in 60 min of electrolysis with 100 mg L™, and a
current density of 31mA cm (not shown in Fig. 4). This suggests that are more slowly oxidized with
*OH in solution. This effect can be better discussed from the evolution of oxalic and benzoic acids.

Fig. 4b evidences a very slow removal for benzoic acid, after its maximum accumulation
almost 0.12 and 0.08 mg L™ at 60 min, indicating that both acids react difficultly with the amounts of
BDD("OH) and *OH formed at 15 mA cm™. And a similar behavior was found for this acid, as can be
seen in Fig. 4c.

On the other hand the Fig. 4a, 4b and 4c shows a quite similar evolution of oxalic acid at
currents density of 7.8, 15 and 31 mA cm™ in all processes. Unfortunately this acid cannot disappear,
in 60 min, as expected, due to lower concentrations of radicals *“OH generated in solution and the short
time of electrolysis. This indicating that Fe(lll) an Fe(ll) oxalate complexes react difficultly with the
amounts of BDD (*OH) formed under these conditions.

But at current density of 31 mA cm™ and 200 mg L™ accelerates the destruction of this acid up
to 0.025 mg L™ at 60 min, as expected are more easily mineralized by higher concentration of
hydroxyl radicals even though there are a more largely concentration of precedent compounds. As
stated above, the enhancement of *OH production in BDD/BDD cell, and the presence of 0.3 mM Fe?*
improve the reaction of Fe(ll)-oxalate and Fe(l11)-oxalate complexes can be destroyed by the excess of
the above oxidant.

All these findings agree with UV decays of the Methyl orange solution shown in Fig. 3a, 3b
and 3c with different current density for all electrochemical processes. Thus, the best mineralization
found for EF with 0.3 mM Fe?*, 31 mAcm™ and 200 mg L™, this phenomenon can be ascribed to the
efficient oxidation of the Fe(ll) complexes with the ultimate carboxylic acid like oxalic and by the
great amount of *OH formed from Fenton’s reaction (2).

4. CONCLUSIONS

The degradation of MO in acidic aqueous medium was carry out applying electro-Fenton
process based on the use of a BDD/BDD system at electrochemical flow reactor, rate 12 L min™and V
= 3 L and 7.66 kWh m™ energy consumption. The results evidenced that the best conditions for
removal 200 mg L™ of MO is when we applied 31mAcm™ with 0.3 mM Fe**. Generated carboxylic
acids such as ascorbic, benzoic, citric, maleic and oxalic were detected by ion-exclusion HPLC. It can
be a feasible process for decolorizing wastewaters containing dyes as a pre-treatment process as a
previous step to biological depuration or it could be coupled with other wastewater treatments (e. g.:
UV irradiation) reducing significantly the cost and time treatment.
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