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A B S T R A C T   

Due to the complex physical and chemical interactions taking place in the sonicated medium, various methods 
have been proposed in the literature for a better understanding of the sonochemical system. In the present paper, 
the performance of calorimetry, iodometry, Fricke, 4-nitrophenol, H2O2, and ascorbic acid dosimetry techniques 
have been evaluated over the electric power range from 20 to 80 W (f = 300 kHz). These methods have been 
analyzed for distilled and seawater in light of the literature findings. It has been found that the lowest tem-
peratures and calorimetric energies were obtained for seawater in comparison to distilled water. However, the 
discrepancy between both mediums disappears with the increase in the electric power up to 80 W. Compared to 
the calorimetry results, a similar trend was obtained for the KI dosimetry, where the discrepancy between both 
solutions (seawater and distilled water) increased with the reduction in the electric power down to 20 W. In 
contrast, over the whole range of the electric power (20–80 W), the H2O2 dosimetry was drastically influenced by 
the salt composition of seawater, where, I3− formation was clearly reduced in comparison to the case of the 
distilled water. On the other hand, a fluctuated behavior was observed for the Fricke and 4-nitrophenol 
dosimetry methods, especially at the low electric powers (20 and 40 W). It has been found that dosimetry 
techniques based on ascorbic acid or potassium iodide are the best means for accurate quantification of the 
sonochemical activity in the irradiated liquid. As a result, it has been concluded, in terms of the dosimetry 
process’s performance, that the dosimetry methods are in the following order: Ascorbic acid ≈ KI > Fricke > 4- 
nitrophenol > H2O2.   

1. Introduction 

In recent years, advanced oxidation processes (AOPs) based on the 
production of hydroxyl radicals (and other powerful oxidants) have 
proven to be extremely effective methods for the destruction of recal-
citrant pollutants [1–4]. Ultrasound (US) is one of the most promising 
AOPs since it is regarded as a selective method in which toxic and/or 
resistant hydrophobic chemicals can be destroyed more quickly than 
those hydrophilic molecules [5,6]. Whereas, due to the relatively low 
energy efficiency of the sonochemical process, different innovative so-
lutions, such as the use of additives (CCl4, salts, solid particles, etc.) as 
well as its hybridization (US/UV, US/O3, US/Cl, US/H2O2, etc.) with 

other plausible methods, have been proposed for enhancing the 
sonoefficiency in the irradiated solution [7–10]. On the other hand, it 
has been found that the modification (composition, concentrations, 
bubbling of gas, etc.) of the sonicated medium results in a large alter-
ation of its physical and chemical properties (second effect). Therefore, 
the sonochemical and sonoluminescence behaviour of the bubble pop-
ulation is slightly, not affected, or highly modified [11–14]. As a result, 
the quantification of the sonochemical and activities in different me-
diums is of great importance for a better understanding of the sono-
chemical process. 

In literature, several techniques have been developed for a reliable 
evaluation of the bulk liquid’s sonoactivity. These methods include the 
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quantification of the generated •OH radicals (e.g. Fricke, Terephthalate, 
electron spin trapping, iodometry, salicylic acid, H2O2, etc.) in addition 
to sonochemiluminescence, and acoustic mapping methods [15–17]. 
However, each of these methods has its advantages and disadvantages, 
which are strongly dependent on the structural composition of the 
sonoirradiated molecules [17]. For example, Kumar and Chatterjee [18] 
(20, 23 kHz and 3.5 MHz) found that the evaluation of •OH formation 
through Fricke dosimetry is more effective for the ferrous sulfate con-
centration in the range from 1 to 8 mM. On the other hand, in the recent 
paper of Rajamma et al. (490 kHz) [19], a clear discrepancy was 
retrieved for the terephthalate dosimetry (8 µM of •OH yield) compared 
to Weissler (200 µM) and Fricke (289 µM) methods. However, despite 
the additional products detected during terephthalic acid decomposi-
tion, this discrepancy is still unjustified. Therefore, more investigations 
are needed for a deeper comprehension of the terephthalate dosimetry 
mechanism. Furthermore, in the experimental work of Merouani et al. 
(300 kHz) [20], the effects of several operating parameters (reagent’s 
concentration, acoustic power, solution pH, liquid temperature) on 
Fricke, KI, and H2O2 dosimetry techniques have been analyzed. It has 
been concluded that KI dosimetry was more sensitive to the KI con-
centration, acoustic energy, and pH, whereas the impact of liquid tem-
perature and acoustic power was more remarkable for Fricke dosimetry. 
In contrast, the H2O2 technique was importantly affected by acoustic 
power, solution pH and temperature, whereas the efficacy of the three 
investigated dosimetry approaches (KI, H2O2 and Fricke dosimetry) was 
independent of the solution volume. 

Despite the various dosimetry works, until now, no direct investi-
gation has been performed in the presence of seawater. It is of practical 
interest to evaluate the sonochemical activity in saline waters, since 
recent reports reflect that salts may play multiple roles depending on 
substrate physicochemical properties and liquid height [13,21,22]. In 
the present paper, a detailed investigation was carried out for the 
analysis of calorimetry, KI, H2O2, Fricke, 4-nitrophenol, and ascorbic 
acid dosimetry methods in seawater and distilled water. This study was 
conducted at the ultrasound frequency of 300 kHz and over the electric 
power range from 20 to 80 W. The obtained findings were discussed in 
light of the different experimental results available in the literature. 

2. Experimental protocols 

2.1. Reactor 

In the present section, the different used sonoreactor characteriza-
tion techniques are described. It should be noted that all the experi-
mental runs are performed in a standing wave sonoreactor (500 mL 
volume, as shown in Fig. 1, where the sonicated liquid is irradiated from 
the bottom, through a Pyrex plate surface (diameter 5 cm) holding the 
piezoelectric disk (diameter 4 cm), at a frequency of 300 kHz. For all 
experiments, distilled water or seawater (obtained from The Mediter-
ranean Coast, Annaba city) with a volume of 200 mL is sonicated. The 
temperature of the cylindrical sonoreactor was adjusted using a water 
jacket. An electric power (PE) ranging from 20 to 80 W was delivered to 
the piezoelectric disk. It should be stressed here that the sonochemical 
efficiency of the sonicated reactor has been evaluated relying on the 
different approaches discussed below. 

2.2. Procedures 

All reagents used in the present work were analytical grade. All runs 
were performed under an air atmosphere. Sonication was carried out at 
ambient conditions (25 ◦C).  

• The calorimetric technique: For the determination of the effective 
acoustic power dissipated in the sonicated medium, the initial tem-
perature rise, recorded over 5 min, was measured using a thermo-
couple, which was held at the half height of the solution (between 

the transducer and the solution surface) [23], and at a middle dis-
tance between the cylinder axis and the internal reactor wall, as 
shown in Fig. 1. The thermocouple’s position was retained over the 
calorimetric runs. Each measurement was repeated four times to 
ensure the reproducibility of the results. This procedure was 
repeated for each electrical power (20, 40, 60, and 80 W). Finally, to 
minimize heat loss, the reactor jacket was emptied of cooling water. 
As a result, the acoustic power (Pac, W) transmitted to the medium is 
determined as follows [20]: 

Pac = mCp
ΔT
Δt

(1)  

where, m (g), CP (4.184 and 3.994 (J g− 1 K− 1) for DW and SW, respec-
tively (at 20 ◦C) [24,25]) and ΔT/Δt (◦C s− 1) denote the solution mass, 
the specific heat at constant pressure and the rate of temperature in-
crease, respectively.  

• Potassium iodide: Potassium iodide solution (0.1 M) was irradiated 
in the above-described sonoreactor. The absorbance of I3− at the 
maximum wavelength of 352 nm (ε = 26,000 L mol− 1 cm− 1) was 
recorded with a UV–Vis spectrophotometer (Jenway 6405). The 
spectrophotometric (at 352 nm, ε = 26,000 L mol− 1 cm− 1) moni-
toring of I3− ions allows us to quantify the amount of •OH radicals as a 
function of the sonication time [20,26]. Due to the linearity of the 
formation of I3− versus time, the different measurements (using KI 

Fig. 1. Picture of sonochemical reactor used for the experimental manipula-
tions. (a) 300 kHz ultrasonic transducer, (b) cylindrical jacketed glass cells, (c) 
sonicated water, (d) inlet cooling water, (e) outlet cooling water, (f) 
thermocouple. 
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dosimetry) were compared based on the formation rate of I3− ob-
tained after 30 min of sonication.  

• Fricke dosimetry: In an acidic medium, the ultrasonic irradiation of 
a Fricke solution causes Fe2+ ions to be oxidized to Fe3+ ions. The 
absorbance of Fe3+ at 304 nm was measured by UV spectropho-
tometer (ε = 2197 L mol− 1 cm− 1). The Fricke solution was prepared 
with FeSO4(NH4)2 SO4⋅6H2O (10− 3 M), H2SO4 (0.4 M) and NaCl 
(10− 3 M) [19,20].  

• Hydrogen peroxide (H2O2) production: The concentrations of 
hydrogen peroxide (H2O2) were determined using the iodometric 
method [27,28]. If there are not any solutes in the bulk solution, the 
primary radicals recombine at the bubble–solution interface to form 
hydrogen peroxide (H2O2) according to the following reactions 
[29,30]: 

2⋅OH→H2O2 k1 = 5.5 × 109M− 1s− 1 (2)  

2HO⋅
2→H2O2 + O2 k2 = 8.3 × 105M− 1s− 1 (3) 

As k1≫k2, the production of H2O2 can be used to estimate the 
amount of OH radicals generated by acoustic cavities. Therefore, in the 
presence of excess iodide ions, the reaction between I− and H2O2 was 

catalyzed via heptamolybdate. The formed triiodide ion, 
(
I−3
)
, was 

monitored at a wavelength of 352 nm (ε = 26,000 L mol− 1 cm− 1). In the 
quartz cell of the spectrophotometer containing potassium iodide (1 mL, 
0.1 M) and ammonium heptamolybdate (20 µL, 0.01 M), sample aliquots 
(200 µL) collected from the reactor were added. Before measuring the 
absorbance, the combined solutions were allowed to stand for 5 min. 

• 4-Nitrocatechol (4-NC) dosimetry: The concentration of 4-Nitroca-
techol (4-NC), resulting from the oxidation of 4-nitrophenol (10− 3 

M) under the action of hydroxyl radicals [31], was measured spec-
trophotometrically in 0.1 M NaOH at 512 nm (ε = 12,500 M− 1 

cm− 1).  
• Ascorbic acid dosimetry: The temporal evolution of ascorbic acid 

concentration (C0 = 10− 4 M) was followed using a UV spectropho-
tometer at the wavelength of 260 nm [32,33]. 

It should be noted that for each of the above-described monitoring 
techniques, a sample of 1 mL has been withdrawn from the sonicated 
solution (with the exception of H2O2 production method) to quantify the 
monitoring species. 

Fig. 2. Temporal evolution of bulk temperature (a) and calorimetric power dissipated in seawater “SW” and distilled water “DW” (b) as a function of electric power 
(from 20 to 80 W) at 300 kHz. (for (a): R2 > 0.99). 
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3. Results and discussions 

3.1. Calorimetry 

In Fig. 2(a) and (b), the evolution of bulk temperature and calori-
metric energies are shown for both mediums (i.e., distilled water and 
seawater) under the same operating conditions (duration = 300 s, f =
300 kHz, PE = 20–80 W). From Fig. 2 (a) it can be seen that over a phase 
of 300 s, the temperature increase (ΔT) in distilled water is 2.16, 2.97, 
and 7.83 % greater than that in seawater for the electric powers of 20, 
40, and 60 W, respectively, whereas, at the electric power of 80 W, the 
increase in seawater temperature is 4.08 % greater than that in distilled 
water. The same trend was retrieved for the calorimetric energy (ul-
trasonic or acoustic energy) dissipated in the sonicated medium [Fig. 2 
(b)]; however, for both cases, the acoustic energy is ~50 % of the 
electrical power, which is in line with many literature findings 
[17,34,35]. At 20, 40 and 60 W, the calorimetric power in distilled water 
is 17.42, 11.99, and 8.68 % greater than that in seawater. In contrast, at 
80 W, the measured calorimetric energy in seawater is 1.8 % greater 
than that in distilled water, as shown in Fig. 2(b). According to Fig. 2(a) 
and (b), it seems that for the electrical power in the range from 20 to 60 
W, the distilled water is dominant (compared to seawater) in terms of 
liquid temperature and calorimetric increases (at 80 W, the seawater is 
dominant). A direct explanation of the observed trends in Fig. 2(a) and 
(b) is not possible due to the multiple interferences between the impacts 
of different physical parameters (e.g., viscosity, vapor pressure, surface 
tension) affecting the energetic behavior of our mediums (seawater and 
distilled water). 

However, some elucidations are possibly given to explain the ob-
tained results in Fig. 2(a), (b). It is noteworthy to indicate that according 
to Tuziuti et al. [36], the increase in liquid temperature in principally 
due to the heat conducted outside the collapsing bubbles toward the 
bulk liquid in addition to the friction between the liquid and the oscil-
lating bubbles (viscous interactions). In contrast, according to Son et al. 
[17,37], the contribution of the cavitational energy to heat generation 
(and temperature increase) is lower (<14 %) than that caused by sound 
absorption. Furthermore, an energetic classification (dissipation, at-
omization, transducer heating and heat loss toward surroundings) has 
been proposed for the electric energy input [38,39]. As it can be 
retrieved from the previous studies [17,36,37], an exact quantification 
of the contribution of each energy source and transformation is a diffi-
cult task, especially with the variation of the experimental conditions 
(liquid height, viscosity, ultrasound frequency, acoustic amplitude, 
etc.). 

On the other side, it is known that due to the transmission of an ul-
trasonic wave into a liquid, the molecules of this medium vibrate under 
the action of the sound wave. Therefore, viscous interactions take place 
between these molecules, which convert the acoustic energy [mechan-
ical (kinetic) energy] into heat; consequently, the absorption of this 
degraded acoustic energy by the sonicated medium gives rise to the 
small increase in liquid temperature thanks to the application of high 
acoustic power. In general, in a liquid, the attenuation/absorption co-
efficient (α) as a function of viscosity and thermal conduction is given by 
[17,40–42]: 

α =
2π2f 2

ρc3

[
4
3
ηs +

(γ − 1)κ
Cp

]

(4)  

where ηs is the ordinary (or shear) viscosity of the liquid, f is the applied 
frequency, ρ is the density of the liquid, c is the sound velocity in the 
liquid, γ is the specific heat ratio, κ is the thermal conductivity, and Cp is 
the heat capacity at constant pressure. 

However, as it is given in [40,41], the same attenuation coefficient 
(6.33 × 10− 5 dB/cm at 20 ◦C) is obtained for both cases (seawater and 
distilled water); therefore, the observed discrepancy in Fig. 2(a), (b) are 
preferably analyzed through the effect of the cavitational energy (rather 

than sound absorption). It is known that for a single bubble, a small 
amount of energy is evacuated outside the acoustic cavitation (from the 
hot spot) towards the surrounding liquid. Nevertheless, for millions of 
bubbles, this cavitational energy may partly contribute to the rise in 
liquid temperature when an intense sonication is transmitted in the 
liquid [43–45]. On the other hand, it is well established that the pres-
ence of salt in water leads to the reduction of gas solubility (salting out 
effect); therefore, smaller bubbles (with high sonochemical and sono-
luminescence activity) are formed, which reduces the extent of bubble 
coalescence and clustering as well as the attenuation of the ultrasonic 
irradiation [46–50]. This is the case in the present study ([NaCl] ≈ 0.6 
M) as the sonoactivity of bubbles (strong collapses) is expected to be 
increased in accordance with the different experimental works [7,51]. 
However, with the reduction of bubble volume, less heat energy is 
dissipated outside the collapsing bubbles, which means that the increase 
in liquid temperature is lower in seawater compared to the case of 
distilled water. 

On the other hand, as can be seen in Table 1, except for viscosity, the 
presence of salts seems to have a slight impact on the physical properties 
of water. In the presence of salty water ([NaCl] ≈ 35 g/L) a variation of 
+2.6, − 0.94, +7.75, +1.38, and +2.67 % is registered for density, vapor 
pressure, dynamic viscosity, surface tension, and sound speed, respec-
tively, in comparison to distilled water. As a result, the probable effects 
of vapor pressure and surface tension are excluded. This is despite the 
fact that smaller bubbles (Laplace pressure (2σ/R) goes up) are formed 
in seawater [46,47]. It is worth mentioning that the effect of surface 
tension is only important during the nucleation phase. Therefore, more 
stabilization of bubbles is observed after the nucleation process, and 
more cavities are expected to grow to active size without breaking apart 
[52,53]. On the other hand, the viscosity parameter (7.75 % of increase 
in seawater) may have a relatively important effect on the dynamics of 
bubbles in the sonicated seawater. Therefore, bubble oscillation is 
dampened in seawater compared to that in distilled water. Conse-
quently, collapse intensity as well as the heat evacuation outside the 
bubble goes down. Shen et al. [54] (f = 26.5 kHz, PA = 1.325 atm) have 
demonstrated that the maximum bubble temperature and pressure are 
reduced proportionally with the increase in total viscosity with/or 
without accounting for bulk viscosity (important only at high acoustic 
amplitudes and high viscosities [54–56]). Furthermore, it should be 
noted that the impact of the liquid viscosity at the bubble wall is reduced 
at the end of the collapse phase, due to the increase in the interfacial 
temperature of cavitation [57]. 

In light of the above discussion, it can be deduced that the lower 
temperature and calorimetric energy obtained in seawater compared to 
the distilled water are mainly ascribed to the lower heat evacuated 
outside of the small bubbles (low surface) formed in seawater and the 
decrease in bubble collapse intensity with the rise in seawater viscosity. 
However, with the increase in the electric power to 80 W, it has been 
observed that the impact of these controlling parameters (small ex-
change surface of bubbles and the relatively high viscosity in seawater) 
vanishes. As a result, this led to a 4.08% and a 1.8 % of increase, 
respectively, in the liquid temperature and calorimetric energy in 
seawater, as shown in Fig. 2(a) and (b). This trend is attributed to the 
fact that at 80 W, more bubble expansion (higher expansion ratio, Rmax/ 
R0) is expected to take place in seawater, with the reduction of the 

Table 1 
Physical properties of salty and distilled waters at 25 ◦C [104].  

Sample Density 
[kg/m3] 

Vapor 
pressure 
[kPa] 

Dynamic 
viscosity 
[Pa.s] 

Surface 
tension 
[N/m2] 

Speed of 
sound 
[m/s] 

Distilled 
water 

997  3.170 0.890 ×
10− 3  

0.072 1494 

35 (g/L) 
NaCl 
solution 

1023  3.140 0.959 ×
10− 3  

0.073 1534  
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damping effect of viscosity. Therefore, stronger collapses of bubbles and 
higher contact surfaces are obtained (at 80 W), which leads to more heat 
evacuation toward the surrounding salty water. In contrast, for distilled 
water (already containing a larger number of nucleus), the increase in 
energy input to 80 W increases the extent of bubble coalescence 
(compared to seawater), which leads to the formation of relatively larger 
bubbles in which the overall collapse intensity is reduced (milder col-
lapses). This means that the rise of the energy input to 80 W has a 
negative impact on the energetic behavior of the distilled water in terms 
of temperature increase and the dissipated calorimetric energy. 

3.2. KI dosimetry 

Under the electric power ranging from 20 to 80 W (Fig. 3 (a)), the 
temporal evolutions of I3− concentration are shown over a duration of 30 
min for both mediums. In Fig. 3 (b), the formation rates of I3− (over 30 
min) are given at 20, 40, 60 and 80 W. As can be seen in Fig. 3 (a), as a 
function of time, the molar yield of I3− is proportionally increased with 
the rise in electric power (from 20 to 80 W) either in seawater or in 
distilled water, following a zero-order kinetic law. Whereas, according 
to Fig. 3 (b), it can be retrieved that the difference in I3− production rate 
(µM min− 1), between distilled water and seawater, is energy input 
dependent. Compared to the distilled water, the production rate of I3− in 
seawater is decreased by 6.45 and 6.77 %, respectively at 20 and 40 W. 
This difference goes down to 1.71 and 1.66 % at 60 and 80 W, 

respectively, as shown in Fig. 3 (b). 
It is noteworthy to indicate that a great discrepancy is observed in 

the literature for the sonochemical yield of I3− in the presence of different 
salts. For example, Gogate and Katekhaye [58,59] retrieved an increase 
of ~2 times in I3− production through the sonication (20 and 204 kHz) of 
air-saturated water in the presence of NaCl (0.034–0.34 M) and NaNO2 
(0.029–0.29 M). Tuziuti et al. [48] have demonstrated the existence of 
an optimum air concentration (4.2 mg/L) for the maximal I3− absorption 
and scattered light intensity (an indicator of active bubble number). 
According to Wood et al. [34], the enhancement (increase and expan-
sion of SL active regions) of sonoluminescence [at 44 kHz ([KI] from 0.1 
to 1 M) and 300 and 1000 kHz ([KI] from 0.1 to 2 M)] was ascribed to 
the decrease in gas concentration (due to the presence of I− ) and its 
multiple benefits such as the reduction of wave attenuation, bubble 
clustering, and coalescence. This positive impact was increased with the 
rise in ultrasonic power (depending on the applied frequency) as well as 
the application of flow, surface stabilization at high salt (KI) concen-
trations. On the contrary, the decrease in sonoluminescence intensity at 
higher KI concentrations (>1 M at 44 kHz and > 2 M at 300 and 1000 
kHz) was linked to the reduction in the energy of collapse (of smaller 
bubbles). On the other side, Gutérrez et al. [60] have found (at 1 MHz) 
that the production rate of I3− is constant for MgCl2 concentration up to 
0.1 M in CCl4-saturated solution (2 M in the absence of CCl4). Above 
these concentrations (i.e., 0.1 and 2 M), the yield of I3− was drastically 
decreased. This trend (decrease in I3− formation) was correlated to the 

Fig. 3. Temporal variation of triiodide concentration (a) and its production rate (b) for the same conditions as in Fig. 2. (for (a): R2 > 0.99).  
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increased liquid viscosity (reduces the collapse intensity of bubbles). 
Similarly, Lepoint et al. [61] (1.6 MHz) reported a sharp decrease in I3−

formation for MgCl2 concentration between 2 × 10− 3 and 3 × 10− 3 M. 
This was explained by a change in the electrokinetic potential of the 
bubbles. 

In light of the above results, a clear discrepancy is observed between 
the different works regarding the impact of salts on the sonochemical 
activity (explained in terms of I3− formation) in the sonicated solution. 
According to Fig. 3(a) and (b), it seems that the effect of seawater is 
relatively accentuated at 20 and 40 W, while this effect relatively goes 
down at 60 and 80 W. This behavior could be explained by the dampness 
of bubble dynamics at 20 and 40 W thanks to the relatively increased 
viscosity (see the previous section); therefore (at 20 and 40 W) the 
collapse intensity of bubbles is reduced, which is translated by low I3−

formation. Consequently, a decrease of 6.45% and 6.77 % in I3− pro-
duction rate is obtained at 20 and 40 W, respectively. On the other hand, 
at 60 and 80 W, the negative effect of seawater is exceeded giving 
approximately the same yielding rate of I3− as in the distilled water. 

On the other hand, considering the effect of salts on the gas con-
centration and the behavior of different species present in the bulk so-
lution, it can be indicated that due to the existence of salts (Table 2) in 
the irradiated solution, a “salting-out effect” is exerted on both, the gas 
concentration and iodide distribution in the irradiated solution. Because 
iodide is a nonvolatile, hydrophilic substance with high solubility 
(144.5 W% at 20 ◦C [62]), this element is principally found in the bulk 
solution. Thus, in seawater, the ionic strength of the solution is 
increased, which means that iodide is pushed (fewer water molecules 
are available to dissolve iodide) toward the bubble/liquid interface 
where hydroxyl radicals are likely to occur quickly [11,63]. This 
mechanism (salting-out effect) has been indicated in several experi-
mental works showing the improvement of the sono-degradation of 
pollutants [11,14,63,64] in the presence of various salts (such as NaCl, 
NaNO3, NaNO2 and Na2SO4). Gogate et al. [58] have marginalized the 
salting-out effect on iodide in the presence of NaCl (0.2 % w/w). 
However, in this study, a very low concentration of I− (0.0018 M) was 
used compared to the present work (0.1 M). On the other hand, ac-
cording to Brotchie et al. [46], the impact of salts was completely 
ascribed to the salting-out effect on the dissolved gas (not on the sub-
strate molecules), where the rise in salt dose causes the concentration of 
gases to be decreased. As a result, the bubbles’ coalescence, clustering 
and irradiation attenuation go down, which resulted in smaller bubbles 
of high sonochemical and sonoluminescence activity. This conclusion is 
supported by the findings of Wall et al. [7], where the increase in 
sonoluminescence intensity was well correlated to the decrease in the 

dissolved gas concentration (rather than solution viscosity, vapor pres-
sure, surface tension, or ionic strength) and the increase in salt dose. In 
contrast, Uddin et al. [65] have considered the decrease in gas solubility 
(depending on the salt nature) as a negative effect of salts (Na2SO4 and 
NaCl) on the sonoactivity of the solution, thanks to the decreased 
number of bubbles. 

In addition to the effects of salting-out process and viscosity, it is 
known that Cl− and Br− are good free radicals (such as •OH, Cl•) scav-
engers [Reactions (5)-(15), respectively] [66,67] (compete with I− for 
the reaction with •OH), this inhibiting effect is increased especially at 
high concentrations of Cl− (20 g/L, Table 2) and Br− (65–80 mg/L, 
Table 2), where this process is shifted toward bubble/liquid interface. 
However, the resulting chlorine and bromide radicals (less efficient than 
•OH, Reactions (5)–(15)) are expected to be contributors to the oxidation 
of iodide. Thus, the production rate of I3− in seawater is found to be close 
to that generated in distilled water. 

Cl− +⋅OH→ClOH⋅− k5 = 4.3 × 109M− 1s− 1 (5)  

FeCl+ +HO⋅
2→HO−

2 +Fe3+ +Cl− k30 = 1.2 × 106M− 1s− 1 (6)  

Cl⋅ +Cl− ↔ Cl⋅−
2 k7 = (5.6 − 12) × 109M− 1s− 1, k− 7

= (6 − 11) × 104M− 1s− 1 (7)  

Br− +⋅OH ↔ BrOH⋅− k8 = 1.1 × 1010M− 1s− 1, k− 8 = 3.3 × 107M− 1s− 1

(8)  

BrOH⋅− →Br⋅ +OH− k9 = 1.9 × 108M− 1s− 1 (9)  

BrOH⋅− +Br− →Br⋅−
2 +OH− k10 = 1.9 × 108M− 1s− 1 (10)  

Br⋅ +Br− ↔ Br•−2 k11 = 1.2 × 1010M− 1s− 1, k− 11 = 105M− 1s− 1 (11)  

Cl⋅ +Br− ↔ ClBr⋅− k12 = 1.2 × 1010M− 1s− 1, k− 12 = 1.9 × 103s− 1 (12)  

Cl⋅−
2 +Br− ↔ ClBr⋅− +Cl− k13 = 4.0 × 109M− 1s− 1, k− 13 = 1.1 × 102s− 1

(13)  

Br⋅−
2 +Cl⋅−

2 →Br2 + 2Cl− k14 = 4.0 × 109M− 1s− 1 (14)  

ClOH⋅− +Br− ↔ ClBr⋅− +OH− k15 = 1.1 × 109M− 1s− 1, k− 15 = 3 × 106s− 1

(15)  

A limited enhancement (up to 1 mM) was observed for the degradation 
of RG12 in the presence of Cl− and Br− in the UV/chlorine system [67], 
whereas, even with the raise of these ions’ dose up to 50 mM, no 
inhibiting effect was registered for the RG12 decay. The positive impact 
of Cl− was ascribed to the Cl2•− (2.13 V vs NHE) formation (Reaction (5)- 
(7)) [67–69]. However, its recombination and inhibiting reactions to-
wards •OH, Cl•, Br− , and Br2•− (Reactions (13), (14), and (16)-(18)) play 
a negative role for the oxidizing capacity in seawater: 

Cl⋅−
2 +Cl⋅−

2 →Cl2 + 2Cl− k16 = 6.3 × 108M− 1s− 1 (16)  

Cl⋅−
2 +⋅OH→HClO + Cl− k17 = 1 × 109M− 1s− 1 (17)  

Cl⋅−
2 +⋅Cl→Cl2 + Cl− k18 = 2.1 × 109M− 1s− 1 (18)  

Similarly, the positive impact of Br− is possibly reversed by the inhib-
iting radicals’ recombination (Reactions (8), (11)-(13), (15), and (19)- 
(22)) [67,70,71]: 

Br⋅−
2 +Cl⋅−

2 →Br2 + 2Cl− k19 = 4 × 109M− 1s− 1 (19)  

Br⋅−
2 +⋅OH→HOBr + Br− k20 = 1 × 109M− 1s− 1 (20)  

BrCl⋅− +⋅OH→BrCl + OH− k21 = 1 × 109M− 1s− 1 (21) 

Table 2 
Main characteristics of seawater [67,105–107].   

Seawater 

pH 7.6 
Ca2+ 0.4 g/L 
Mg2+ 1.3 g/L 
Na+ 11.0 g/L 
K+ – 
Cl− 20.0 g/L 
SO4

2− 3.0 g/L 
HCO3

− – 
Br− 0.065–0.08 g/L 
TOCa ~ 1.2–1.5 
CODb 0.00271–0.00469 g/L 
BOD5

c 0.00178–0.00292 g/L 
TDSd 10–100 g/L 
λe 0.598 Wm− 1 K− 1  

a Total organic carbon. 
b Chemical oxygen demand. 
c BOD5: biological oxygen demand. 
d Total dissolved solids. 
e Thermal conductivity (at 20 ◦C). 
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Br⋅−
2 +Br⋅−

2 →Br2 + 2Br− k22 = 1.9 × 109M− 1s− 1 (22)  

In general, the enhancing effect of the different ionic species is very 
dependent on their concentration and reactivity, and the physical 
properties, concentration of the target substances as well as their reac-
tivity with the generated active species [4,64,67]. 

In addition to the salting-out effect, viscosity and the impacts of 
different anions (Cl− and Br− ), Pflieger et al. [51] indicated that the Cl•
atom resulting from the homolytic cleavage of NaCl (inside the bubble), 
may also contribute to the oxidation of iodide, which enhances the 
production rate of I3− . This effect is probably enhanced by the increase in 
acoustic power. However, through the experimental study of Pflieger’s 
team [51], the generated Cl• and Na• may also lead to the reduction of 
the sonoactivity of bubbles (especially H2 and H2O2 formation) via their 
reactions with •OH and H atoms. On the other hand, it should be noted 
that no effect is expected in the presence of sulfate ions (3 g/L, Table 2) 
on the oxidation of iodide thanks to the inertness of SO4

2− toward •OH- 
based AOPs [4,67,72–74]. 

In light of the foregoing, it can be deduced that the performance of KI 
dosimetry in seawater is the result of the competition between the 
affecting parameters (salting-out effect, viscosity and anions) that in-
fluence the oxidation of iodide within the sonicated seawater. As a 
result, approximately the same performance of KI dosimetry is obtained 
in seawater and distilled water with an increase in electric power to 60 
and 80 W. In contrast, some discrepancy between both mediums is 

observed at lower electric power, i.e., 20 and 40 W (Fig. 3(a), (b)). 
Therefore, KI dosimetry could be adopted with confidence for a reliable 
determination of the sono-irradiated medium. 

3.3. H2O2 production 

Contrary to the obtained results for KI dosimetry (previous section), 
the findings of Fig. 4(a) and (b) indicate that the yield of H2O2 is sub-
stantially affected in the case of seawater. This is evidenced in Fig. 4(a), 
where, the concentrations of H2O2 in seawater are clearly lowered 
compared to those retrieved in distilled water. The outcomes of Fig. 4(a) 
are translated in Fig. 4(b) as the lowest production rates of hydrogen 
peroxide are observed in the seawater medium. For example, at 20 W, 
the formation rate of H2O2 is 1.82 and 0.46 µM min− 1, respectively, in 
distilled and seawater. The rise of electric power to 80 W increases these 
production rates to 8.24 (distilled water) and 3.99 (seawater) µM min− 1. 
Obviously, the variation of the dosimetry technique affects its in-
teractions with the different species present in the irradiated solution. A 
great part of the statements indicated in the previous section could be 
adopted to explain the findings of Fig. 4(a) and (b). However, compared 
to the case of KI dosimetry [Fig. 3(a), (b)], the effect of the different 
scavenging species toward H2O2 (resulting from •OH recombination at 
the bubble/liquid interface) production seems to be more pronounced. 
This may be explained by the additional amortization of H2O2 formation 
(in addition to the scavenging of •OH and Cl•, Reactions (5), (7), (8) and 
(12)) with the scavenging action of the reactive chlorine species 

Fig. 4. Temporal evolution of hydrogen peroxide concentration (a) and its production rate (b) for the same conditions as in Fig. 2. (for (a): R2 > 0.99).  
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[Reactions (23)-(25)] resulting from reactions (5)-(7) as well as the 
hemolytic dissociation of NaCl inside the bubble [51,75]: 

Cl⋅ +H2O2→HO⋅
2 +Cl− +H+ k23 = 1 × 109M− 1s− 1 (23)  

Cl⋅−
2 +H2O2→HO⋅

2 + 2Cl− +H+ k24 = 1.4 × 105M− 1s− 1 (24)  

Cl⋅−
2 +HO⋅

2→2Cl− +H+ +O2 k25 = 3.1 × 109M− 1s− 1 (25)  

According to the experimental findings of Pflieger et al. [51], the 
reduced production of H2 and H2O2 (with the increase in NaCl con-
centration up to 5 M) was ascribed to the scavenging process of •OH and 
•H atoms by Cl• and Na•. Nevertheless, with the consideration of the 
above chemical reactions [Eqs. (23)-(25)], it is clearly evidenced that 
the inhibiting chemistry on H2O2 formation at the bubble interface 
should be taken into account. Moreover, Wakeford et al. [76] (35 kHz) 
have ascribed the decrease in H2O2 production to the scavenging of 
hydroxyl radicals by Cl− ([NaCl] increased up to 20 %, w/v), whereas 
the variation of dissolved gas concentration was not considered in this 
study. In contrast, Uddin et al. [65] have indicated that the decrease in 
the H2O2 yielding was mainly explained by the low dose of dissolved 
argon gas in the presence of Na2SO4 (1–1.5 M) or NaCl (0–1.4 M), where 
the lowering effect of Na2SO4 (with lower solubility of Ar) was greater 
than that of NaCl. The results of Uddin’s group are supported by Okitsu 
et al.’s findings [77] for which the yield of H2O2 (cavitation 

sonoactivity) was proportionally increased with the amount of dissolved 
gases (He, Ne, Ar, Kr and Xe). In contrast, Brotchie et al. [46] have 
shown that the production of H2O2 is proportionally increased with the 
increase in salts’ (NaClO4, NaNO3) concentration (and reduction in 
dissolved gas amount). These outcomes were ascribed to the reduction 
in bubble coalescence, irradiation attenuation and the increase in bub-
bles collapse intensity with the increase in salts concentration. 

To recap, with the consideration of all the discussed results in the 
present section, it can be indicated that the overall effect of seawater on 
H2O2 dosimetry is negative, independently of the applied electric power 
(20–80 W), as shown in Fig. 4(a), (b). This indicates the sensitivity of 
H2O2 dosimetry (in seawater) in comparison to the KI dosimetry. The 
lower H2O2 production in seawater (compared to distilled water) is 
explained by the scavenging effects towards •OH and Cl• radicals (Re-
actions (5), (7), (8), and (12)) and H2O2 (Reactions (23)-(25)). However, 
the impact of reducing the gas concentration has conflicting effects 
(reduces the nucleus number and at the same time reduces the coales-
cence and attenuation phenomena), which require more investigation. 

3.4. Fricke dosimetry 

As it can be seen in Fig. 5(a), the yield of Fe3+ goes up with the rise in 
electric power (from 20 to 80 W) for seawater and distilled water. The 
confrontation of Fe3+ concentration in both mediums shows some 
fluctuation in the production of ferric ions over the sono-irradiation time 

Fig. 5. Temporal variation of ferric ions concentration (a) and its production rate (b) for the same conditions as in Fig. 2. (for (a): R2 > 0.98).  

R. Khaffache et al.                                                                                                                                                                                                                              



Ultrasonics Sonochemistry 101 (2023) 106647

9

(30 min), this is especially at 20 and 40 W. However, according to Fig. 5 
(b), the production rate of ferric ions in distilled water is always higher 
than that in seawater. For example, at 20 and 80 W, respectively, the 
production rate of Fe3+ in distilled water is 2.04 and 1.03 times higher 
than that obtained for seawater. In general, the gap between the ob-
tained results in both mediums is reduced with the increase in the 
electric power (from 20 to 80 W), as shown in Fig. 5(b). The decrease in 
Fe3+ formation is mainly ascribed to the different scavenging reactions 
causing the elimination of the oxidants (•OH, HO2•, and H2O2) respon-
sible for Fe2+ oxidation [Reactions (5), (8), (17), (20), (21), (23)-(25)]. 
These inhibiting processes are mainly ensured by chloride and bromide 
ions scattered in seawater. Additionally, the concentration of Fe2+ and 
its oxidation rate are plausibly reduced due to the attack of chlorine 
species [75,78]: 

Fe2+ +Cl− ↔ FeCl+ k26 = 2.88 × 1010M− 1s− 1, k− 26 = 1 × 1010M− 1s− 1

(26)  

Fe2+ +Cl⋅ ↔ Cl− +Fe3+ k27 = 5.9 × 109M− 1s− 1 (27)  

Fe2+ +Cl⋅−
2 →2Cl− +Fe3 + k28 = 5 × 106M− 1s− 1 (28)  

FeCl+ +H2O2→Cl− +Fe3+ + ⋅OH+− OH k29 = 55M− 1s− 1 (29)  

FeCl+ +HO⋅
2→HO−

2 +Fe3+ +Cl− k30 = 1.2 × 106M− 1s− 1 (30)  

In turn, the yield of ferric ions is reduced due to the formation of Fe(II) 
and Fe(III)-chlorocomplexes (FeCl+, FeCl2+, FeCl2+…), reactions (26)- 
(32). These complexes could be attacked by HO2• and O2•− [75], 
whereas this mechanism (decomposition by HO2• and O2•− ) is not ex-
pected to be important under the adopted acoustical conditions. 

Fe3+ +Cl− ↔ FeCl2 + k31 = 6.61 × 1010M− 1s− 1, k− 31 = 1 × 1010M− 1s− 1

(31)  

Fe3+ + 2Cl− ↔ FeCl+2 k32 = 1.05 × 1011M− 1s− 1, k− 32 = 1 × 1010M− 1s− 1

(32)  

In addition to the scavenging mechanism of Cl− and Br− towards •OH, 
H2O2, Fe2+, and Fe3+ (Reactions (5)-(32)), sulfate ions (3 g/L in 
seawater, Table 2) play an important role in reducing Fricke dosimetry 
efficiency. In the experimental work of De Laat et al. [78], a drastic 
decrease in the decomposition of H2O2 with Fe3

+ and the oxidation of 
organic compounds such as atrazine, 4-nitrophenol, and acetic acid in 
the Fe3+/H2O2 system, was observed in the presence of SO4

2− (33.33 
mM) and Cl− (100 mM) compared to NO3

− (100 mM) and ClO4
− (100 

mM). This behavior was ascribed to the complexation of Fe(III) by Cl−

(FeCl+, FeCl2+, FeCl2+…) and SO4
2− (FeSO4

+, Fe(SO4)2
− ) [79,80], despite 

of this, it has been suggested that chlorine and sulfate radicals (involved 
in the degradation process) are generated in the presence of Cl− and 
SO4

2− (chlorine and sulfate radicals are less reactive than •OH) [75,78]. 
The negative effect of salts (justified by the formation of iron(III)-chloro 
(and sulfate) complexes and scavenging of •OH by chloride) was also 
obtained by Bandala et al. [10] for the UV/Fenton process, where the 
degradation of Domic acid (DA) was drastically decreased in seawater 
compared to the deionized water. In contrast, according to De Laat et al. 
[78], the oxidation of Fe2

+ with H2O2 was relatively accelerated in the 
presence of SO4

2− compared to ClO4
− , NO3

− , and Cl− . The same outcomes 
were retrieved by Orozco et al. [79] for the decomposition of H2O2 in the 
presence of different ferric and ferrous salts. According to these results, 
it can be clearly retrieved that the presence of Cl− , Br− , and SO4

2− has a 
clear adverse effect on the Fricke dosimetry, especially at low electric 
power (i.e. 20 and 40 W). The obtained performance of Fricke dosimetry 
in seawater is the translation of the competitive effects (enhancing and 
inhibiting roles) of the diverse salts present in seawater. However, with 
the increase in electric power, very close findings for Fricke dosimetry 
are retrieved from both mediums. This indicates that the negative effects 

of salts are reduced at higher acoustic powers. 

3.5. 4-Nitrophenol (4-NP) dosimetry 

In Fig. 6(a), the evolution of 4-nitrocatechol (4-NC) concentration is 
shown over the irradiation time (30 min) for seawater and distilled 
water at each electric power (20–80 W). The production rate of 4-NC (an 
indicator of 4-NP decay) is depicted in Fig. 6(b). As can be seen in Fig. 6 
(a), at 20 W, seawater is dominant in terms of 4-NC production over the 
irradiation phase (30 min), whereas, with the raise in the electric power 
from 20 to 80 W, this dominance is gradually shifted towards distilled 
water. However, in both mediums, the yield of 4-NC goes up with the 
increase in the electric power. On the other side [Fig. 6(b)], approxi-
mately the same formation rate of 4-NC is retrieved for both mediums at 
20 W. However, higher production rates of 4-NC are obtained for 
distilled water (compared to seawater) for the electric power greater 
than 20 W. Before explaining these findings, a brief analysis should be 
conducted to explain the effects of the sonicated medium on the 4-NP 
decomposition. 

In general, 4-NP is oxidized via hydrogen abstraction reaction that 
involves the electrophilic attack of hydroxyl radical (k = 3.8 × 109 

M− 1s− 1 [81]) at the ortho position of the benzene ring (to a minor 
extent, •OH-addition takes place in para-position) [82,83]. In alkaline 
conditions, 4-NP (pKa = 7.1) is mainly found under the non-volatile 4- 
nitrophenolate ionic form (a hydrophilic and deprotonated form of 4- 
NP [82]), which is responsible for the high •OH scavenging kinetic (k 
= 7.6 × 109 M− 1 s− 1 [81]) at this level. However, in acidic conditions, 
oxidative-pyrolytic pathway of 4-NP (volatile scavenger [84]) in the 
gaseous phase (within the bubble) and at the interfacial region of bub-
bles is dominant [82,85]. This effect is promoted with the increase of 4- 
NP hydrophobicity giving an enrichment of about 80 times higher (at pH 
4) than that of the 4-nitrophenolate ion (at pH 10) at the same substrate 
dose [82]. Additionally, due to the higher solubility of the charged form 
of 4-NP (65.0 g/L at 25 ◦C) compared to the uncharged one (11.6 g/L at 
20 ◦C), the uncharged form (neutral form) under the acidic conditions is 
expected to be favorably pushed towards the hydrophobic bubble/water 
interface [86]. This is in addition to the preliminary evaporation of 4-NP 
molecules inside bubbles. It should be noted that the importance of the 
pyrolytic decomposition of 4-NP was corroborated via the considerable 
yield (~88 % of the total production) of the thermolysis products (such 
as CO, CO2, phenol, nitrate, and H2) of 4-NP (Log POctanol/water = 2.04 
[84]) sonolysis at low pH [82]. 

In the present study, the existence of the ionic form of 4-NP (4- 
nitrophenolate) is not expected to be important; because all the sono- 
irradiations were carried out in a neutral medium, Table 2. Therefore, 
at a constant electric power and at the beginning of the irradiation time 
[Fig. 6 (a), (b)], 4-NP is mainly oxidized by •OH radicals in the sur-
rounding liquid. However, as time elapses, the solution pH goes down, 
thus, the degradation of 4-NP (via pyrolysis and •OH attacks) is gradu-
ally shifted towards the bubble/liquid interface and the bubble interior. 
The decomposition of 4-NP is even boosted with the increase in the 
electric power due to the decrease in solution pH thanks to the formation 
of nitric and nitrous acids [76,87–89]. The positive effect of pH reduc-
tion on 4-Nitrophenol decay has been observed in many experimental 
works [82,85,86,90]. Nevertheless, according to Al-Juboori et al. [83], 
with the use of ½” probe, the variation of pH (4 and 10) has no effect on 
the 4-NC yield, whereas, using a ¾” probe, the formation of 4-NC goes 
down at pH 10 (as a function of the irradiation time: 5, 10, and 15 min) 
compared to pH 4. However, contrary to our study, for both probes (½” 
and ¾”) the decomposition rate of 4-NP was amortized with the increase 
in the ultrasound power. This discrepancy is ascribed to the different 
operating conditions adopted in our work (300 kHz, PE = 20, 40, 60, 80 
W) compared to those of Al-Juboori et al. (20 kHz, PE,max,1/2″ = 112.5 W, 
PE,max,3/4″ = 180 W). 

In addition to the positive effect of low solution pH, the degradation 
of 4-NP is expected to be promoted in seawater, because in the presence 
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of different salts (Table 2), the hydrophobicity of 4-NP goes up with the 
increase in aqueous phase hydrophilicity (partitioning coefficient goes 
up [11]). Consequently, 4-NP molecules are pushed from the bulk so-
lution towards the hot bubble interface (in addition to the 4-NP mole-
cules entering the bubble during the rarefaction phase). As a result, the 
possibility of •OH radicals attack and the pyrolytic decomposition of 4- 
NP are improved in the presence of various salts. This result is supported 
by the experimental investigation of Guo et al. [91] for the sono- 
conversion efficiency of 2,4-dinitrophenol (DNP) using US/H2O2/NaCl 
process ([NaCl]0 = 0.1 M), where an enhancement of 1.3-times was 
obtained compared to that without NaCl. In the experimental work of 
Gogate et al. [92], an enhancement of almost five times was retrieved for 
the sono-removal rate of phenol in the presence of NaCl (8 %). This was 
explained by the increase in the partitioning (pollutant molecules are 
accumulated at the implosion sites), decrease in vapor pressure as well 
as the increase in surface tension (harshening the bubble collapse) in the 

presence of NaCl. Interestingly, according to the experimental study of 
Mahamuni and Pandit [93], it was concluded that phenol molecules are 
only affected by the salting-out mechanism applied by NaCl, whereas, no 
involvement of this latter was observed in the degradation process of 
phenol (confirmed via the decomposition products). 

According to the foregoing discussion and with the consideration of 
the positive impacts of pH and the salting-out effect, it seems that other 
factors are participating in the observed behaviors in Fig. 6(a), (b). As a 
result, at an electric power of 20 W, it seems that for seawater, the 
positive effects of pH decrease and salting-out mechanism override the 
decrease in number density, the generation of small bubbles and the 
scavenging effects of Cl− and Br− (discussed in the previous sections) for 
•OH radicals, this in addition to the relatively low conversion of 4-NP in 
distilled water. Therefore, higher production is observed in this case 
compared to that of distilled water. Despite of that, as can be seen in 
Fig. 6(b), approximately the same production rates are retrieved for both 

Fig. 6. Temporal variation of 4-Nitrocatechol concentration (a) and its production rate (b) for the same conditions as in Fig. 2. (for (a): R2 > 0.99).  
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mediums. In contrast, as the electric power goes up (>20 W), as shown 
in Fig. 6(a), the yield of 4-NC in distilled water is substantially enhanced, 
whereas, in seawater, the generation of relatively small bubbles 
(compared to distilled water) affects negatively the formation of 4-NC. 
Consequently, despite the improving effect of pH and the salting-out 
process (for PE > 20), the negative impacts of small bubbles and •OH 
scavenging (via Cl− and Br− ) in seawater seem to be dominant. As a 
result, higher production rates of 4-NC are obtained for distilled water 
compared to seawater in the case of PE > 20 W, as shown in Fig. 6(b). 
The obtained findings of Fig. 6(a) and 6(b) show the effectiveness of 
using 4-NP sonoconversion for the evaluation of the sonochemical ac-
tivity during the irradiation of seawater and distilled water. 

3.6. Ascorbic acid dosimetry 

Due to its high capacity for scavenging hydroxyl radicals [94,95], 
ascorbic acid (AA) has been selected to monitor the sonochemical ac-
tivity in seawater and distilled water over an irradiation time of 30 min 
and for electric power ranging from 20 to 80 W, as shown in Fig. 7. It 
should be noted that Ascorbic acid (AA or Vc) is well known for its 
preferential reaction with •OH radicals (kOH+AA = 1.2 × 1010 M− 1 s− 1). 
For example, more than 95 % of •OH (formation of H2O2 ≈ 0) was 
quenched in the presence of 10 mM of ascorbic acid (at 358 kHz, 0.9 W/ 
cm2) compared to the 50 % of inhibition in the presence of ethanol 
(volatile quencher) [32]. Moreover, AA may be used for the generation 
of •OH radicals (oxidation enhancer) via the reduction of Fe(III) and O2 
to generate Fe(II) and H2O2 (Fenton reactants), respectively [96]. 
Furthermore, the generation of •OH radicals is possibly increased in the 
presence of H2O2/AA system [97–99], or even enhanced by the syner-
gistic process with ultrasound irradiation (H2O2/AA/US) [98] and mi-
crowave irradiation (MW/AA/H2O2) [100]. Additionally, AA is a 
satisfactory scavenging (reducing agent) means for the residual active 
(oxidizing) chlorine species (for the fixation of the chlorination 
byproducts) [101,102]. 

In contrast to the high reactivity of AA with hydroxyl radicals 
(kOH+AA = 1.2 × 1010 M− 1 s− 1), a relatively lower hydrophobicity is 
exhibited by ascorbic acid in comparison to phenol [32]. Additionally, a 
relatively high solubility is retrieved for AA in water compared to the 
other polar solvents (ethanol, methanol…) [103]. Despite of that, it is 
expected that the higher reactivity of AA (with •OH radicals) in addition 
to the positive effect of the salting-out process are the controlling pa-
rameters for the probing mechanism of ascorbic acid in both mediums. 

At first sight, from Fig. 7, it can be retrieved that practically no dif-
ference is observed for the degradation of AA (normalized 

concentration) in both mediums (SW and DW), where the decomposi-
tion rate increased with the raise in the electric power (from 20 to 80 W). 
The obtained findings of Fig. 7 clearly indicate that the decomposition 
mechanism is not affected by the composition of the irradiated medium 
(seawater or distilled water). The performance of the probing mecha-
nism seems to be similar to that using potassium iodide [Fig. 3 (a) and 
(b)]. As a result, ascorbic acid could be used with high confidence as a 
probing agent for the monitoring of the sonochemical activity in the 
sonicated medium. 

4. Conclusion 

For an ultrasound frequency of 300 kHz, the performance of calo-
rimetry, KI, Fricke, H2O2, 4-nitrophenol, and acid ascorbic dosimetry 
methods has been investigated by spanning the electric power (PE) range 
from 20 to 80 W. This study was carried out for seawater and distilled 
water. 

Compared to distilled water, it has been obtained that the lowest 
temperatures and calorimetric energies were retrieved for seawater for 
all the applied electric powers. Nevertheless, with the raise in the elec-
tric power up to 80 W, the discrepancy between both mediums is 
reduced. 

Due to the lesser effect of the salty composition of seawater 
(compared to distilled water) on the performance of KI and ascorbic acid 
dosimetries (especially at higher PE), these techniques could be used 
with confidence for an efficient probing of the sono-irradiated solution 
activity. 

In contrast, independently of the applied electric power (from 20 to 
80 W), the H2O2 dosimetry was negatively influenced by seawater ma-
trice (compared to distilled water). 

At 20 and 40 W, the performance of Fricke dosimetry was substan-
tially influenced by the composition of seawater (compared to distilled 
water), whereas, with the increase of electric power up to 80 W, the 
adverse effect of seawater was amortized with a similar performance of 
the Fricke dosimetry in both mediums. The opposite behavior was 
retrieved for the 4-NP dosimetry, where a lower performance is 
observed in seawater for the electric power higher than 20 W. 

Taking into account the performance of each of the investigated 
methods, it can be indicated that the analyzed dosimetry techniques 
could be classified in the following order: Ascorbic acid ≈ KI > Fricke >
4-nitrophenol > H2O2. As a result, ascorbic acid and KI dosimetries are 
regarded as reliable approaches for an efficient evaluation of the sono-
chemical activity in a sonicated solution. 

Fig. 7. Temporal evolution of the normalized concentration of ascorbic acid under the same conditions of Fig. 2. (R2 > 0.97).  
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I. Hernández-Pérez, Effect of iron salt on the color removal of water containing 
the azo-dye reactive blue 69 using photo-assisted Fe(II)/H2O2 and Fe(III)/H2O2 
systems, J. Photochem. Photobiol. A Chem. 198 (2008) 144–149, https://doi.org/ 
10.1016/j.jphotochem.2008.03.001. 

[80] J. Bacardit, J. Sto, E. Chamarro, S. Esplugas, Effect of Salinity on the Photo- 
Fenton Process, Ind. Eng. Chem. Res. 46 (2007) 7615–7619, https://doi.org/ 
10.1021/ie070154o. 

[81] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, G.V. Buxton, C. 
L. Greenstock, P. Helman, A.B. Ross, Critical Review of rate constants for 
reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅OH /⋅O) 
in Aqueous Solution, J. Phys. Chem. Ref. Data 17 (1988) 513–886, https://doi. 
org/10.1063/1.555805. 

[82] A. Tauber, H.P. Schuchmann, C. Von Sonntag, Sonolysis of aqueous 4-nitrophenol 
at low and high pH, Ultrason. Sonochem. 7 (2000) 45–52, https://doi.org/ 
10.1016/S1350-4177(99)00018-8. 

[83] R.A. Al-Juboori, T. Yusaf, L. Bowtell, V. Aravinthan, Energy characterisation of 
ultrasonic systems for industrial processes, Ultrasonics 57 (2015) 18–30, https:// 
doi.org/10.1016/j.ultras.2014.10.003. 

[84] R.P. Schwarrenbach, R. Stierli, B.R. Folsom, J. Zeyer, Compound Properties 
Relevant for Assessing the Environmental Partitioning of Nitrophenols, Environ. 
Sci. Tech. 22 (1988) 83–92, https://doi.org/10.1021/es00166a009. 

[85] A. Kotronarou, G. Mills, M.R. Hoffmann, Ultrasonic irradiation of p-nitrophenol 
in aqueous solution, J. Phys. Chem. 95 (1991) 3630–3638, https://doi.org/ 
10.1021/j100162a037. 

[86] Y. Jiang, P. Christian, T.D. Waite, C. Pétrier, T.D. Waite, P. Christian, T.D. Waite, 
Effect of pH on the ultrasonic degradation of ionic aromatic compounds in 
aqueous solution, Ultrason. Sonochem. 9 (2002) 163–168, https://doi.org/ 
10.1016/S1350-4177(01)00114-6. 

[87] E.L. Mead, R.G. Sutherland, R.E. Verrall, The effect of ultrasound on water in the 
presence of dissolved gases, Can. J. Chem. 54 (1976) 1114–1120, https://doi.org/ 
10.1139/v76-159. 

[88] P. Supeno, Kruus, Sonochemical formation of nitrate and nitrite in water, 
Ultrason. Sonochem. 7 (2000) 109–113, https://doi.org/10.1016/S1350-4177 
(99)00043-7. 

[89] C. Pe, C. Pulgarin, Bisphenol A Mineralization by Integrated Ultrasound-UV-Iron 
(II) Treatment, Environ. Sci. Tech. 41 (2007) 297–302, https://doi.org/10.1021/ 
es061440e. 

[90] M. Sivakumar, P.A. Tatake, A.B. Pandit, Kinetics of p -nitrophenol degradation : 
effect of reaction conditions and cavitational parameters for a multiple frequency 
system, Chem. Eng. J. 85 (2002) 327–338, https://doi.org/10.1016/S1385-8947 
(01)00179-6. 

[91] Z. Guo, R. Feng, J. Li, Z. Zheng, Y. Zheng, Degradation of 2, 4-dinitrophenol by 
combining sonolysis and different additives, 158 (2008) 164–169. https://doi. 
org/10.1016/j.jhazmat.2008.01.056. 

[92] P.R. Gogate, S. Mujumdar, J. Thampi, A.M. Wilhelm, A.B. Pandit, Destruction of 
phenol using sonochemical reactors: Scale up aspects and comparison of novel 

R. Khaffache et al.                                                                                                                                                                                                                              

https://doi.org/10.1515/REVCE.2006.22.3.155
https://doi.org/10.1016/B978-0-323-91937-1.00007-4
https://doi.org/10.1016/B978-0-323-91937-1.00007-4
https://doi.org/10.1016/B978-0-323-91937-1.00012-8
https://doi.org/10.1021/la1017104
https://doi.org/10.1021/acs.jpcb.5b08723
https://doi.org/10.1021/acs.jpcb.5b08723
https://doi.org/10.1021/jp046758c
https://doi.org/10.1021/jp201473q
https://doi.org/10.1021/jp201473q
https://doi.org/10.1021/jp0476444
https://doi.org/10.1016/j.ultsonch.2019.104753
https://doi.org/10.1016/j.pbiomolbio.2006.07.026
https://doi.org/10.1016/j.ultsonch.2017.03.030
https://doi.org/10.1039/C7CP03194G
https://doi.org/10.1016/j.ultsonch.2018.07.013
https://doi.org/10.1016/j.ultsonch.2018.07.013
https://doi.org/10.1098/rspa.2009.0594
https://doi.org/10.1098/rspa.2009.0594
https://doi.org/10.1103/PhysRevE.94.013106
https://doi.org/10.1103/PhysRevE.94.013106
https://doi.org/10.1016/j.cep.2012.06.016
https://doi.org/10.1016/j.cep.2010.12.002
https://doi.org/10.1016/j.cep.2010.12.002
https://doi.org/10.1016/1350-4177(94)00005-D
https://doi.org/10.1016/1350-4177(94)00005-D
https://doi.org/10.1016/1350-4177(94)90020-5
https://doi.org/10.1021/j150322a002
https://doi.org/10.1016/j.ultsonch.2008.01.007
https://doi.org/10.1016/j.ultsonch.2008.01.007
https://doi.org/10.1080/19443994.2016.1168320
https://doi.org/10.1080/19443994.2016.1168320
https://doi.org/10.1016/j.ultsonch.2015.06.028
https://doi.org/10.1039/c9ew00329k
https://doi.org/10.1080/09593330.2020.1807609
https://doi.org/10.1021/es4036094
https://doi.org/10.1016/j.scitotenv.2020.144304
https://doi.org/10.1016/B978-0-12-813561-7.00010-9
https://doi.org/10.1016/j.watres.2020.116035
https://doi.org/10.1016/j.watres.2020.116035
https://doi.org/10.1016/j.cej.2010.01.048
https://doi.org/10.1016/j.ultsonch.2009.05.010
https://doi.org/10.1016/j.ultsonch.2009.05.010
https://doi.org/10.1016/j.jphotochem.2017.05.028
https://doi.org/10.1016/j.apcatb.2006.03.008
https://doi.org/10.1016/j.apcatb.2006.03.008
https://doi.org/10.1016/S1350-4177(98)00039-X
https://doi.org/10.1021/jp064598u
https://doi.org/10.1016/j.chemosphere.2003.11.021
https://doi.org/10.1016/j.jphotochem.2008.03.001
https://doi.org/10.1016/j.jphotochem.2008.03.001
https://doi.org/10.1021/ie070154o
https://doi.org/10.1021/ie070154o
https://doi.org/10.1063/1.555805
https://doi.org/10.1063/1.555805
https://doi.org/10.1016/S1350-4177(99)00018-8
https://doi.org/10.1016/S1350-4177(99)00018-8
https://doi.org/10.1016/j.ultras.2014.10.003
https://doi.org/10.1016/j.ultras.2014.10.003
https://doi.org/10.1021/es00166a009
https://doi.org/10.1021/j100162a037
https://doi.org/10.1021/j100162a037
https://doi.org/10.1016/S1350-4177(01)00114-6
https://doi.org/10.1016/S1350-4177(01)00114-6
https://doi.org/10.1139/v76-159
https://doi.org/10.1139/v76-159
https://doi.org/10.1016/S1350-4177(99)00043-7
https://doi.org/10.1016/S1350-4177(99)00043-7
https://doi.org/10.1021/es061440e
https://doi.org/10.1021/es061440e
https://doi.org/10.1016/S1385-8947(01)00179-6
https://doi.org/10.1016/S1385-8947(01)00179-6
https://doi.org/10.1016/j.jhazmat.2008.01.056
https://doi.org/10.1016/j.jhazmat.2008.01.056


Ultrasonics Sonochemistry 101 (2023) 106647

14

configuration with conventional reactors, Sep. Purif. Technol. 34 (2004) 25–34, 
https://doi.org/10.1016/S1383-5866(03)00171-0. 

[93] N.N. Mahamuni, A.B. Pandit, Effect of Additives on Ultrasonic Degradation of 
Phenol, Ultson. Sonochem. 13 (2006) 165–174, https://doi.org/10.1016/j. 
ultsonch.2005.01.004. 

[94] J. Ueda, N. Saito, Y. Shimazu, T. Ozawa, A Comparison of Scavenging Abilities of 
Antioxidants against Hydroxyl Radicals, Arch. Biochem. Biophys. 333 (1996) 
377–384, https://doi.org/10.1006/abbi.1996.0404. 

[95] H. Sprinz, D. Beckert, O. Brede, Reactions of H atoms and OH radicals with 
ascorbic acid: a pulse radiolysis Fourier transform ESR study, J. Radioanal. Nucl. 
Chem. 232 (1998) 3–5, https://doi.org/10.1007/bf02383709. 
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