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Abstract

This work aimed at the characterization and application of a cavitation field induced in water by an ultrasonic reactor operat-
ing at 1700 kHz and 15 W. It was found that the size of active bubbles varied from 0.23 to 3 um. The number of active bubbles
increased from 6.1142x 10% s™' L™" at 25 °C to 4.4684 x 10° s™! L™! at 55 °C. The most active bubbles were those achiev-
ing temperature of 4000 K and pressure of 1000 atm at the collapse. The characterized cavitation field removed efficiently
toluidine blue (TB), an emerging organic contaminant, through reaction with hydroxyl radical. The best TB-removal rate
was obtained under argon saturation, but CO, completely suppressed the process. TB degradation rate sensitively enhanced
with increasing initial substrate concentration and solution pH, whereas the liquid temperature did not affect the degradation
rate. Formic acid, as an organic competitor, reduced considerably the degradation of the pollutant.
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Introduction

High-power ultrasound (frequency > 100 kHz) has become
the focus of a new field, known as sonochemistry, which
involves the study of the effects of acoustic waves on chemi-
cal systems (e.g., synthesis reactions (Serpone and Colarusso
1994), free radical polymerization (Teo et al. 2009), enzy-
matic reactions (Malani et al. 2014), photocatalytic reac-
tions (Peller et al. 2003; Kaur and Singh 2007; Bekkouche
et al. 2017), Fenton and photo-Fenton reactions (Basturk and
Karatas 2014; Verma et al. 2015), electrochemical reactions
(Pollet 2010; Saez et al. 2010)). The central event conduct-
ing to sonochemistry is the acoustic bubble. Ultrasound,
when passing through a liquid medium, causes mechani-
cal vibration of the liquid. If the liquid medium contains
dissolved gas, which will be the case under normal condi-
tions, tiny microbubbles can be formed, grown and violently
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collapsed by the action of the sound wave. This phenomenon
is known as acoustic cavitation (Neppiras 1980). The col-
lapse of the acoustic cavitation bubbles is near adiabatic
and generates temperatures of thousands of degrees within
the bubbles for a short period of time (Ashokkumar 2011).
Under this extreme temperature conditions, highly reactive
radicals are generated. For example, if water is the medium,
H' and ‘OH radicals are generated by the homolysis of water
vapor inside the bubble. These radicals initiate a gas-phase
reactions chain, in which several other reactive species (i.e.,
HOjand O,...) may be formed (Yasui et al. 2005). A parallel
reaction pathway exists where volatile solutes may evaporate
into the bubble and be pyrolyzed by the high core tempera-
tures. The diffusion of these reactive species in the liquid
surrounding the bubble has been used to achieve chemical
reactions that include the synthesis of nanomaterials, poly-
mers, degradation of organic pollutants, etc. (Hoffmann et al.
1996; Petrier et al. 1998; Teo et al. 2008; Bang and Suslick
2010; Xue 2016; Merouani and Hamdaoui 2017). Under
certain conditions, bubble collapse can also result in light
emission, sonoluminescence, originating from the core of
the bubble during the final stages of collapse.

Sonication offers three reaction zones: the hot gas phase
of the bubble (~5000 K), the bubble—solution interface
(~ 1900 K) and the bulk of the solution (ambient tempera-
ture) (Suslick et al. 1986). The degradation of pollutants
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upon ultrasound depends on their physicochemical proper-
ties. A volatile molecule will be incinerated inside the bub-
ble, while a nonvolatile and hydrophilic molecule will be
oxidized by the ejected ‘OH at the bubble interface and in the
bulk of the solution (Pétrier and Francony 1997).

As sonochemistry originates from acoustic cavitation, the
characterization of the acoustic field is of fundamental inter-
est to control all physical and chemical effects of ultrasound
in aqueous solution. The main characteristics of an acoustic
field are the bubble number and size, the maximum bubble
temperature and pressure and the chemical bubble yield.
Some developed experimental procedures for the charac-
terization of acoustic cavitation bubbles have been recently
overviewed by Ashokkumar (2011).

Numerical simulation of acoustic cavitation has shown
a significant progress in the last decade (Moholkar et al.
2000a, b; Moholkar and Warmoeskerken 2003; Chakma
and Moholkar 2013). However, only several limited stud-
ies have attempted to provide a physical explanation to the
experimental sonochemical results using analysis based on
simulations of cavitation bubble dynamics. For example,
Vichare et al. (2000) have analyzed the bubble energy under
several sonochemical parameters of frequency, intensity and
initial bubble radius. Sivasankar et al. (2007) and Park et al.
(2018) have simulated the production of free radicals inside
a collapsing bubble to give a mechanistic approach for the
sono-oxidation of KI and some trihalomethanes, and similar
scenario has been adopted by Nazimudheen et al. (2018) for
examining the results of the ultrasound-assisted pre-treat-
ment of leachate before anaerobic digestion.

We have recently developed a theoretical procedure based
on cavitation model for the characterization of acoustic cavi-
tation fields (Merouani et al. 2014b). This procedure has
been used for determining some interesting characteristics
of acoustic bubbles (i.e., bubble dynamics, bubbles size,
number of bubbles, bubble core temperatures and pressures,
etc.) at variable experimental conditions. In this work, an
acoustic cavitation field induced in sonochemical reactor
operating at 1700 kHz has been characterized, using our
early developed procedure (Merouani et al. 2014b), and then
applied for the degradation of a typical water contaminant,
toluidine blue (TB), which is a phenothiazine dye that is
widely used in fields like medicine, textile and biotechnol-
ogy (Neelakandeswari et al. 2011; Sridharan and Shankar
2012). Though the degradation of organic pollutants by
ultrasound has been widely investigated, the combination
between the characterization and the application of the
acoustic cavitation field was rarely addressed previously.
TB has a mutagenic effect and has a toxic interaction with
DNA and RNA (Chi et al. 2010), and thus, any presence
of this dye in water will damage aquatic life and human
health. Additionally, no data are available about the degrada-
tion of this dye by acoustic cavitation. The sensitivity of the
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cavitational treatment to several operational parameters and
additives has been clarified.

Materials and methods

All solutions were prepared using deionized water. Tolui-
dine blue (abbreviation: TB; CAS number: 6586-04-5;
UPAC name: 7-Amino-N,N,8-trimethyl-3H-phenothia-
zin-3-iminium chloride-dichlorozinc, molecular formula:
C,5H,,CIN;S-0.5ZnCl,, molecular weight: 373.97 g mol™")
was supplied by Sigma-Aldrich. All other used reagents
(Sigma-Aldrich) are of analytic grade and were used as
received.

Batch experiments were conducted in cylindrical jacketed
glass reactor equipped with a piezoelectric disk (diameter
2 cm) mounted in bottom of the reactor and emitting irradia-
tion at 1700 kHz. Temperature set was fixed by circulating
water through a jacket surrounding the cell and controlled
by a thermocouple immersed in the cavitating medium. The
solution pH was measured with a Jenway 3505 pH-meter.
The acoustic power dissipated in the reactor (15 W) was
estimated using the calorimetric method (Mason et al. 1992).

Sonication was carried out using an operating volume
of 100 mL. Aqueous samples were taken at fixed time
intervals and analyzed with an UV-visible spectrophotom-
eter JASCO V-730) to determine the concentration of TB
(Amax =626 nm). To ensure reproducibility, the experiments
were repeated three times and the data were averaged (error
bars have been included in relevant plots). The concentra-
tions of H,0, during sonolysis were measured iodometri-
cally, as described by Merouani et al. (2010a).

Theoretical package

The theoretical procedure given elsewhere (Merouani et al.
2014b) and summarized in Table 1 has been used for char-
acterizing the 1700-kHz cavitation field. The dynamics
of each bubble, the extreme temperatures and pressures
developed therein, the production of free radicals and the
bubble population (size and number) are the main char-
acteristics to be identified herein. All these parameters
have been estimated based on single-bubble sonochem-
istry model developed by our research group (Merouani
et al. 2014c, 2015). This model couples the dynamic of a
single bubble (described by the Keller—-Miksis equation,
Eq. 1 of Table 1) oscillating in water under a sinusoi-
dal acoustic pressure with a chemical kinetics occurring
within the bubble at the violent collapse, together with
the assumption of isothermal expansion and adiabatic col-
lapse and neglecting mass and heat transfer across the bub-
ble wall. Justification of the adopting model assumptions
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Table 1 Basic equations of the model (Merouani et al. 2014a, ¢)

Bubble dynamics
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Chemical kinetics
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where ry, o, is the experiential production rates of H,0, and n,  ,

and n_ . are the number of moles of H,0,, OH and HO, -
released by €ach bubble when it collapses (estimated using the

single-bubble sonochemistry model)

Variables description dots indicate time derivatives (d/df), R is the
radius of the bubble, ¢ is the speed of sound in the liquid, py is the
pressure on the liquid side of the bubble, P(¢) is the liquid pressures,
py. is the density of the liquid, o is the surface tension, u is the liquid
viscosity, p is the pressure inside the bubble, p_ is the ambient static
pressure, P, is the acoustic amplitude [related to the acoustic inten-
sity I, as Py=(2Lp )], f is the sound frequency. P, is the vapor
pressure, P, is the initial gas pressure inside the bubble, R, is the
ambient bubble radius, T, is the bulk liquid temperature, R, ,, is the
maximum radius of the bubble, y is the ratio of specific heats capaci-
ties (cp/c ) of the vapor/gas mixture, R, is the universal gas constant,
Ay (A,) is the pre-exponential factor, b/ (b,) is the temperature expo-
nent and E; (E,) is the activation energy

was available somewhere else (Merouani et al. 2014a, c,
2015). The used chemical mechanism consists of series
of 73 reversible chemical reactions involving O,, H,O,
‘OH, H, O, HO,, O3, H,, H,0,, N,, N, NO, NO,, NO;,
HNO,, HNO;, N,0, HNO, NH, NH,, NH;, N,H,, N,H;,
N,H,, N,O, and N,O5 species (Merouani et al. 2014c).
The number of collapsing bubbles was predicted using
Eq. 10 of Table 1. This equation was developed based on
a semiempirical method using the results of single-bubble
sonochemistry model and some experimental measure-
ments (Merouani et al. 2014a).

Results and discussion
Characterization of the 1700-kHz cavitation field

The bubble dynamics at 1700 kHz of frequency and 15 W
of power was performed early for one acoustic cycle (Ferk-
ous et al. 2016). Herein, we will present the results for var-
ious acoustic cycles. Figure 1a—e shows the time evolution
of the acoustic pressure, the normalized bubble radius, the
bubble wall velocity and the bubble pressure and tempera-
ture for ten successive implosions. As can be observed, the
bubble expands when the acoustic pressure goes negative
during the rarefaction cycle up to reaching a maximum
(3.2R;) and then violently collapses during the compres-
sion cycle of the sound wave. As a result, the speed of
the bubble wall hugely increased at the end of each bub-
ble collapse up to values of about 160 m/s, resulting in
intense picks of temperature and pressure with maximums
of ~4000 K and ~ 1000 atm. Dissociation of water vapor,
O, and N, occurred inside the bubble at the final stage of
the collapse (around R,,;,), and several chemical oxidants
are produced (Merouani et al. 2014c). The amounts of the
oxidants reached at the end of the first bubble collapse
are given in Fig. 2. As seen from this figure, OH, O and H'
are the predominant oxidizing species created at the col-
lapse. In particular, ‘'OH is considered the primary oxidiz-
ing species during aqueous sonolysis because of its high
potential of oxidation than other oxidants. This reactive
species has been identified in sonicated water using EPR-
spin trapping (Makino et al. 1982) and has been quantified
by several chemical dosimetries (Merouani et al. 2010a).

Figure 3 shows the correspondence between the size of
active bubbles (in term of R;) and the production rate of
the oxidants inside the bubbles for 1700 kHz and 15 W.
As seen, the range of active bubbles for the production of
the oxidants is rather narrow, which is in agreement with
an early calculation at various frequencies (Merouani et al.
2013). Only bubbles having ambient radius in the range
0.23-3 um are active and can produce oxidants, i.e., spe-
cifically ‘'OH radical. Additionally, the more active bub-
bles have an ambient radius of ~ 1.2 um. The correlation
between the yield of ‘'OH and the maximum bubble tem-
perature for all points of Fig. 3 is depicted in Fig. 4. It was
noticed that there exists an optimum bubble temperature
and pressure of about 4000 K and 1000 atm for the produc-
tion of hydroxyl radical at 1700 kHz and 15 W.

The predicted number of active bubbles (of 1.2 um of
mean ambient radius) in the cavitating medium is shown
in Fig. 5 as function of solution temperature (25-55 °C).
As seen, billions of bubbles are created in the medium.
From Fig. 5, it was noticed that an increase in bulk liquid
temperature leads to a substantial increase in the number
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of active bubbles, which suggests that cavitation bubbles  rise in vapor pressure or the decrease in either the surface
are more easily produced as the temperature is raised. This  tension or viscosity associated with heating of the liquid
in fact may be due to the decrease in cavitation threshold (Merouani et al. 2016).

with the increase in liquid temperature as a result of the

jllate ¢llodl ay .
des Shevis @) Springer



Applied Water Science (2018) 8:160

Page50f11 160

107

10-18

number of moles

10—20

OH o H HO, H,0, O,

Fig.2 Amounts of the main oxidants created inside the bubble at
the end of the first bubble collapse (conditions—ambient bubble
radius: 1.2 pm, liquid temperature: 25 °C, pressure: 1 atm, frequency:
1700 kHz, power: 15 W). Vertical axis is in logarithmic scale
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Fig.3 Size of active bubbles for the production of oxidants (condi-
tions—ambient bubble radius: 0.2-3 um, liquid temperature: 25 °C,
static pressure: 1 atm, frequency: 1700 kHz, power: 15 W)

Application of the 1700-kHz cavitation field
to the degradation of TB

The early characterized cavitation field induced at 1700 kHz
and 15 W was applied in this section to the degradation of
TB, which is a very persistent pollutant toward direct attacks
with highly conventional oxidants such as hydrogen peroxide
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Fig.4 Bubble yield (hydroxyl radical) as function of the maximum
bubble temperature and pressure reached at the collapse for all the
interval of active bubbles (conditions—ambient bubble radius:
0.2-3 um, liquid temperature: 25 °C, static pressure: 1 atm, fre-
quency: 1700 kHz, power: 15 W)

5x10°

4x10° |-
3x10° |-

2x10° |-

Number of bubbles (1/L s)

1x10° |-

25 32 40 50
Liquid temperature (°C)

Fig.5 The number of active bubbles as function of bulk liquid tem-
perature (conditions—ambient bubble radius: 1.2 pm, liquid tempera-
ture: 25-50 °C, frequency: 1700 kHz, acoustic power: 15 W)
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Fig.6 Degradation kinetics of TB for various initial concentra-
tions (conditions—volume: 100 mL, initial TB concentration:
0.5-20 mg/L, temperature: 25+2 °C, pH~6, frequency: 1700 kHz,
power: 15 W)

measuring the production rate of H,0, in the sonicating
solution. [H,O, was formed mainly at the bubble—solution
interface through the reaction 2°0H — H,0, with
k=5.5%x10'""M~"s~! (Merouani et al. 2010a)].

Figure 6 shows the impact of the cavitational process on
the degradation of TB in aerated solutions of various initial
concentrations (Cy;=0.5, 2, 5, 10 and 20 mg/L). The extent
of TB degradation was found to be inversely proportional
to the initial concentration of the dye, a trend generally
observed in the literature (Merouani et al. 2010b; Guzman-
Duque et al. 2011; Gao et al. 2013; Ferkous et al. 2015). The
variation in the concentration of TB with time showed an
exponential decrease resembling a pseudo-first-order kinet-
ics. A quick analysis of Fig. 6 indicates that the degradation
extent after 1 h of sonication for the case of Cy=0.5 mg/L
was 1.44 and 2.41 times higher as compared to initial con-
centrations of 5 and 20 mg/L, respectively (92% at 0.5 mg/L.
face to 63.8% at 10 mg/L and 38.1% at 20 mg/L). Since TB
is highly water soluble [solubility: 38.2 ¢ L~! (Singh et al.
2008)] and nonvolatile substrate [vapor pressure: 1.03 x 107
mmHg], it cannot enter the bubble but it must be removed
outside by reaction with ‘OH radical ejected from the bub-
ble. This mechanism was confirmed by adding 2-propanol
as an effective ‘'OH scavenger, in which TB removal was
hugely reduced (data not shown). Figure 7 depicts the vari-
ation in the initial degradation rate (r;) and H,O, produc-
tion rate with the initial TB concentration. It can be seen
that the initial degradation rate shows two regimes, a linear
increase (up to C,=5 mg/L) followed with a plateau for all
Cy>5 mg/L. Thus, TB degradation could not be described

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

0.15 ————r1—+—1— T T — 1
<
£
-
~
g’ —-40.9
e
g wE
< O
c i —
o 0.8 E
= =
< 3
© 2
=]
3
—_ - 0.7
8
=
£
Od/‘ oo e b b 0.6
0 5 10 15 20

Initial TB concentration, C0 (mg/L)

Fig.7 Initial degradation rate and H,0, formation rate with respect
to the initial TB concentration

with a first-order kinetics, as suspected, since there was no
linear relation between C; and r,. Therefore, TB degradation
is linked to both the TB concentration and hydroxyl radicals.
Concurrently, H,O, decreased rapidly from 0.95 uM/min in
fresh water to 0.78 pM/min in 5 mg/L TB solution and does
not decrease much beyond this concentration (Fig. 7). These
results demonstrated the involvement of hydroxyl radical in
the degradation of the dye and reflected a saturation of the
bubble surface with TB molecules for C,>5 mg/L. These
findings may be attributed to the difference in the reaction
zone with respect to the initial concentration of TB. At low
C,, the bulk solution is the suitable reaction zone (Jiang
et al. 2006). It is reported that only 10% of the formed radi-
cals inside the bubbles may reached this zone. In this case,
only lower fraction of the ‘'OH radicals may attack TB mol-
ecules and the remaining ‘OH radicals recombine to yield
higher formation rate of H,0,. However, increasing the
pollutant concentration moves progressively the reaction
zone to the interfacial region where higher concentration of
radicals is believed to be existed (Jiang et al. 2006). In this
situation, the fraction of ‘'OH that undergo recombination
would decrease (yielding lower accumulation rate of H,0,)
and be involved in the degradation process, and hence, the
degradation rate was ameliorated, as shown in Fig. 7. These
remarks are in agreement with those reported in the litera-
ture (Torres et al. 2008; Gao et al. 2013; Ferkous et al. 2015;
Taamallah et al. 2016).

Figure 8 shows the impact of the cavitational treatment
on the removal of TB (Cy=2 mg/L) in aerated solutions
of various initial pH (2—-11). As seen, the degradation rate
of TB was insignificantly affected upon pH 2—4, but it was
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Fig.8 Degradation kinetics of TB for various initial solution pH
(conditions—volume: 100 mL, initial TB concentration: 2 mg/L, tem-
perature: 25+2 °C, pH 2-11, frequency: 1700 kHz, power: 15 W)

markedly increased in neutral and basic solutions. The initial
degradation rate at pH 11 is 1.32-fold higher than that at pH
7. However, after a period of sonolysis (1 h), the degrada-
tion of TB at pH 7 and 11 declined and becomes lower than
that observed at pH 2—-4. This behavior was attributed to
the strong competitive effect imposed by the high quantity
of degradation by-products resulted from the rapid degra-
dation of TB at neutral and basic conditions. The solution
pH may change the acido-basic properties of substances,
and this may affect their reactivity toward the cavitation
bubble. However, since TB has pKa values of 2.4 and 11.6
(Sabnis 2010), the compound retained the same structural
form in the pH range of 2—11. On the other hand, either in
the absence or presence of solutes, the formation rate of
H,0, was almost independent of pH in the interval 2—-11
(Merouani et al. 2010a; Villaroel et al. 2014). Therefore,
an opposite trend between the degradation pattern and the
production of hydroxyl radical, as quantified by H,O,, with
respect to pH was obtained. The interpretation of this phe-
nomenon remains obscure, but it may be due to the differ-
ence in the number of hydroxyl radicals achieving the bulk
solution under lower and higher pH.

Figure 9 shows the effect of the nature of dissolved gases
(Ar, air, N, and CO,) on the cavitational treatment of TB
(Cy=2mg/L). The cavitational treatment is very sensitive to
the type of the saturation gas. The degradation rate was more
notably under Ar saturation and near completely suppressed
under CO, atmosphere. Besides, N, reduced the degradation
rate by 72% and 65%, as compared with Ar and air, respec-
tively. Three main gas properties control the gas effect on the
sonochemical process (Rooze et al. 2013): (1) the specific

cic,

Time (min)

Fig.9 Degradation kinetics of TB for various saturating gases (condi-
tions—volume: 100 mL, initial TB concentration: 2 mg L tempera-
ture: 25+2 °C, pH~6, frequency: 1700 kHz, power: 15 W)

heat ratio (y=cylc,), (2) the solubility and (3) the thermal
conductivity (4). A gas with higher solubility (x, mol/mol)
can create more nucleation sites, which resulted in higher
number of bubbles. On the other hand, a gas with greater
y and lower A yields higher maximum temperature upon
collapse resulting in higher sonochemical activity inside
the collapsing bubble. However, measurements of bubble
temperatures using methyl radical recombination (MRR)
under several saturation gases of the same y and different A
showed that thermal conductivity had practically no impact
on the bubble temperature, and hence, its effect should be
neglected (Okitsu et al. 2006). Using our model (Sect. 3),
temperatures of 6160 K for Ar, 4030 K for both air and N,
and 3030 K for CO, were predicted at 1700 kHz, 15 W and
25 °C. (These temperatures are in the same order of y (1.66
for Ar, 1.4 for air and N, and 1.29 for CO,).) Therefore, as
Ar is highly water soluble than air and N, (x,,=2.748 x 107>,
Xyir=1.524x 107 and xy,=1.276 X 107), it could give
the best performance toward the degradation of TB via
the generation of too high 'OH concentration in the react-
ing medium. On the other hand, since air and N, have the
same y and slightly difference in their A, the reductive effect
of nitrogen was mainly attributed to its negative impact
on the combustion reaction inside the bubble. Indeed, an
early computational analysis demonstrated that the produc-
tion rate of hydroxyl radical inside the bubble is strongly
sensitive to the amount of N, trapped in the bubble at the
collapse, and the higher the concentration of N,, the lower
the production rate of ‘OH (Merouani et al. 2014c). It was
found that ‘'OH was mainly consumed via the reaction
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Fig. 10 Degradation kinetics of TB for various solution temperatures
(conditions—volume: 100 mL, initial TB concentration: 2 mg/L, tem-
perature: 25-50 °C, pH~ 6, frequency: 1700 kHz, power: 15 W)

NO + OH+M — HNO, + M, and since NO was princi-
pally formed through the reactions N, + O —NO+N and
NO,+M — O+ NO+ M, the higher the concentration of
N, in the bubble, the higher the concentration of NO, and
this accelerates the consumption rate of ‘OH radical through
the reaction NO +'OH+M = HNO, + M. For the case of
CO,, the significant lower bubble temperature generated in
this case, 3030 K, drastically reduced the production of free
radicals at the collapse. Additionally, the too high solubility
of CO, in water (x¢o,=7.1X 107%; 46-fold much higher than
that of air) destabilizes the bubble growth and implosion to
a non-inertial event due to the high extent of bubbles coales-
cence, which yield bigger bubbles in the solution (Brotchie
et al. 2010; Rooze et al. 2011). Indeed, images captured of
the bubble fields under air and carbon dioxide using a light
source demonstrated that the nucleation of bubbles seems to
be important for the process (Rooze et al. 2011). Hardly any
bubbles are visible in the air-saturated solution, whereas big
stable bubbles are visible in the solution under CO, satura-
tion (Rooze et al. 2011). The suppressing effect of CO, was
reported for several chemical and biological processes under
ultrasound (Liu and Wu 1934; Henglein 1985; Ogawa et al.
2002; Guzman-Duque et al. 2011).

Figure 10 depicts the effect of liquid temperature
(25-55 °C) on the cavitational treatment of TB (Cy=2 mg/L)
in aerated solutions. As can be observed, the liquid tem-
perature had not a significant impact on the removal rate
of TB, which is in agreement with the results of Goel et al.
(Goel et al. 2004) who investigated the effect of temperature
(545 °C) on the sono-degradation of styrene and ethylben-
zene. Inversely, the production rate of H,O, in pure water
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Fig. 11 Effect of formic acid (FA) addition on the degradation
kinetics of TB (conditions—volume: 100 mL, initial TB concentra-
tion: 20 mg L™, initial FA concentration: 0.1-1 g L™!, temperature:
25+2 °C, pH~6, frequency: 1700 kHz, power: 15 W)

was 1, 1.3, 1.5 and 1.8 pM/min for, respectively, 25, 35, 45
and 55 °C, reflecting higher concentration of hydroxyl radi-
cal at higher temperatures. These opposite results may be
attributed to the hydrophilic character of TB, which make
it far from the bubble interface at which the sonochemical
activity is mostly located (Jiang et al. 2006). Thus, even
increasing liquid temperature acts as enhancer for hydroxyl
radical generation, the degradation reaction at the investi-
gated initial concentration (2 mg L™!) will not benefited as
TB remains always far from the reactive interfacial region.

Figure 11 shows the effect of formic acid (FA) addition
on the cavitational removal of TB (C,=2 mg/L) in aerated
solutions. It was noticed that FA addition at 0.1 and 0.5 g/L.
resulted in, respectively, 40% and 60% reduction in the initial
removal rate of TB, but no further reduction was observed
with 1 g/L of FA. However, FA impacted slowly the removal
percentage after a long irradiation time (i.e., ~4—10% for
100 min of treatment). These results indicated an effective
scavenging of ‘OH radical by FA, as experimentally demon-
strated by dosing H,O, at variable FA concentrations (Nav-
arro et al. 2011). Although FA is a hydrophilic compound,
its reaction with ‘OH at high FA concentration levels may
occur in both the bubble solution interface and the bulk of
the solution (Gogate et al. 2006; Navarro et al. 2011). Since
TB reaction zone at Cy=2 mg/L is presumably the bulk
solution, increasing FA concentration increases, in part,
the competition for hydroxyl radical reactions in the bulk
solution and, in another part, the scavenging of ‘'OH radi-
cals at the bubble interface and preventing their diffusion
to the bulk solution in which TB degradation takes place.
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Therefore, lower degradation rate of TB could be gener-
ated with increasing FA concentration in the solution. How-
ever, due to the rapid occurrence of bubble—collapse event
(~0.17 ps at 1700 kHz and 15 W), 'OH diffusion from the
acoustic bubble could not be completely suppressed, and
this why FA addition at 1 g/L did not yield further reduction
as compared to 0.5 g/L. Indeed, an early analysis of acid
orange 7 (AO7) degradation in the presence of high concen-
trations of interfacial agents, i.e., Triton X-100 and Tween
20 surfactants, confirmed the existence of an optimum dose
for these additives above which no further reduction in the
degradation rate of AO7 was observed (Hamdaoui and Mer-
ouani 2017). The optimum reductive dose of surfactants on
the production rate of H,0, was also reported (Yim et al.
2002).

Conclusion

Ultrasound via acoustic cavitation event induced in aqueous
solution may produce several physical and chemical effects.
The degradation of nonvolatile compounds through reaction
with the cavitationally generated ‘OH radical is one of the
most applications of ultrasound in environmental remedia-
tion. To better understanding the chemical action of ultra-
sound in aqueous solution, a characterization of the acoustic
cavitation field is highly needed. In this work, the main char-
acteristics of a 1700-kHz cavitation field in water (bubble
number and size, bubbles temperatures and pressures and
bubbles chemical yields) were determined using a theoreti-
cal procedure based on single-bubble sonochemistry model.
Subsequently, the degradation of TB, as substrate model of
organic pollutants, using the 1700-kHz cavitation field has
been achieved at variable experimental conditions and in the
presence of formic acid. Ultrasound at 1700 kHz generates
cavitational microreactors of high temperatures and pres-
sures, which could be an effective tool to degrade organic
pollutants.
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