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Abstract

In this work, the study of hydrogen peroxide (H,O,) electro-generation using graphite from
exhausted batteries (Gr-Bat) was conducted. Linear sweep voltammetry and electrolysis
experiments were carried out in a single compartment electrochemical cell. Study, of the
possibility to use this electrode revealed that it presents, as vitreous carbon (VC) electrode, a
reduction of oxygen with two successive waves (bi-electronic reduction). The first wave
corresponds to the reduction of O, to H,O,, while the second one corresponds to the reduction
of H,O; to H,0. The cathodic potentials for electro-generation of H,O5 appeared at -600 mV
and -700 mV Vs Ag/AgCl for Gr-Bat and VC electrodes, respectively. Subsequently,
electrolysis experiments were conducted by imposing the. potentials required for H,O;
formation. The effect of several operating parameters on H,O, production, such as the nature
and concentration of the electrolyte, the pH, the presence of ferrous ions and O, injection
were studied using Gr-Bat and VC electrodes, respectively. For both electrodes, the acidic
medium was more favorable for H,O, electro-generation. The oxygen injection in solution
promoted an increase of H,O, concentration, but its effect was more pronounced in the case of
VC electrode. Application for crystal violet degradation by electro-Fenton revealed that Gr-
Bat had the best purification performance. A removal rate of 73.18% was obtained with Gr-
Bat electrode against 62.27% with VC electrode for an electrolysis time of 120 min. This
study has demonstrated the possibility of recycling Gr-Bat by using them as cathode materials

in the electro-Fenton process.

Keywords: Exhausted batteries, Hydrogen peroxide, Electro-Fenton, Electro-reduction
of Oz, Crystal violet

1. Introduction

Many treatment methods had been developed in order to tackle the issue of aquatic
environment degradation by refractory organic pollutants. Among these innovations,

Advanced Oxidation Processes (AOPs) play an important role [1, 2]. AOPs are new treatment
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technologies that can be used to effectively remove pollutants from surface waters and

refractory micro-pollutants found in many influents [3,4].

AQPs are based on in situ generation of radical hydroxyls that are very powerful and non-
selective oxidants capable to degrade organic compounds present in influents [5]. Hydroxyl
radicals (O H "), the most powerful oxidants used in water and wastewater treatment, have a
high potential (EO on /20 = 2.8 V/ENH) and they enable to oxidize organic compounds until
their last stage of mineralization to CO,, H,O and other inorganic ions [6, 7]. OH® can be
generated via a process called electro-Fenton (EF). It is an electrochemical process that has
received a considerable attention in recent years [8, 9, 10]. Its principle is based on the use of
Fenton reagent (hydrogen peroxide H,O, and ferrous ions Fe*") in order to generate hydroxyl

radical as shown in the following reaction (Eq. 1):

2+

H,O,+ Fe>' —> Fe’'+ OH + OH" (1)

The main advantage of this process is the in sifu electro-generation of hydrogen peroxide
using only dissolved oxygen as reagent [11]. A cathodic reduction will then occur on the
appropriate electrodes such us carbon felt, graphite, reticulated vitreous carbon, activated

carbon fiber, carbon nanotube [12, 13, 14, 15] as mention in the following reactions (Eq. 2

and 3).

In acidic medium O,+2H " +2e —> H,O, 2)

In alkaline medium O,+H,0 +2e —> HO, + OH" 3)

The ferric ions (Fe’"), cogenerated from the hydroxyl radical formation (Eq. 1), are
electrochemically reduced back at the cathode to ferrous ions (Fe*") (Eq. 4). In this way, the
iron i1s recycled in the redox cycle and the amount of iron hydroxide sludge is considerably
reduced [16].
Fe’' +e — Fe' 4)

The main advantages of this process are the possibility to continuously generate H,O, and
Fe’" in the reactor that reduced risks and costs associated with transportation, acquisition,
storage, production and disposal of hazardous waste [17, 18, 19]. Therefore, EF process is an
interesting alternative for the treatment of effluents containing high refractory organic

compounds [20]. However, it is worth mentioning that this process is hindered by some




drawbacks such as the production of hydrogen peroxide which is controlled by the electro-

reduction of dissolved oxygen.

The dissolved O, electro-reduction reaction is highly depended to the cathodic material [21].
Thus a judicious choice of the cathode material is required during the implementation of this
method. The selected cathode should present two waves of oxygen reduction and have high
hydrogen overpotential. In addition to be non-toxic and have a good chemical resistance, the
cathodic material should also have less interaction with the generated H,O, in order to
facilitate its diffusion in the solution and avoid its eventual self-destruction on the cathode
[17]. A good electrical conductivity and an affordable cost are to be taken account for the
cathodic material choice [22, 23].

In order to find a way to recycle waste from the batteries industry, we tried, in this study, to
investigate the capacity of carbon rods (graphite), from exhausted batteries, to produce H,O,
by O, reduction. Furthermore, the possible use of this material was tested as an alternative
cathode in the EF process. The effect of some influential parameters such as the cell voltage,
the solution pH, the electrolyte concentration, and the O3 bubbling on H,O, production was
investigated. Later on, this approach was used to evaluate the degradation of crystal violet

pollutant in synthetic solution.

2. Material et methods

2.1.  Electrochemical cell and analytical methods

Experiments were conducted in a 250 mL non compartmental cell. The anode was made of Ti
/RuO,-IrO, electrode with a surface area of 7.15 cm?. The two cathodes used in this study
were graphite carbon from exhausted batteries (Gr-Bat) provided by the company SIGELEC-
Senegal, and vitreous carbon (VC) having both a surface area of 9.5 cm®.

The two chosen electrodes (anode and cathode) were immersed in the aqueous solution with a
third Ag/AgCl reference electrode and the reactor was kept under magnetic stirring in order to
improve oxygen mass transfer to the surface of the cathode. The electrodes were connected to
a potentiometer Radiometer Analytical Voltalab PGZ-100 ALL IN ONE controlled by the
Master 4 software. The crystal violet concentration was determined using a UV-visible
spectrophotometer Analytik Jena model SPECORD 200 PLUS with a wavelength set at 592
nm. The pH was measured by a pH meter HANNA Instruments HI223 and the conductivity
was measured by EC 214 Conductivity meter HANNA Instruments.




In order to estimate the concentration of electro-generated H,O, over the time, the system was
stopped and a sample was taken and analyzed using a manganimetry based method [24]. It is
a titrimetric determination of H,O, based on the reduction of MnOy” ions to Mn?" under acidic
medium according to the following reaction (Eq. 5):

2MnO, +5H,0, +6H" — Mn> +50,+s8H,0 (5

The concentration of H,O, was expressed by the following relation (Equation 6):

X
KMnO, VKMnO4

x34x10°  (6)

_ 5
[H,0,](gL")= =x
2 HZOZ
Where Nkwnos 1s the molar concentration of the potassium permanganate solution (mol L'l)
and V xymos and Vo, are the volumes of potassium permanganate solution and the sample
respectively.

2.2. Reduction of dissolved oxygen on graphite and carbon vitreous electrodes

The objectives of this part were as following: 1) to verify whether the carbon-graphite
electrode from exhausted batteries (Gr-Bat) had two waves O, reduction kinetic allowing a
production of H,0,; 2) to determine the electrochemical potential region for O, reduction to
H,0,; 3) to evaluate the impact of the use of NaCl as electrolyte on the production of
hydrogen peroxide. To do this, firstly, a comparison had been made between Gr-Bat cathodic
polarization curves and curves obtained with carbon vitreous described in the literature as a
cathode showing two waves oxygen reduction kinetic [19]. Secondly, we compared the
cathodic polarization curves of O, reduction using Gr-Bat cathode obtained with NaCl as
supporting electrolyte and those recorded with Na,SO4 generally used in the electro-Fenton

process as supporting electrolyte [13].

2.3. Chemicals

All the reagents used in this work were analytical grade. Sulfuric acid (H,SO4), sodium
chloride (NaCl), and crystal violet (C,sH3oCIN3;) were purchased from Sigma Aldrich.
Potassium permanganate (KMnO,) and sodium sulfate (Na,SO4) were purchased from
Scharlau Company while iron sulfate (FeSO4) from Merck and sodium hydroxide (NaOH)
from Fisher Scientific. A 14 m’ nitrogen bottle (N) supplied by AIR-LIQUIDE- Senegal
company and a 7 m’ oxygen cylinder (O,) supplied by EUROSAF OXYGEN were used in the

experiments. Distilled water was also employed throughout the aqueous solutions preparation.




3. Results and discussion
3.1. Study of the electrochemical region of H,O, production and effect of influential
parameters

3.1.1. Comparative study of O, reduction kinetics

The kinetic study of oxygen reduction on both electrodes (VC and Gr-Bat) was conducted
using a linear sweep voltammetry under the different following conditions: a) 3 g L™ of
Na,SO4; b) 3 g L' of Na,SO4 + O, bubbling; C) 3 g L' of Na,SO; + N> bubbling. The
potential varied from 0 to -2500 mV Vs Ag/AgCl reference electrode with a scan rate of 10

-1
mV s .

The results obtained from linear voltammetry study on VC and Gr-Bat electrodes are recorded

in Figures 1A and 1B, respectively.

Figurel (A.and B)

The results revealed that, like VC electrode, the Gr-Bat electrode shown two waves oxygen
reduction kinetic. Thereby, it can be used for H,O, electro-generation. The first wave,
corresponding to the reduction of O, to H,O,, was obtained between -684 and -920 mV for
VC electrode and between -522 and -850 mV for Gr-Bat electrode. This shows that the Gr-
Bat electrode have the lowest O, reduction potential. In both cases the oxygen bubbling did
not change significantly the shape of the curves; a two steps reduction was always observed.
However, it has the effect of increasing the value of the diffusion limit currents. For example,
in the case of Gr-Bat electrode, at a potential of -1000 mV, the O, sparging increased the
current limit from -2.04x107 to -3.32x10~ mA and lowered the hydrogen overvoltage value.
N; bubbling removed the dissolved oxygen in the solution. In both cases, the disappearance of
the first wave with the nitrogen sparging confirmed that the first step was due to the reduction
of oxygen to hydrogen peroxide.

Results from Figures 1A and 1B revealed also that the Gr-Bat electrode has the highest
hydrogen overvoltage with -1836 mV against -1770 mV for vitreous carbon and the latter had
limited diffusion currents sometimes ten times higher than those for Gr-Bat electrode. Indeed,

at a potential of -2000 mV, the diffusion limited currents without O, sparging were -7.41.107




and - 6.36.10° mA for the VC and Gr-Bat electrodes respectively. This can be attributed to
the intrinsic characteristics of these two materials such as their texture and difference in

electrical conductivity.

3.1.2. Influence of type and concentration of electrolyte

The effect of type and concentration of the electrolyte on O, reduction had been studied using
different NaCl and Na,SO, concentrations. The use of NaCl in electrochemical treatment
processes such as electro-oxidation and electro-Fenton leads to very interesting results [25]. It
allows an in situ generation of other oxidizing agents such as hypochlorite ion CIO™ and

hypochlorous acid HCIO via the following reactions (Egs. 7, 8 and 9):

2C1I" - CI, + 2¢ (7)
CL+H,0 — HCIO+H +CI (8)
HCIO — CIO ™ +H" 9)

Hence, these electro-generated oxidants can contribute to the degradation of the dissolved
organic pollutants. Therefore, the use of such electrolytes improves the efficacy of the
treatment [26]. Results obtained using NaCl are shown in Figure 2A. The cathodic scanning

was carried out from 0 to -2500 mV-with a scan rate of 10 mV s\,

Figure 2 (A and B)

These results show that similarly to Na,SO4, NaCl can be used as an electrolyte in the
production of hydrogen peroxide. The polarization curves show that the two waves of O,
reduction were always present, reflecting the formation of hydrogen peroxide. By comparing
the curves of Figure 2A with those obtained in Figure 1B using Na,SO;, as electrolyte, it can
be seen that the use of NaCl had an effect on the oxygen reduction potential. Indeed, a
diminution of this potential was observed with the use of NaCl. Depending on the electrolyte
type, the value of the current limits varied due to the difference in conductivity of the two

supporting electrolytes, Na,SO4 (3.52 mS) and NaCl (4.77 mS).




Moreover, study of the effect of electrolyte concentration was carried out using Na,SO;, at the
same scan rate as above with continuous O; sparging. Results, plotted in Figure 2B, revealed
that the increase of electrolyte concentration did not change the curves shape. The reduction
of O, at two levels was always observed but the diffusion limited currents increased with the
electrolyte concentration. This was expected because the electrolyte role consists to reduce the
electrical resistance by facilitating the passage of the current in the solution. Hence, the
limited currents increased when the solution was more and more concentrated in electrolyte.
However, it should also be noted that the potentials reduction became lower and lower as the

solution became more and more concentrated in electrolyte.
3.1.3. Influence of pH

The effect of pH on oxygen reduction was studied using Na)SQs as electrolyte; the
concentration was fixed at 3 g L. This study was conducted in order to determine in which
regional of pH the hydrogen peroxide generation was optimal. It was carried out on solutions
having pH of 3, 5.4 (initial pH), 7, and 10 with continuous O, sparging. Sulfuric acid (H,SO4)
was used to acidify the medium to pH 3 while sodium hydroxide (NaOH) was used to raise

the pH to 7 and 10. The obtained results are shown in Figure 3A.

Figure 3A

These results revealed that the diffusion limited currents were higher in acidic medium (initial
solution and pH 3) showing the quantity of dissolved oxygen participating in the reaction was
more-important and leading to higher H,O, production. The increase of diffusion limited
currents in acidic solutions can be attributed either to oxygen which is much more soluble in

acid medium [20] or to the high concentration of H" protons in acid medium.

Indeed, as shown by the Equation 2, the hydrogen peroxide is generated from H" protons and
dissolved O, in the solution, and these two species are more available in solution when the pH
medium is acidic. However, the increase of the amount of hydrogen peroxide can also be

attributed to the intrinsic properties of the material [20] such as its adsorption ability of

Y



dissolved oxygen and desorption of hydrogen peroxide generated from its surface to the

solution or to the synergism effects of these phenomena.

These findings are interesting for an eventual use of this electrode in the electro-Fenton
process. Indeed, several recent studies have shown that this process is more efficient when the
pH is around 3 [1, 10, 13]. In addition, results revealed that hydrogen overvoltage is much
lower in acidic solutions. Qiang et al [17] explained this by the high concentration of H"
protons that facilitates the hydrogen evolution reaction and thus reduce the efficiency of

hydrogen peroxide formation.

3.1.4. Effect of ferrous ions concentration

In order to have an idea about the behavior of these electrodes during their use in the electro-
Fenton process, the effect of ferrous ions concentration on-O; reduction reaction had been
investigated. In the electro-Fenton process, these ions are used to generate hydroxyl radicals
OH® from hydrogen peroxide according to Equation 1 called the Fenton reaction. However,
the concentration of ferrous ions should be optimized. Several studies have shown that it
greatly influences the electro-Fenton process [16, 22]. The study of the effect of iron sulfate
concentration was conducted using 3. g L' of Na,SO, with O, sparging and a scan rate of 10

mV/s at room temperature.

Figure 3B

The results presented in Figure 3B show that the presence of iron sulfate in the solution
affected the reduction of oxygen. In all experiments, the presence of iron sulfate caused an
increase of the limit of the diffusion current in comparison to the initial solution, but the shape
of the reduction curves did not change. This can be explained by the increase of conductivity
with the presence of Fe*" and SO4* ions [27]. In addition, the presence of ferrous and sulfate
ions reduced both the hydrogen overvoltage and the potential corresponding to oxygen
peroxide reduction in comparison to the control solution. This was also observed in the case
of increase in electrolyte concentration, it can be explained by the decrease of the cell

resistance when the solution is more and more conductive.




There was an increase of the limit of the diffusion current when the iron concentration varied
from 0 to 7.2x10° M. However, when the iron concentration increases (from 7.2x107 to

10.8x10~ M) a decrease of the limit of the diffusion current was recorded.

3.2. Study of the effect of the operating parameters on the quantity of electro-generated
H.0O;
3.2.1. Effect of applied voltage

The comparative study of the voltage influence on H,0, electro-generation was carried out in
250 mL solution containing 3 g L™ of Na,SO4 during 90 min of electrolysis time. The results
presented in Figure 4A show that the production of H,O, was strongly correlated with the
voltage applied across the electrodes. In both electrodes, the amount of generated H,O,
increased with the cathodic potential until an optimal voltage specific to each electrode. These
optimum voltages were -600 mV for Gr-Bat electrode and -700 mV for VC electrode. When
the applied voltage was higher than the optimum voltage, the amount of generated H,O,
decreased immediately resulting in a lower current efficiency in both cases. This observation
is attributed to the appearance of undesirable secondary reactions such as O, reduction to H,O

and H, evolution reaction occurring on the cathode surface [28, 20].

Figure 4A

These results revealed also that in the investigated potential region, Gr-Bat electrode was
more able to generate hydrogen peroxide than VC electrode. The maximum concentrations of
H,0, achieved were 5.1x10 g L for Gr-Bat against 4.25 x10~ g L™ for VC. The best
current efficiency over the entire electrochemical region was obtained with the Gr-Bat
electrode. However, it can be noted that the potential region allowing the produce more than
50% of the maximum value was much wider for vitreous carbon electrode than the graphite

electrode.

3.2.2. Effect of electrolyte concentration




The electrolyte promotes the passage of the current in the solution by reducing the ohmic
resistance and facilitating the electrochemical reactions. Its effect on the electro-generation of
hydrogen peroxide was investigated by fixing the cathodic potential at -600 mV for the Gr-
Bat electrode and -700 mV for the VC electrode. Different Na,SO4 concentrations were then

experimented (1 to 6 g L") during 90 min of electrolysis time.

The results obtained in Figure 4B show that the electro-generation of H,O, was not
significantly affected by the concentration of the supporting electrolyte. Indeed, for both
electrodes, a slight variation in the amount of hydrogen peroxide was noted when the
electrolyte concentration was increased to its maximum value (6x107 g L™). These results are
consistent with those reported by Azri and Zerouali [29]. These authors shown that, the
increase of electrolyte concentration had only an effect on the conductivity of the solution and
on migration phenomena of species. Given that the increase of the conductivity via Na;SOy
addition had no significant effect on H,O, production, the concentration of 3 g L' had been

retained for the following experiments.

Figure 4B

3.2.3. Effect of the pH

The pH is a very important parameter for an electrochemical oxidation processes. Several
authors had studied the effect of pH on electrochemical oxidation of organic matter in
aqueous media [8, 20]. In order to identify in which pH range the production of hydrogen
peroxide was maximum, the effect of this latter was investigated using four different pH
values: 3, initial “solution (5.4), 7 and, 10. Sulfuric acid and sodium hydroxide were

respectively used to acidify or alkalinize the solution.

Figure 4C




The results plotted in Figure 4C revealed that the pH had a significant influence on hydrogen
peroxide generation. However, the variation of H,O, concentration according to the pH
depends on the type of electrode. The variation was more stressed for the Gr-Bat electrode
than VC electrode. For both electrodes, the acidic medium seemed to be more favorable for
H,0,; generation and an optimum pH of 5.4 for the Gr-Bat and 3 for VC had been observed.
Similar observations had been reported by Petrucci et al [30], Xu et al [20], and of Liu et al
[31]. Hsiao and Nobe [32] have studied the degradation of phenol and chlorobenzene using
the EF process; they concluded that the current efficiency and the generation of H,0O, are
promoted by the decrease of pH. Xu et al [20] attributed the increase in hydrogen peroxide
concentration in acidic medium to the concentration of dissolved oxygen which is higher in
acidic medium. These studies have also associated the increase of H>O, production in acidic
medium with the high availability of H™ protons necessary for the production of hydrogen
peroxide according to Eq. 2. Nevertheless, it should be pointed out that if the quantity of H' is
so important, the hydrogen evolution reaction will be facilitated on the cathode and it will
hinder O, reduction into H,O,. Other authors have reported that the improvement of H,O,
electro-generation in acidic medium might be linked to the intrinsic characteristics of the

electrode materials, such as their O, adsorption ability that is improved in acidic medium [33].
3.2.4. Effect of oxygen sparging

The study of the impact of O, sparging on H,O, generation was carried out on the two
electrodes for three experimental conditions: 3 g L' of Na,SOs, 3 g L' of Na,SO4 + O,
sparging, and 3 g L of Na,SO; + O, sparging with pH adjustment at 3. Experiments were
performed by maintaining the voltage at -600 and -700 mV for Gr-Bat and VC electrodes

respectively. The results obtained are shown in Figures SA and 5B.

Figure 5 (A and B)

These results indicated that O, sparging had influence on the production of hydrogen
peroxide. Its influence depends on the type of electrode; in fact it is much more pronounced in
the case of vitreous carbon electrode where the concentration of peroxide increased from
4.25x107 to 6.38 x10™ g L™ for an electrolysis time of 90 min. Under the same operating

conditions, only a small evolution of H,O, production was observed in the case of the




graphite electrode. This increase of the amount of H,O, was attributed to the increase in
dissolved oxygen concentration in solution during the sparging. Indeed, Petrucci et al [30]
have shown that the pure oxygen sparging considerably increased the concentration of
dissolved oxygen in the solution [34] resulting to the increase in the amount of hydrogen

peroxide.

These results show that the VC material presents a better dissolved oxygen adsorption
capacity than that Gr-cell. In fact, O, reduction reaction being a process that takes place on
the electrode surface, the more the cathode has the ability to adsorb oxygen the more
hydrogen peroxide production will be important. This difference can also be attributed to the
electrical conductivity of the two electrodes. Since the oxygen reduction reaction is dependent
to the current intensity, the vitreous carbon electrode being more conductive than Gr-Bat as
shown in section 3.1.1., will allow the current to pass more easily. That will accelerate the
electrochemical reactions kinetics on its surface and thus increase the quantity of hydrogen

peroxide with the oxygen bubbling.

Moreover, these results revealed that the oxygen sparging with pH adjustment to 3 improved
the amount of hydrogen peroxide produced in both cases. This improvement could be
explained by the synergistic effect of the three phenomena which are the increase of the
solubility of oxygen [33], the high presence of H™ protons in acid medium, and the

improvement of the materials adsorption capacity at this pH [33].

3.3. Application forthe degradation of crystal violet by electro-Fenton

In order to compare the efficiency of the two electrodes, the electrolysis of 7.5x107 M crystal
violet solution was carried out at pH 3, 5.102 M of Na,SOy, 10* M of Fe2+, and a current of
intensity 0f 300 mA. The residual crystal violet concentration was monitored by UV-visible
spectroscopy. Electrolysis experiments were performed using a Ti/IrO,-RuO, anode under
these three conditions: a) Gr-Bat cathode without Fe” *, b) Gr-Bat cathode + Fe* , and ¢) VC
cathode + Fe® *. Figure 6 shows the evolution of crystal violet concentration as a function of

the electrolysis time.

Figure 6




The results revealed that the presence of Fe” ™ ions in the solution allows a faster degradation
of the crystal violet. This shows that these ferrous ions have allowed the generation of
additional oxidizing species in solution proving that these electrodes can be used in the
implementation of the electro-Fenton process. In fact, considering an electrolysis time of 120
min with the Gr-Bat electrodes, the addition of the ferrous ions increased the crystal violet
degradation rate from 45.75 to 73.18%. In addition, these results also reveal that, under the
actual electrolysis conditions, the Gr-Bat electrode remains more effective than VC electrode
regarding the removal of crystal violet. For the same electrolysis time (120 min), the crystal
violet removal rate was 62.27% using the VC electrode. Based on the previous preliminary
study, these results were somehow expected. In fact, the Gr-Bat electrode produced more
H,0, than VC electrode. The production of H,O; is required for hydroxyl radical formation in

the presence of ferrous ions during electro-degradation of pollutants (electro-Fenton process).

4. Conclusion

The purpose of this study was to find a way to recycle exhausted batteries by using their
graphite contain as a cathode material in the electro-Fenton process. Voltammetry studies of
dissolved oxygen reduction reaction on this cathode showed that this material has a kinetic of
oxygen reduction with two waves-revealing the passage through H,0O, formation. Some
operating parameters such as nature and concentration of the electrolyte, pH and ferrous ion
concentration had a significant-influence on the diffusion-limited currents and the overvoltage

potentials.

Moreover, investigation of the effects of these operating parameters on the amount of
hydrogen peroxide revealed that Gr-Bat cathode had the best current efficiency than VC
electrode. Hydrogen peroxide concentrations of 5.1x107 and 4.25x10° g L' were
respectively generated by Gr-Bat and VC electrodes. This study also revealed that for
potentials set at -600 and -700 mV Vs Ag/AgCl for Gr-Bat and VC respectively, the amount
of H,O, generated in both cases was not significantly influenced by the electrolyte
concentration. For Na,SO, concentration set at 3 g L' using same previous potentials, it had
been observed that acidic medium (pH = 3) was more favorable for H,O, generation in both
electrode materials. However, O, sparging had more influence on H,O, production when

vitreous carbon electrode was used.




Later on, the degradation of crystal violet solution by electro-Fenton process had been
performed using these two electrodes. Results showed that the Gr-Bat cathode presents the
best removal performance than VC cathode. For a treatment time of 120 min, the removal
rates of the crystal violet were 73.18 and 62.27% for Gr-Bat and VC respectively. This study
has demonstrated the possibility of recycling the graphite contained in exhausted batteries and
valorizes it as a cathodic material in the electro-Fenton process. Very promising results have
been obtained with the use of this low cost material. This innovative approach could help to
tackle both issues related to exhausted batteries recycling and water treatment. Thereafter it
would be interesting to study the state of the surface of the two electrodes before and after
analysis and to follow the evolution of the TOC during electrolysis to see if the compound is

mineralizing.

However, in view of studying the lifetime of cathode materials. (vitreous carbon versus
graphite) different characterization techniques should be carried out to evaluate the
physicochemical (X-XPS spectroscopy) and morphological (SEM microscopy) properties of
the surface of the electrodes (vitreous carbon versus graphite) before and after treatment of

dye solution.
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Figure 6

Figure captions

Figure 1. Cathodic polarization curves of oxygen reduction for three experimental conditions
a) [Na;SO4] =3 g L', b) [Na,SO4] =3 g L' + 05; ¢) [Na;S04] =3 g L' + Ny; v=10 mV s~
A) on Gr-Bat electrode B) on VC electrode

Figure 2: Cathodic polarization curves of oxygen reduction on Gr-Bat electrode. A) For three
experimental conditions a) [NaCl] =3 g L™; b) [NaCl]=3 gL' + O5; ¢) [NaCl] =3 gL' +
Ny; v=10mVs' B) Electrolyte concentration effect on oxygen reduction. Conditions: O,
sparging, [Na,SO4]=1,2and 3 g Lh:v=10mVs'

Figure 3: Effect of parameters on oxygen reduction using Gr-Bat electrode A) Effect of pH.
Conditions: [Na,SO4] =3 g L"; O, sparging for different pH (3, 5.4, 7, and 10); v=10mV s’
! B) Effect of Fe®" concentration. Conditions: NaySOys de 3 g Lt [Fez+] = (0; 3.6x107;
7.2x107 and 10.8x10° M); v=10mV s

Figure 4: Effect of parameters on the amount of electro-generated H,O;; electrolysis time =
90 min. A) Effect of cathodic potential. Conditions: 3 g L of Na,SO4. B) Effect of the
electrolyte concentration (Na;SQOy4). Conditions: Gr-Bat potential = -600 mV; VC potential = -
700 mV. C) Effect of different pH values (3, initial solution (5.4), 7 and, 10). Conditions:
[Na,SO4] = 3 g L'; Gr-Bat potential = -600 mV"; VC potential = -700 mV.

Figure 5: Effect of O, bubbling on the production of H,O,. Conditions: [Na,SO4] =3 g L!
with ‘and without pH adjustment to 3. A) on Gr-Bat electrode; Voltage = -600 mV Vs
Ag/AgCl B) on VC electrode; Voltage = -700 mV Vs Ag/AgCL.

Figure 6: Evolution of crystal violet concentration as a function of electrolysis time.
Conditions: pH = 3; [Na,SO4] = 5.10% M; [Fe* '] = 10" M; 1= 300 mA.






