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Abstract: In the present study, the Sono-Galvano-Fenton process is studied numerically as a tertiary treatment 

process for treated wastewater reuse in irrigation, with in situ generation of the Fenton’s reagent and catalyst, 

i.e., H2O2 and Fe
2+

. The sonochemical pathway is examined as a source of hydrogen peroxide under the pre-

optimized condition of acoustic frequency, 200 kHz. The macroscopic model accounting for the performance of 

the single acoustic cavitation bubble and the bubble population density is combined with the Fe/Cu galvanic cell 

operating in acidic conditions (pH 3), following a cumulative and instantaneous production approach in terms of 

Fenton’s reagent. The combination is optimized based on the rate of hydroxyl radicals generated by the 

Galvano-Fenton process, as a non-selective powerful oxidant against recalcitrant pollutants, then considering the 

synergetic effect of the hybrid process in terms of HO
●
 pumped sonochemically and via the Fenton based 

pathway, treated using simulations of the isolated processes then their combined configuration following both 

aforementioned approaches.  

 

Keywords: Numerical model, Synergy, Hydroxyl radical, Ultrasounds, Galvano Fenton, Simulation. 

 

 

Introduction 
 

Ultrasounds as a  carrier of mechanical power is used in chemistry in the so-called sonochemical processes 

(Mason, 1999). Sonochemistry is defined as the chemistry induced by ultrasounds indirectly, through the 

microscopic process of acoustic cavitation bubble (Leighton, 1994). Acoustic cavitation bubble is formed by 

heterogeneous nucleation as small pockets of gas are present in the sonicated liquid, it then oscillates under the 

pace of the ultrasonic wave, it accumulates energy so that a chemical mechanism is activated starting with the 

decomposition of water molecules. Under oxygen atmosphere, the hydrogen, hydroxyl and oxygen radicals that 

appear in the liquid medium interact to form new molecules, including hydrogen peroxide (Dalodiere et al., 

2016; Ziembowicz et al., 2017). Hydrogen peroxide is a powerful oxidant used as a precursor fro hydroxyl 

radicals ( He et al., 1988) in advanced oxidation processes (Palit, 2012). It is also the well-known reagent of the 

Fenton reaction (Barbusinski, 2009). The combination of ultrasounds with Fenton based processes may be an 

efficient option for the in-situ production of hydrogen peroxide, especially if the integration considers a method 

for the in-situ production of the Fenton’s catalyst, namely ferrous ions. In the present paper, direct continuous 

sonication is integrated to the Galvano-Fenton process studied in our previous papers (Kerboua, 2022; Kerboua 

et al., 2021) in order to investigate numerically the possibility of producing autonomously hydrogen peroxide. 

The proposed model considers the microscopic and macroscopic effect of sonication in terms of the 

sonochemical production of H2O2, and the simultaneous performance of the Sono-Galvano-Fenton process. A 

preliminary study for the optimization of acoustic frequency condition is carried out using modeling and 

simulation. 

 

 

Method 
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Configuration of the Modelled Process 

 

The integrated process accounts for direct continuous sonication using a transducer placed at the bottom of the 

reactor, and delivering an acoustic amplitude of1.5 atm. The studied frequencies are supposed to vary from 20 to 

800 kHz, including 200, 300, 360, 443, 500 and 600 kHz. The adopted acoustic frequency is selected based on 

the optimal reactor scale production of hydrogen peroxide.  

 

The Galvano-Fenton process is designed by immersing a galvanic cell of iron anode (sacrificial anode) and 

copper cathode within an acidified electrolyte, at the pH condition allowing the formation of ferrous ions 

according to the Pourbaix diagram, i.e., pH 3. Hydrogen peroxide is produced sonochemically while the 

spontaneous corrosion of iron occurs, inducing the Fenton reaction. The process is simulated considering a 

corrosion current of 300 µA, determined experimentally during the preliminary test described in our previous 

works (Kerboua, 2022). 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. The Fenton based mechanism has been validated experimentally in our previous studies 

using blank tests (Gasmi et al. 2020; Gasmi et al., 2020). The specifications of the parameters corresponding to 

the aformentionned described configuration are all reported in Table. 1. A schema of the integrated process is 

presented in Fig.1. 

 

Table 1. Specifications of the Sono-Galvano-Fenton cell 

Parameter S1pecification 

Type of sonication Direct 

Mode of sonication Continuous 

Acoustic frequency to be tested 20, 200, 360, 443, 600, 800 kHz 

Acoustic amplitude 1.5 atm 

Electrodes form rectangular smooth plates 

Immersed electrodes surface 12 cm
2
 

Electrolyte volume 100 mL 

Electrodes disposition In parallel 

Electrolyte nature Acidified water (H2SO4) 

pH 3 

Electrical connection External wire 

Ionic displacement Aided by a magnetic stirring 

Initial concentration of hydrogen peroxide 0 mM 

 

 

Numerical Modelling 

 

The Microscopic Effect Of Sonication 

 

The single bubble dynamics is governed by the modified Keller-Miksis equation accounting for the non-

equilibrium of evaporation and condensation of water molecules at the gas-liquid interface (Kerboua & 

Hamdaoui, 2019; Yasui, 1997), as expressed in Eq. 1. The present numerical model is based on combining both 

sonochemical activity of single acoustic cavitation bubble and kinetic evolution of number density of bubbles 

within a control volume of a sonochemical reactor filed of water saturated with oxygen. 
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Figure 1. Schema of the integrated Sono-Galvano-Fenton process 
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The active bubble population is supposed to be composed of bubbles having similar equilibrium radius 𝑅0. The 

value of 𝑅0 is frequency dependent, ambient radii were selected in respect to the theoretical intervals defined by 

Yasui (2002) and reported by Brotchie et al. (2009). These values are limited by Blake (Atchley, 1989) and 

Minnaert et al. (1933) thresholds under the frequencies i.e. 20, 200, 300, 360, 443, 500, 600 and 800 kHz. The 

assumed acoustic amplitude is equivalent to an acoustic intensity 0.77 W/cm
2
 according to Eq. 2 (Authier et al., 

2018), and a power density is also expressed according to Eq. 3. 

 

Pa = √2ρL𝑐𝐼 

 
(2) 

𝑃 =
𝑃𝑎

2𝐴

2ρL𝑐𝑉𝑅

 (3) 

 

Each single bubble constitutes a microreactor of spherical form and varying volume, the volume variation is 

then expressed by Eq. 4. 

 
𝑑𝑉

𝑑𝑡
= 4𝜋𝑅2

𝑑𝑅

𝑑𝑡
 

(4) 

 

While the volume of each microreactor varies in function of time, temperature and pressure within it evolves 

according to Eq. 5 and 6, respectively 
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(𝑃𝑔 +
𝑛2𝑎

𝑉2
) (𝑉 − 𝑛𝑏) = 𝑛𝑅𝑔𝑇 

(6) 

 

Eq. 5 represents the heat balance applied to the single bubble volume. This heat balance considers the single 

acoustic cavitation bubble as opened to heat exchange through thermal diffusion across the thin heat transfer 

layer at the bubble interface, and evaporation and condensation processes carrying water molecules enthalpy 

toward and outward the bubble volume as illustrated in Fig. 1. Each microreactor is also considered open to 

mass transfer through physical phenomenon of simultaneous evaporation and condensation of water molecules 

at bubble interface as shown in Fig. 1, whose kinetics is governed by Hertz-Knudsen equation shown in Eq. 7 

(Yasui, 1996). 

 

�̇� = 𝑀𝐻2𝑂

𝑑𝑛𝐻2𝑂

𝑑𝑡
=  

√𝑀𝐻2𝑂

√2𝜋𝑅𝑔

𝛼 
1

√𝑇
 (𝑃𝑣 − 𝑃𝑖) 

(7) 

 

The oscillation of active acoustic cavitation bubbles is particularly characterized by spectacular elevations of 

pressures and temperatures attaining 1000 bar and 6000 K, respectively, under 1.5 atm of acoustic amplitude 

(Kerboua & Hamdaoui, 2017, 2018) and occurring when the bubble contracts to its minimal size and collapses. 

The harsh conditions then attained activate a considerable number of elementary reactions initiated by the 

thermal decomposition of H2O into hydroxyl and hydrogen radicals, and the reaction of H2O and O2 as shown 

below. 

 

H2O  H
●
 + 

●
OH 

 

O2 + H2O  
●
OH + HO2

●
 

 

In the present model, 45 elementary reactions are expected to occur according to the schema reported in Table 2 

and initially suggested by Yasui (1997) and inspired from Baulch et al. (1972, 1974, 1976) and Kamath et al. 

(1993). The molar rate related to i
th

 reaction is expressed in Eq. 8. Hence, the molar rate due to chemical 

reactions and related to the k
th

 species among the nine involved in the model is represented by Eq. 9. 
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𝑟𝑖 = 𝐴𝑖𝑒
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(9) 

 

According to Eqs. 7, 8 and 9, the molar yields of the HO
●
 and H2O2 involved in the chemical schema can be 

expressed in terms of molar concentration as shown in Eqs. 10 and 11.  
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9
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(11) 

At the macroscopic scale, the sonochemical activity of bubble population is observed within a cylindrical 

control volume. The energy balance applied to the control volume leads to Eq. 12, already demonstrated in a 

previous work of our research group (Kerboua & Hamdaoui, 2019). 
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In this equation, 𝑁 represents the number density of bubbles at instant t. Hence, the molar rates related to the 

sonochemical products (𝐻𝑂•, 𝐻𝑂2
•, 𝐻•, 𝐻2𝑂2, 𝑂, 𝑂3, 𝐻2), emerging from the reactions reported in Table 2, are 

expressed at reactor scale according to Eq. 13. 

 

𝑑𝐶𝑘
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= 𝑁

4

3
𝜋𝑅3 ∑(𝜗′𝑘𝑖 − 𝜗𝑘𝑖)
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𝐴𝑖𝑒
(

−𝐸𝑖
𝑅𝑔𝑇
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𝐾

𝑘=1
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(13) 

𝐶𝑘 represents the molar concentration of the k
th

 species (among 𝐻𝑂•, 𝐻𝑂2
•, 𝐻•, 𝐻2𝑂2, 𝑂, 𝑂3, 𝐻2) within the 

control volume, while 𝜗𝑘𝑖 , 𝜗′𝑘𝑖 ,  
𝐸𝑖

𝑅𝑔
⁄  and 𝐴𝑖 are the parameters relative to the chemical kinetics, explained and 

explicated in Table 2. 

 

In order to model the integrated Sono-Galvano-Fenton process, the macroscopic sonochemical production of 

hydrogen peroxide retrived previously will be expressed based on zero order kinetics model, considering a 

constant production rate as shown in Eq. 14. 

 
𝑑𝐶𝐻2𝑂2

𝑑𝑡
= 𝑘0 (14) 

 

Iron constitutes the sacrificial electrode, 𝐹𝑒 oxidizes to 𝐹𝑒2+ (E
0
 = −0.44 V vs. SHE) according to Equation 1, 

in Table.3. At the cathode, the most probable reaction concerns the reduction of 𝐻+ to form 𝐻2 (E0
 = 0 V vs. 

SHE) according to Eq.2 in Table.3, owing to the acidity of the medium. This has been proven in a previous 

work conducted by our research group (Intissar Gasmi, Kerboua, Haddour, Hamdaoui, et al. 2020). The kinetics 

related to all of the electrochemical reactions are governed by Faraday’s law (Ahmad, 2006), given in Eq. 15, 

and describe the evolution of the 𝐶𝑘 concentration of the species involved in the electrochemical reactions in a 

function of time. 
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𝑑𝐶𝑘

𝑑𝑡
= ±

𝑖𝑐𝑜𝑟𝑟

𝑛𝐹𝑉
 (15) 

 

 

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. 𝑖𝑐𝑜𝑟𝑟  represents the corrosion current, while 𝑉 constitutes the volume of the electrolyte. 

 

Table 2. Adopted scheme of the possible reactions occurring inside an O2/H2O collapsing bubble (Yasui, 1997). 

M is the third body. A is expressed in (m
3
/mols) for two body reaction (m

6
/mol

2
.s) for a three-body reaction. 

i Reaction i Ai bi Ei/Rg (K) ΔHi (kJ/mol) 

1 H + O2 ⇒ O + 
●
OH 1.92 × 10

8
 0 8270 69,17 

2 O + H2 ⇒ H
●
 + 

●
OH 5.08 × 10

-2
 2.67 3166 8,23 

3 ●
OH + H2 ⇒ H

●
 + H2O 2.18 × 10

2
 1.51 1726 −64,35 

4 ●
OH + 

●
OH ⇒ H2O + O 2.1 × 10

2
 1.4 200 −72,59 

5 H2 + M ⇒ H
●
 + H

●
 + M; Coef. H2: 2.5, H2O: 16.0 4.58 × 10

13
 −1.4 52500 444,47 

6 O + O + M ⇒ O2 + M; Coef. H2: 2.5, H2O: 16.0 6.17 × 10
3
 −0.5 0 −505,4 

7 O + H
●
 + M ⇒ 

●
OH + M; Coef. H2O: 5.0 4.72 × 10

5
 −1.0 0 −436,23 

8 H
●
 + 

●
OH + M ⇒ H2O + M; Coef. H2: 2.5, H2O: 16.0 2.25 × 10

10
 −2.0 0 −508,82 

9 H
●
 + O2 + M ⇒ HO2

●
 + M; Coef. H2: 2.5, H2O: 16.0 2.00 × 10

3
 0 −500 −204,8 

10 H
●
 + HO2

●
 ⇒ O2 + H2 6.63 × 10

7
 0 1070 −239,67 

11 H
●
 + HO2

●
 ⇒ 

●
OH + 

●
OH 1.69 × 10

8
 0 440 −162,26 

12 O + HO2
●
 ⇒ O2 + 

●
OH 1.81 × 10

7
 0 −200 −231,85 

13 ●
OH + HO2

●
 ⇒ O2 + H2O 1.45 × 10

10
 −1.0 0 −304,44 

14 HO2
●
 + HO2

●
 ⇒ O2 + H2O2 3.0 × 10

6
 0 700 −175,35 

15 
H2O2 + M ⇒ 

●
OH + 

●
OH + M; Coef. H2: 2.5, H2O: 

16.0 
1.2 × 10

11
 0 22900 217,89 

16 H2O2 + H
●
 ⇒ H2O + 

●
OH 3.2 × 10

8
 0 4510 −290,93 

17 H2O2 + H
●
 ⇒ H2 + HO2

●
 4.82 × 10

7
 0 4000 −64,32 

18 H2O2 + O ⇒ 
●
OH + HO2

●
 9.55 2 2000 −56,08 

19 H2O2 + 
●
OH ⇒ H2O + HO2

●
 1.00 × 10

7
 0 900 −128,67 

20 
O3 + M ⇒ O2 + O + M; Coef. O2: 1.64; Coef. O2: 

1.63, H2O: 15 
2.48 × 10

8
 0 11430 109,27 

21 O3 + O ⇒ O2 + O2 5.2 × 10
6
 0 2090 −396,14 

22 O3 + 
●
OH ⇒ O2 + HO2

●
 7.8 × 10

5
 0 960 −164,92 

23 O3 + HO2
●
 ⇒ O2 + O2 + 

●
OH 1 × 10

5
 0 1410 −121,92 

24 O3 + H
●
 ⇒ HO2

●
 + O 9 × 10

6
 0.5 2010 −135,65 

25 O3 + H
●
 ⇒ O2 + 

●
OH 1.6 × 10

7
 0 0 −96,2 

26 O + 
●
OH ⇒ H + O2  7.18 × 10

5
 0.36 −342 -69,17 

27 H
●
 + 

●
OH ⇒ O + H2  2.64 × 10

-2
 2.65 2245 -8,23 

28 H
●
 + H2O ⇒ 

 ●
OH + H2  1.02 × 10

3
 1.51 9370 64,35 

29 H2O + O
 ⇒●

OH + 
●
OH  2.21 × 10

3
 1.4 8368 72,59 

30 H
●
 + H

●
 + M ⇒  H2 + M; Coef. H2: 2.5, H2O: 16.0 2.45 × 10

8
 −1.78 480 -444,47 

31 O2 + M ⇒ O + O + M; Coef. H2: 2.5, H2O: 16.0 1.58 × 10
11

 −0.5 59472 505,4 

32 ●
OH + M  ⇒ O + H

●
 + M; Coef. H2O: 5.0 4.66 × 10

11
 −0.65 51200 436,23 

33 H2O + M ⇒ H
●
 + 

●
OH + M; Coef. H2: 2.5, H2O: 16.0 1.96 × 10

16
 −1.62 59700 508,82 

34 HO2
●
 + M ⇒ H

●
 + O2 + M; Coef. H2: 2.5, H2O: 16.0 2.46 × 10

9
 0 24300 204,8 

35 O2 + H2 ⇒ H
●
 + HO2

●
  2.19 × 10

7
 0.28 28390 239,67 

36 ●
OH + 

●
OH ⇒  H

●
 + HO2

●
  1.08 × 10

5
 0.61 18230 162,26 

37 O2 + 
●
OH  ⇒ O + HO2

●
  3.1 × 10

6
 0.26 26083 231,85 

38 O2 + H2O ⇒ ●
OH + HO2

●
  2.18 × 10

10
 −0.72 34813 304,44 

39 O2 + H2O2 ⇒ HO2
●
 + HO2

●
  4.53 × 10

8
 −0.39 19700 175,35 

40 
●
OH + 

●
OH + M ⇒ H2O2 + M; Coef. H2: 2.5, H2O: 

16.0 
9.0 × 10

−1
 0.90 −3050 -217,89 

41 H2O + 
●
OH ⇒ H2O2 + H

●
  1.14 × 10

3
 1.36 38180 290,93 

42 H2 + HO2
●
 ⇒ H2O2 + H

●
  1.41 × 10

5
 0.66 12320 64,32 

43 ●
OH + HO2

●
 ⇒ H2O2 + O  4.62 × 10

−3
 2.75 9277 56,08 

44 H2O + HO2
●
 ⇒ H2O2 + 

●
OH  2.8 × 10

7
 0 16500 128,67 

45 
O2 + O + M ⇒ O3 + M; Coef. O2: 1.64; Coef. O2: 

1.63, H2O: 15 
4.1 0 −1057 -109,27 
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Table 3. Electrochemical and chemical scheme of the possible reactions occurring at the electrodes and in the 

electrolyte by the Sono-Galvano Fenton-based processes. ki is the absolute reaction constant of the i
th 

reaction. 

Adapted from Bray (1931) and Koprivanac & Lonˇ(2006) and De Laat & Le 2006 and Machulek  et al. (2009). 

 i i
th

 Reaction ki Unit of ki 

Anode 1 Fe → Fe2+ + 2e− - - 

Cathode 2 2 H+ + 2e− → H2 - - 

Electrolyte 

3 Fe2+ + H2O2 → Fe3+ + OH− + HO• 6.3 × 10−2 mol−1. m3. s−1 

4 Fe3+ + H2O2 → Fe(HO2)2+ + H+ 3.1 × 104 mol−1. m3. s−1 

5 Fe(HO2)2+ + H+ → Fe3+ + H2O2 1.0 × 107 mol−1. m3. s−1 

6 Fe(HO2)2+ → Fe2+ + HO2
• 2.3 × 10−3 s−1 

7 H2O2 + HO• → HO2
• + H2O 3.3 × 104 mol−1. m3. s−1 

8 HO2
• → O2

•− + H+ 1.58 × 105 s−1 

9 O2
•− + H+ → HO2

• 1.0 × 107 mol−1. m3. s−1 

10 Fe2+ + HO• → Fe3+ + OH− 3.2 × 105 mol−1. m3. s−1 

11 HO2
• + Fe2+ + H2O → Fe3+ + H2O2 + OH− 1.2 × 103 mol−1. m3. s−1 

12 HO2
• + Fe3+ → Fe2+ + H+ + O2 3.6 × 102 mol−1. m3. s−1 

13 O2
•− + Fe2+ + 2H2O → Fe3+ + H2O2 + 2 OH− 1.0 × 104 mol−1. m3. s−1 

14 O2
•− + Fe3+ → Fe2+ + O2 5.0 × 104 mol−1. m3. s−1 

15 HO• + HO• → H2O2 5.2 × 106 mol−1. m3. s−1 

16 HO2
• + HO2

• → H2O2 + O2 8.3 × 102 mol−1. m3. s−1 

17 O2
•− + H+ → HO2

• 1.0 × 107 mol−1. m3. s−1 

18 HO• + HO2
• → O2 + H2O 7.1 × 106 mol−1. m3. s−1 

19 HO• + O2
•− → O2 + OH− 1.01 × 107 mol−1. m3. s−1 

20 HO2
• + O2

•− + H2O → H2O2 + O2 + OH− 9.7 × 104 mol−1. m3. s−1 

21 HO2
• + H2O2 → O2 + HO• + H2O 5.0 × 10−4 mol−1. m3. s−1 

22 O2
•− + H2O2 → O2 + HO• + OH− 1.3 × 10−4 mol−1. m3. s−1 

23 Fe2+ + SO4
2− → FeSO4 2.29 × 108 mol−1. m3. s−1 

24 SO4
2− + HO• → SO4

•− + OH− 1.4 × 104 mol−1. m3. s−1 

25 HSO4
− + HO• → SO4

•− + H2O 3.5 × 102 mol−1. m3. s−1 

26 SO4
•− + H2O → H+ + SO4

2−
+ HO• 3.0 × 105 s−1 

27 SO4
•− + OH− → SO4

2− + HO• 1.4 × 104 mol−1. m3. s−1 

28 SO4
•− + H2O2 → SO4

2− + H+ + HO2
• 1.2 × 104 mol−1. m3. s−1 

29 SO4
•− + HO2

• → SO4
2− + H+ + O2 3.5 × 106 mol−1. m3. s−1 

30 SO4
•− + Fe2+ → Fe3+ + SO4

2− 3.0 × 105 mol−1. m3. s−1 

31 FeSO4 → Fe2+ + SO4
2− 1.0 × 1010 s−1 

32 Fe3+ + H2O → FeOH2+ + H+ 2.9 × 107 s−1 

33 FeOH2+ + H+ → Fe3+ + H2O 1.0 × 107 mol−1. m3. s−1 

34 FeOH2+ + H2O2 → Fe(OH)HO2
+ + H+ 2.0 × 103 mol−1. m3. s−1 

35 Fe(OH)HO2
+ + H+ → FeOH2+ + H2O2 1.0 × 107 mol−1. m3. s−1 

36 Fe(OH)HO2
+ → Fe2+ + HO2

• + OH− 2.3 × 10−3 s−1 

 

Each reaction from the previous Table can be schematized according to Eq.16. 

 

∑ 𝑣′𝑘𝑖𝑋𝑘 → 

𝐾

𝑘=1

∑ 𝑣′′𝑘𝑖𝑋𝑘

𝐾

𝑘=1

 (16) 

 

𝑣′𝑘𝑖  is the stoichiometric coefficient related to the kth species 𝑋𝑘 within the ith chemical reaction. The kinetics 

rate related to the i
th

 reaction is expressed as reported in Eq.17. 

 

𝑟𝑖 = 𝑘𝑖 ∏[C𝑘]𝜗′𝑘𝑖

K

k=1

 (171) 

 

𝑘𝑖 is the kinetic constant related to the i
th 

reaction occurring in the electrolyte among the 36 reactions reported in 

Table 3 and is determined at the operating temperature of 25 °C in the present study. 
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The kinetics of apparition and the disappearance of a species 𝑋𝑘 in the electrolyte is governed by Eq.18 for 

species involved in the electrochemical reactions:  

 

𝑑[𝑋𝑘]

𝑑𝑡
= ±

1

𝑛𝑉

𝑖𝑐𝑜𝑟𝑟

𝐹
+ ∑(𝑣′′𝑘𝑖 − 𝑣′

𝑘𝑖) 𝑘𝑖 ∏[X𝑗]
𝜗′

𝑗𝑖

K

j=1

𝑁

𝑖=1

 (18) 

 

Eq.19 is applicable to species that are only implicated in the electrolytic reactions (Davis & Davis, 2003). 

 

𝑑[𝑋𝑘]

𝑑𝑡
= ∑(𝑣′′𝑘𝑖 − 𝑣′

𝑘𝑖) 𝑘𝑖 ∏[X𝑗]
𝜗′

𝑗𝑖

K

j=1

𝑁

𝑖=1

 (19) 

 

Eq.18 is particularly expressed for hydrogen peroxide as follows, considering the kinetics of production through 

sonochemistry: 

 

𝑑[𝐻2𝑂2]

𝑑𝑡
= 𝑘0 + ∑(𝑣′′𝑘𝑖 − 𝑣′

𝑘𝑖) 𝑘𝑖 ∏[X𝑗]
𝜗′

𝑗𝑖

K

j=1

𝑁

𝑖=1

 (20) 

 

The system of non-linear differential equations related to sonochemistry, on one hand, and Sono-Galvano-

Fenton, on the other hand, is resolved using the fourth-order Runge–Kutta algorithm on Matlab with a fixed step 

of 1 s. The simulation is performed over 1200 s. 

 

 

Results and Discussion 
 

Hydrogen Peroxide Production at Single Bubble Scale 

 

The performed simulations of the sonochemical process under oxygen atmosphere considering the configuration 

described earlier result in the molar yields of hydrogen peroxide produced at the single bubble scale as shown in 

Fig.2. The figure demonstrates that the lower the frequency, the higher the yield of sonochemical hydrogen 

peroxide. This is in good agreement with the fact that harsher conditions of temperature and pressure are 

retrieved when lower acoustic frequencies are used in sonication within the ultrasonic range. Higher temperature 

and pressure are probably responsible of the activation of the sonochemical mechanism inside the bubble. 

Nonetheless, the sonochemical production at the reactor scale should consider the number density of bubbles, 

which is a parameter that is highly influenced by the acoustic frequency. This will be verified in the following 

figure. 

 

 
Figure 2. Evolution of 𝐻2𝑂2 molar yield at single bubble scale as a function of the acoustic frequency under 

oxygen atmosphere, 1.5 atm of amplitude and within 50 µs od sonication. 
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Hydrogen Peroxide Production at Reactor Scale 

 

Fig. 3 shows the molar yields of hydrogen peroxide produced sonochemically within a reactional volume of 1 

dm
3
. The introduction of the number density of bubbles according to Eq.13 completely changes the trend shown 

previously in Fig. 3. The production at the reactor scale demonstrates a quite stable value for frequencies 

comprised between 200 and 500 kHz, with a maximum achieved at 200 kHz, of 1.59×10
-15

 mol/dm
3
 attained in 

50 µs. This leads to a production rate of 0.0318 µmol/s.m
3
 in the electrolyte. This value will be used in the zero-

order kinetics adopted for the macroscopic sonochemical production of hydrogen peroxide. It is worthy to 

mention that 200 kHz has been selected as the optimal frequency for sonication not only as it leads to maximum 

production of hydrogen peroxide, but also to take benefit of the relatively low frequency role in physical effects, 

contributing to mixing and transport phenomena. 

 

 
Figure 3. Evolution of 𝐻2𝑂2 molar yield at reactor scale of a volume of 1 dm

3
 as a function of the acoustic 

frequency under oxygen atmosphere, 1.5 atm of amplitude and within 50 µs of sonication. 

 

 
Figure 4. Evolution of the concentration of hydrogen peroxide in the electrolyte 

 

 

Integrated Sono-Galvano-Fenton Process 

 

The kinetics of hydrogen peroxide in the integrated process is investigated considering the sonochemical 

production rate mentioned in the previous paragraph. Fig.4 reports the evolution of the concentration of 
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hydrogen peroxide taking into account all the reactions that involve it, i.e., the sonochemical reactions 

mentioned in Table.2 and the electrolytic reactions mentioned in Table.3. Within 1200 s of operation, the 

concentration of hydrogen peroxide passes from 0.002 mol/m
3
 to 0.0011 mol/m

3
, with a negative exponential 

trend.  

 

Hydrogen peroxide is implicated in the main Fenton reaction, where it decomposes to hydroxyl radials in the 

presence of ferrous ions provided by the Galvano-Fenton process. The evolution of the concentration of 

hydroxyl radical coming from the integrated Sono-Galvano-Fenton process is reported in Fig.5, the evolution of 

the concentration of the same radical induced by the sonochemical process is also reported in the same figure. 

 

Surprisingly, the sonochemical process is able to provide 10
5
 folds higher yield of hydroxyl radical, while 

producing the Fenton reagent to the Sono-Galvano-Fenton process.  This makes evidence for an upscaled 

configuration of the Sono-Galvano-Fenton process based on the multiplication of the number of galvanic cells 

to put in the process (scaling out), while maintaining the configuration of the sonochemical process integrated to 

the parallel galvanic cells. 

 

 
Figure 5. Evolution of the concentration of hydroxyl radical within the integrated Sono-Galvano-Fenton reactor 

 

 
Figure 6. Evolution of the concentration of ferric and ferrous ions during the Sono-Galvano-Fenton operation 
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We suggest in the following to evaluate the kinetics of ferrous and ferric ions in the electrolyte during the 

operation of the Sono-Galvano-Fenton process. Fig.6 shows the evolution of the concentrations of both ions as 

function of time. We notice that the evolution of ferrous ions is quasi-linear, starting from zero at the initial 

time, since no catalyst is added to the electrolyte.  

 

The linear trend is well justified by the Faraday’s law, governing the spontaneous corrosion of iron waste under 

the potential induced by the copper cathode. Simultaneously, ferric ions produced by the reaction of hydrogen 

peroxide and ferrous ions, but also responsible of the regeneration of ferrous ions (the catalyst) through 

reactions 4, 5 and 6 reported in Table. 3, show a quite different curve of evolution in function of time. Ferric 

ions are produced rapidly at the initial time, then evolve exponentially due to the simultaneous production and 

consumption in the regeneration reaction, with the upper hand to the production reaction. The regeneration 

reactions are indeed known to be slow (I. Gasmi et al. 2020; Intissar Gasmi et al. 2021), and consequently, the 

source of ferrous ions should provide continuously sufficient yield of catalyst to maintain a high reactional rate 

of Fenton mechanism. 
 

 

Secondary Physical Effects of Ultrasounds 

 

In this last section, we propose to investigate the secondary role of ultrasounds in the integrated process, namely 

the possible physical effects inducing the enhancement of the mixing and transport phenomena in the 

electrolyte, particularly through shockwaves and microjets. The microscopic powers associated to the microjet 

and shockwave emitted by the bubble around the collapse have been assessed and their evolution during this 

time slot is reported in Fig.7.  

 

The figure shows that the time intervals preceding and following immediately the instant of harsh collapse are 

characterized by a high power related to microjet, while the instant of harsh collapse exhibits a maximum power 

related to shockwave, both of them are in the order of magnitude of 1 W. Hence, the sonication at 200 kHz has 

obviously a chemical role demonstrated through the production of hydroxyl radicals and hydrogen peroxide as a 

feedstock for Fenton reaction, but may also play a physical role by improving the transport phenomena and 

mixing of the electrolyte and consequently enhancing the corrosion current. This track will be the subject of 

upcoming studies of our research group. 

 

 
Figure 7. Powers associated with the secondary physical effects of the acoustic cavitation bubble around its 

collapse (microjet in black and shockwave in orange) 
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Conclusion  
 

The investigation of the isolated sonochemical effect at single bubble scale demonstrated that the lower the 

frequency, the higher the yield of sonochemical hydrogen peroxide. However, at the reactor scale, 200 kHz has 

been selected as the optimal frequency for sonication not only as it leads to maximum production of hydrogen 

peroxide, but also to take benefit of the relatively low frequency role in physical effects, contributing to mixing 

and transport phenomena.  

 

In the integrated Sono-Galvano-Fenton process, within 1200 s of operation, the concentration of hydrogen 

peroxide passes from 0.002 mol/m
3
 to 0.0011 mol/m

3
, with a negative exponential trend. The investigation of 

the production of hydroxyl radicals in the integrated process has shown that the sonochemical process is able to 

provide 10
5
 folds higher yield of hydroxyl radical, while producing the Fenton reagent to the Sono-Galvano-

Fenton process.  This makes evidence for an upscaled configuration of the Sono-Galvano-Fenton process based 

on the multiplication of the number of galvanic cells to put in the process (scaling out), while maintaining the 

configuration of the sonochemical process integrated to the parallel galvanic cells. In terms of ferrous and ferric 

ions kinetics in the integrated process, the regeneration reactions proved to be slow as demonstrated in several 

previous studies, and consequently, the source of ferrous ions should provide continuously sufficient yield of 

catalyst to maintain a high reactional rate of Fenton mechanism. 

 

In terms of the physical effects of mechanical nature, the study at the single bubble scale proved that microjet 

achieve the highest power values around the collapse instant, while shockwave does at the instant of the harsh 

collapse with a value of 1 W. The sonication at 200 kHz has obviously a chemical role demonstrated through the 

production of hydroxyl radicals and hydrogen peroxide as a feedstock for Fenton reaction, but may also play a 

physical role by improving the transport phenomena and mixing of the electrolyte and consequently enhancing 

the corrosion current. This track will be the subject of upcoming studies of our research group. 
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