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Abstract: Hydrogen peroxide is the common reagent of the Fenton Based advanced oxidation processes, it is
generally added in stochiometric yields to the Fenton catalyst (Ferrous or ferric ions) to produce hydroxyl
radicals. In the present study, a green technique for the in-situ production of hydrogen peroxide is examined
numerically, using modelling and simulation, based on PV supplied electrochemical process and carbon-based
electrodes. The PV supply model is based on Maximum Power Point Tracking using ET-Solar M53640 panel,
while the modelling of the performance of the electrochemical cell is based on an electrical equivalent schema
of activation, ohmic, and concentration resistances. Two production pathways of hydrogen peroxide under
acidic conditions are considered, namely the reduction of O,and the oxidation of H,O. The performed
simulations under 3 scenarios of solar radiation (low, middle and high) demonstrated that 300 W/m? of incident
global radiation results in 0.35 A of feeding current, against 0.88 A under 600 W/m?and 1.41 A under 900
W/m?. Simulations for hydrogen peroxide production under the three scenarios have been compared based on
the O, reduction pathway, which is proved to be more performant, especially with the lower H,O, cathodic
decomposition.
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Introduction

Advanced oxidation processes AOPs are nowadays recognized as the key solution for the tertiary treatment of
wastewater, aiming at eliminating the recalcitrant pollutant from liquid effluents. The integration of AOPs as
tertiary treatment techniques in the autonomous stations of onsite treatment of wastewater for irrigation is
expected to be the future solution for providing safe and sufficient quantities of water to smallholding farmers
adapted to all the type of cultures, particularly in lockdown areas. The efficiency of AOPs is related to the non-
selective and highly reactive *OH radicals (Haag, 1992), which area chemical species of great interest in terms
of degradation of organic pollutants and recalcitrant contaminants in aqueous solutions (Madhavan et al.,2010;
Pawar & Gawande, 2015). Fenton-based techniques are ones of the most important classes of AOPs which use
the decomposition of hydrogen peroxide in the presence of ferrous ions to produce hydroxyl radicals, while
Fe(II) oxidizes to Fe(IIl),. However, these processes require a stoichiometric amount of hydrogen peroxide and
the catalyst, Fe(ll) (Andreozzi et al., 2000). Fe(III) is expected to regenerate Fe(Il) through the reaction with
hydrogen peroxide. However, this reaction is known to be very slow, owing to the formation of intermediate
non-radical species such as Fe(HO,)?*. Consequently, the Fenton process needs high amounts of Fenton’s
reagent to generate a high enough quantity of HO".

The present paper suggests a solar based technique for the in-situ production of hydrogen peroxide, in parallel to
the in-situ production of Fenton’s catalyst using the Galvano-Fenton technique. The integrated process is
composed of an electrochemical cell supplied by a PV solar panel, and of carbon-based cathode and nickel
anode, and a galvanic cell made of iron waste based anode and copper cathode. The process is modelled
numerically from the solar supply to the chemical kinetics of Fenton’s reaction initiated by the in situ produced
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hydrogen peroxide and ferrous ions. The simulations are performed considering three scenarios of global solar
radiation, namely 300, 600 and 900 W/m?

Method
Configuration of the Process and Numerical Model

The modelled process is a combination of a PV supplied electrochemical cell for hydrogen peroxide production
in acidic conditions, and a Galvanic cell for the spontaneous production of ferrous iron, as described in Fig.1.
The electrochemical cell is designed using carbon based cathode and nickel anode, while the galvanic cell
couples a sacrificial anode made of iron waste and a cathode of copper. Both cells are immersed within an acidic
electrolyte that consists of an acqeous solution of sulfuric acid at pH 3. This pH allows the formation of ferrous
ions according to the Pourbaix diagram, and favors the cathodic reduction of oxygen in the presence of
hydrogen ions. Both reactions are shown respectively in Egs.1 and 2.

Fe — Fe?t + 2e~ ()]
0, + 2 H* +2e~ — H,0, )

In order to ensure a sufficient yield of oxygen at the cathode of the electrochemical cell, pure oxygen is
continuously pumped into the electrolyte, the electrolyte is then permanently saturated with oxygen, whose
concentration is described by the below Eqg.3 (Tromans, 1998).

Co, 3)
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The parallel cathodic reactions of decomposition of the formed hydrogen peroxide, that may occur at the
cathode, and described in Egs.4 and 5 (Lim & Hoffmann, 2019), are limited by the carbon based material used
as a cathode in the electrochemical cell.

H,0, + H" + e~ - H,0 + OH™ 4)
H,0, + 2H* + 2¢~ - 2H,0 (5)

The possible reactions of formation or decomposition of hydrogen peroxide at the anode of the electrochemical
cell are considered as very limited in acidic conditions, thus, the only pathway considered in the present paper in
the cathodic one described earlier.

The electrochemical cell is energetically supplied by a continous current provided by a PV solar panel ET-Solar
M53640 connected to a maximum power point tracker MPPT. The current | produced from the PV generator
can be given by the Eq.6 (Villalva et al., 2009).

= Ipv — Iy — I (6)
Where I,,,, is the light-generated current of the PV cell I, and Iy, are the current of the diode and current

crossing shunt resistance, respectively (Rahim et al. 2015; Villalva, Gazoli, and Filho 2009). These parameters
can be expressed through Egs. 7, 8 and 9 (Rahim et al. 2015; Villalva et al., 2009):

(Iyyo + K, AT)G (7
TG0
RJ+V 8
I; =1, (exp( SVta ) - 1) ®)
V4R ©)
sh — R

D

lo and AT are the diode saturation current and the variation in temperature at real and standard conditions that
are given according Egs. 10 and 11 (Villalva et al., 2009):
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L Isen + K,AT (10)
o~ Voen + Ky AT
ocn \4 _
exp (2 g — 1
AT =T,—T, (11)

Where V.., K; and K, are the nominal open circuit voltage, current and voltage coefficient %/°C respectively.
Iscn s the nominal short circuit current and V,,presents the thermal voltage at standard temperature and is
given by Mohamed et al. (2016) in function of Boltzmann constant K, the charge of the electron g and the
temperature at standard conditions T,,, as indicated in Eq.12.

KgT, 12)

Carbon based cathode

Iron waste

Figure 1. Galvanic cell for the spontaneous production of ferrous iron

Table 1. Specifications of the PV supplied electro-Galvano-Fenton process

Parameter Specification
Galvanic cell Electrodes form rectangular smooth plates
Anode surface 12 cm?
Cathode surface 12 cm?
Anode material Iron waste
Cathode material Copper
Electrodes disposition In parallel
Electrolyte Electrolyte nature Acidified water (H,SO,)
Electrolyte volume 300 mL
pH 3
Electrical connection External wire
lonic displacement Aided by a magnetic stirring
Electrochemical cell Initial concentration of hydrogen peroxide 0
Cathode material Carbon-based
Anode material Nickel
Eelctrodes disposition Parallel

In the Galvanic cell, the spontaneous corrosion of iron occurs under the effect of the higher redow potential of
the couple (Cu?*/Cu) constituting the cathode. The process is simulated considering a corrosion current of 300
pA, determined experimentally using A zero ammeter placed between both electrodes of the galvanic cell
described in Table.1. The polarization curves have been also plotted using a galvanostat-potentiostat connected
to the same cell, the corrosion current has been confirmed by this method as well, through the intersection of
both Tafel’s lines.
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The current value is equivalent to a current density of 25 pA/cm? reported to the active surface of the anode of
12 cm?. The Galvano-Fenton system is modeled by combining electrochemical reactions taking place at the
anode and the cathode with chemical reactions related to the Fenton mechanism occurring in the bulk liquid

volume. Table. 2 describes the whole evolution of the reactions occring at the electrodes and in the electrolyte.

Table 2. Electrochemical and chemical scheme of the possible reactions occurring at the electrodes and in the
electrolyte by the integrated electrochemical and galvanic cells; k; is the absolute reaction constant of the i*"
reaction. Adapted from electrolyte by the Sono-Galvano Fenton-based processes. k; is the absolute reaction

constant of the i" reaction. Adapted from Bray (1931) and Koprivanac & Lon"(2006) and De Laat & Le 2006

and Machulek et al. (2009).

i i" Reaction k; Unit of k;
Anode GC 1 Fe — Fe?t + 2e~ - -
Cathode GC 2 2H*+2e” > H, - -
Anode EC 3 0, + 2 H* + 2¢~ - H,0, - -
4 Fe?* + H,0, > Fe3* + OH™ + HO" 6.3x 1072 mol t.m3.s71
5 Fe3* + H,0, > Fe(H0,)** + H* 3.1x10* mol™t.m3.s7?
6 Fe(HO,)** + H* - Fe3* + H,0, 1.0 X 107  mol™t.m3.s71
7 Fe(HO,)** - Fe?* + HO," 2.3 x 1073 s
8 H,0, + HO* > HO," + H,0 33%x10* mol~l.m3.s!
9 HO," > 0, + H* 1.58 x 10° s
10 0,""+H* - HO,' 1.0 X 107  mol™t.m3.s71
11 Fe?* + HO® - Fe3* + 0H™ 3.2x10° mol t.m3.s1
12 HO," + Fe?* + H,0 - Fe3* + H,0, + OH~ 1.2x 103 mol™t.m3.s71
13 HO," + Fe3t -» Fe?* + HY + 0, 3.6 X102 mol ™ t.m3.s7?!
14 0,"” + Fe?* + 2H,0 - Fe3* + H,0, + 2 0H~ 1.0 X 10* mol™t.m3.s71
15 0,"” + Fe3t - Fe?* + 0, 50x 10* mol™t.m3.s7?!
16 HO® + HO® - H,0, 52 % 10° mol t.m3.s7?!
17 HO," + HO," - H,0, + 0, 83x10% mol t.m3.s7?!
18 0,"" +H* - HO,' 1.0 X 107 mol™t.m3.s71
19 HO® + HO," - 0, + H,0 7.1x10° mol™t.m3.s7?!
20 HO* +0," - 0, + OH~ 1.01x 107 mol~t.m3.s™1
Electrolyte 21 HO," + 0,"~ + H,0 - H,0, + 0, + OH~ 9.7 x10* mol t.m3.s71
22 HO," + H,0, > 0, + HO* + H,0 50%10™* mol~t.m3.s™1
23 0, + Hy0, - 0, + HO" + OH™ 13x10™* mol~t.m3.s™1
24 Fe?* +50,%~ - FeS0, 229 x 108 mol t.m3.s7!
25 $0,2~ + HO* - S0,"” + OH~ 1.4 x10* mol~t.m3.s7t
26 HSO,” + HO* > S0,"™ + H,0 35% 102 mol~t.m3. s
27 S0, + H,0 - H* + 50,”” + HO" 3.0 x 10° st
28 50, +0OH™ - 5042_ + HO® 1.4 x10* mol t.m3.s7?1
29 $0,"” + H,0, - SO,*” + H* + HO," 1.2 x10*  mol . m3.s71
30 50, + HO," - S0,*” + H* + 0, 3.5x10° mol '.m3.s7t
31 50,"” + Fe?* - Fe®* + 50, 3.0x 10° mol™t.m3.s7!
32 FeS0, - Fe?* + 50,*~ 1.0 x 100 st
33 Fe3* + H,0 - FeOH?** + H* 2.9 x 107 st
34 FeOH?* + H* - Fe3* + H,0 1.0 X 107 mol™t.m3.s71
35 FeOH?** + H,0, —» Fe(OH)HO," + H* 20%x10° mol~t.m3.s7t
36 Fe(OH)HO,* + H* = FeOH** + H,0, 1.0 x 107  mol~t.m3.s7!
37 Fe(OH)HO," — Fe** + HO," + OH" 2.3 x 1073 st

Iron constitutes the sacrificial electrode in the galvanic cell, Fe oxidizes to Fe?* (E° = —0.44 V vs. SHE)
according to Equation 1, in Table.2. While at the cathode, the most probable reaction concerns the reduction of
H* to form H, (E° = 0 V vs. SHE) according to Eq.2 in Table.2, owing to the acidity of the medium. This has
been proven in a previous work conducted by our research group (Gasmi et al., 2020). The kinetics related to all
of the electrochemical reactions are governed by Faraday’s law (Ahmad, 2006), given in Eq.13, and describe the
evolution of the C, concentration of the species involved in the electrochemical reactions in a function of time.

dc i
k =+ corr

13
dt nFv (13
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n represents the valence number; it equals 2 for reaction 1 and 1 for reaction 2. F is Faraday’s number, which
equals 96,490 C/mol. i.,,, represents the corrosion current, while V constitutes the volume of the electrolyte.

The chemical kinetic equations describing the evolution of the chemical mechanism occurring in the electrolyte
are set based on the kinetics constant reported in previous table. Each reaction can be schematized according to
Eq.14

K

K
Z VX = z V" ki X (14)

k=1 k=1

v',; is the stoichiometric coefficient related to the kth species X, within the ith chemical reaction. The kinetics
rate related to the i" reaction is expressed as reported in Eq.15.

K
= k| [ic1o (151)

k=1

k; is the kinetic constant related to the i" reaction occurring in the electrolyte as reported in Table 2 and is
determined at the operating temperature of 25 °C in the present study. The kinetics of apparition and the
disappearance of a species Xj, in the electrolyte is governed by Eq.16 for species involved in the electrochemical
reactions:

dX 1 corr 3
ol 1L +Z(v L ]_[[x " (16)

While EQ.17 is applicable to species that are only implicated in the electrolytic reactions (Davis and Davis
2003).

d N
o Z(V”kl—vm)k ]_[[X ” (1

The system of non-linear differential equations is resolved using the fourth-order Runge—Kutta algorithm with
the function Ode 23s on Matlab with a fixed step of 1 s. The simulation is performed over 1500 s.
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Figure 2. Simulated polarization curves of the ET-Solar M53640 panel
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Results and Discussion
Performance of the PV Supply

The polarization curves of the studied solar panel have been simulated under three assumptions if incident
global solar radiation, namely 300, 600 and 900 W/m?. The highest values of deliverable power have been
identified on the curves of the power vs. potential shown in Fig.2, they vary from 4.11 to 15.49 W when the
solar radiation is increased from 300 to 900 W/m?. The corresponding values of delivered current are then
deduced from the curves of current vs. potential reported in the same figure, these values represent the feeding
current of the electrochemical cell delivered by the MPPT regulator. The feeding current equals 0.35 A under
300 W/m?, 0.88 A under 600 W/m? and finally 1.41 A under 900 W/m?2. These values are used in the model
simulating the performance of the integrated process under the three studied situations.

Kinetics of Hydrogen Peroxide

The electrochemical in situ production of hydrogen peroxide is simulated according to the previous results and
kinetics of hydrogen peroxide is reported in Fig.3 under the three scenarios of incident global solar radiation. As
expected, the figure shows that the highest solar radiation leads to the highest production of hydrogen peroxide.
A fraction of the produced hydrogen peroxide decomposes in the presence of ferrous ion, also produced in situ
through the galvanic corrosion occurring in the integrated galvanic cell, Fig.3 depicts the evolution of the
concentration of hydrogen peroxide as the result of the simultaneous in situ production and consumption in the
Fenton reaction. After 1500 s, we can observe that the concentration of hydrogen peroxide attains 36.08 mol/m*
under the highest solar radiation, i.e., 900 W/m?. It equals 22.15 mol/m? under 600 W/m? and 8.69 mol/m? under
300 W/m? The availability of hydrogen peroxide in the solution reveals that the electrochemical technique
produces in excess the Fenton’s reagent, which is not actually in stoichiometric yields with the produced Fenton
catalyst, suggesting to create parallel galvanic cells in order to augment the molar yield of ferrous ions and
consume rapidly the produced hydrogen peroxide. This will be verified later in the section related to ferrous and
ferric ions.

40

w
(V]

900 W/m?

——600 W/m?

w
o

—--300 W/m?

N
wn

[
[0,

Concentration of H,0, (mol/m3)
[ N
() S

0 300 600 Time(s) 900 1200 1500
Figure 3. Evolutions of H,0, concentration as a function of time under the different solar radiations

Kinetics of Ferrous and Ferric lons

The simulated concentrations of ferrous and ferric ions are reported as function of time in Fig.4, according to the
mechanism described in Table.2. interestingly, the highest solar radiation leads to the lowest concentrations of
ferrous ions, revealing an important reactivity when hydrogen peroxide is available in higher molar yields. This
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is verified with both other scenarios. However, the concentration of ferric ions does not follow the same trend,
the values are almost the same with the three scenarios. This observation is probably explained by the slow
regeneration of ferrous ions from ferric ions.
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Figure 4. Evolution of the concentrations of ferric and ferrous ions as function of time under the different solar
radiations.
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Figure 5. Evolution of the concentration of hydroxyl radical as a function of time under the different solar
radiations

Production of Hydroxyl Radical

Fig. 5 reports the evolution of the concentration of hydroxyl radicals available in the electrolyte under the three
scenarios of solar radiation. It is shown that the highest yield is observed under the lowest solar radiation, which
confirms the unbalanced availability of hydrogen peroxide and ferrous ions leading to a rapid consumption of
the catalyst and hence a braking in the instantaneous production of HO®. The lifetime of hydroxyl radicals
being short, its rapid recombination leads to the emergence of hydrogen peroxide again in the medium, explain
the higher concentrations observed under lower solar radiation, where the excess of hydrogen peroxide is
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relatively reduced. This result confirms the need for parallel galvanic cells offering higher molar yields of
ferrous ions, playing the role of catalyst in the decomposition if hydrogen peroxide, and making more efficient
the proposed design of advanced oxidation process.

Conclusion

The PV supply of the electrochemical cell has been studied using modelling and simulation and the
polariationcurves revealed that under 300, 600 and 900 W/m? of incident global solar radiation, the selected
panel delivers 0.35, 0.88 and 1.41 A, respectively, according to the MPPT regulation. These current feeed the
designed electrochemical cell, to intiaite the reducton of oxygen to hydrogen peroxide on a carbon based
cathode, based on the assumption of a continous pumping of oxygen making the electrolyte permamently
saturated. The simulations of the concentrations of hydrogen peroxide over time reveal that the electrochemical
cell performs by far higher that the designed galvanic cell, suggesting to put several galvanic cells in parallel in
order to reach stechiometric yields of Fenton’s reagent and catalyst.

The trends retrieved with ferrous and ferric ions were interestingly unexpected. the highest solar radiation leads
to the lowest concentrations of ferrous ions, revealing an important reactivity when hydrogen peroxide is
available in higher molar yields. However, the concentration of ferric ions does not follow the same trend, the
values are almost the same with the three scenarios, which is probably explained by the slow regeneration of
ferrous ions from ferric ions. Similar trends were retrieved with hydroxyl radicals, which confirms the need for
parallel galvanic cells offering higher molar yields of ferrous ions, playing the role of catalyst in the
decomposition if hydrogen peroxide, and making more efficient the proposed design of advanced oxidation
process.
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