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Abstract Acoustic cavitation is responsible for both sonochemistry and sonolu-
minescence. In this theoretical investigation, computer simulation of chemical
reactions occurring in an isolated cavitation bubble oscillating in water irradiated by
an ultrasonic wave has been performed for various acoustic amplitudes, different
static pressures and diverse liquid temperatures to study the relationship between
these three key parameters in sonochemistry and the oxidants created in the bubble.
The results of the numerical simulations indicated that the main oxidants created in
an O, bubble are *OH radical and O atom. The amount of the oxidants formed in the
bubble at the end of the bubble collapse increases as the acoustic amplitude
increases from 1.5 to 3 atm. For each acoustic amplitude, there exists an optimal
static pressure for the production of the oxidants, which shifts toward a higher value
as the acoustic amplitude increases. Correspondingly, for each acoustic amplitude,
an optimum of liquid temperature was observed at 20 °C for *OH, HO,® and H,O,.
The simple model adopted in this work, after comparisons with the trends obtained
with the literature experimental observations, seems to satisfactorily explain the
experimental observations and should practically aid in optimization of operating
conditions for sonochemical reactions. Results from this study were discussed and
some recommendations were given.
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Introduction

Chemical effects of ultrasound (sonochemistry) are due to the phenomenon of acoustic
cavitation, which involves the formation and the subsequent collapse of microbubbles
from acoustical wave-induced compression/rarefaction [1]. The microbubbles formed
during the rarefaction part of the wave contain vaporized liquid or gas, which was
previously dissolved in the liquid. The microbubbles can be either stable, oscillating
about their average or equilibrium size for many acoustic cycles, or transient when
they grow to a certain size in one or at most a few acoustic cycles and violently collapse
during the compression part of the wave [2]. The sudden collapse of these
microbubbles leads to localized, transient high temperatures and pressures (up to
and above 5,000 K and 1,000 atm, respectively [1, 3]), resulting in the generation of
highly reactive species including hydroxyl (*OH), hydrogen (H®) and perhydroxyl
(HO,") radicals and hydrogen peroxide (H,0O5) [3, 4]. The formation of H* and *OH is
attributed to the thermal dissociation of water vapor present in the cavities during the
compression phase [3, 4]. The radicals generated either react with each other to form
new molecules and radicals or diffuse into the bulk solution to serve as oxidants [4].
Reactions involving free radicals can occur within the collapsing bubble, at the
interface of the bubble and in the surrounding liquid [3-5]. 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 [6].

Several recent studies have attempted to explain the interactions between bubble
dynamics and chemical reactions occurring in the bubble. For example, Kamath
et al. [7] estimated the production of *OH radicals by decoupling the bubble
dynamics equation and the chemical kinetics. Prasad Naidu et al. [8] modeled the
equilibrium production of various radicals using the Rayleigh—Plesset equation for
the radial motion of the bubble, coupled with Flynn’s assumption that the bubble
becomes a closed system during collapse, when the partial pressure of gas becomes
equal to the vapor pressure. The entire growth period and the initial phase of the
collapse were assumed to be isothermal, whereas the later stage of the collapse was
considered to be adiabatic. Gong and Hard [9] also adopted a similar approach of
coupling bubble dynamics with the chemical kinetics and explained some trends in
sonochemistry. Other complex models that adopt the combination approach were
also available in the literature [10-12].

Several experimental studies on the influence of operating parameters such as
acoustic amplitude, static pressure and liquid temperature on sonochemistry and/or
sonoluminescence have been published and have shown the importance of these
parameters. In the present paper, we focused our study on the basis of the hot spot
theory [13] to investigate theoretically the effects of acoustic amplitude, static
pressure and liquid temperature on sonochemical production of oxidizing species in
collapsing bubble using a model that combines the dynamic of bubble collapse with
the chemical kinetics of single cavitation bubble. Chemical reactions occurring in an
isolated bubble oscillating in water irradiated by an ultrasonic wave were simulated
for various acoustic amplitudes (up to 3 atm), different static pressures (0.2-3 atm)
and diverse liquid temperatures (10-60 °C). Results from this model are used to
explain some experimentally observed sonochemical phenomena.
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Model
Bubble dynamics model

A gas and vapor filled spherical bubble isolated in an infinite, compressible and
viscous liquid oscillates under the action of a sinusoidal sound wave. The
temperature and pressure in the bubble are assumed to be spatially uniform and the
gas content of the bubble behaves as an ideal gas [14]. The radial dynamics of the
bubble is described by a good model furnished by the Keller—Miksis equation

[15, 16]:
R\ . 3 R\ ., 1 R Rd
(1—C)RR+2<1—3C)R pL<1+c+cdt)[pBP(m (1)

in this equation dots denote time derivatives (d/dt), c is the speed of sound in the
liquid, p, is the density of the liquid, P(f) denotes the sum of the static ambient
pressure and the time-dependent pressure field driving the bubble into oscillation
and pp is the pressure on the liquid side of the interface, related to the bubble
internal pressure p by the balance of normal stresses across the interface, namely:

20 R
pr=p = 4 (2)
in which ¢ is the surface tension and p is the liquid viscosity.
In the present study, we consider ambient pressures of the form [16]:

P(t) = pos — Pasin(2nft) (3)

where p., is the static pressure, P, is the acoustic pressure amplitude and f is the
sound frequency. The acoustic amplitude P, is correlated with the acoustic intensity
I,, or power per unit area, as Py = (ZIach)l/ 2 [3]. Equation (1) is only accurate to
first order in the bubble wall Mach number (R /c¢) but, for all acoustic amplitudes in
this study, this level of accuracy is sufficient (the speed of the bubble wall (IRI) at
the collapse never exceeds the sound velocity in the liquid (c), which is the
assumption used in the derivation of the equation) [15].

In the present model, the expansion of the bubble is considered as isothermal and
its total compression (implosion phase) is treated as adiabatic [11, 17]. The mass
and heat transfer at the bubble wall have not been considered in this study and it
should be noted that there exist some research studies that include these effects
[9-12, 18]. For a comparative point of view, the inclusion of these effects, leading to
a realistic situation, might change the absolute values of the predicted collapse
temperature and pressure but definitively will not change the predicted trends,
including the quantitative variation of the maximum radius, the collapse time and
the maximum collapse temperature with variation in operational conditions [11, 18].
Additionally, the importance of mass and heat transfer occur over multiple cycles of
oscillation changing, in this case, the internal composition of the vapor phase [9].
Consequently, as the present numerical calculations were carried out for one
acoustic cycle, the mass and heat transfer will not also affect significantly the
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quantitative bubble yield, predicted in one acoustic cycle. So, in order to reduce
computational parameters, the current model takes, as input, initial bubble vapor
content and neglects mass and heat transfer during bubble expansion and collapse.

On the basis of the above assumptions, the pressure and temperature inside the
bubble at any instant during adiabatic phase can be calculated from the bubble size,

using the adiabatic law:
RO } Rmax K
P,+P — 4
+ g0 (Rmax) ‘| ( R ( )

Rm « 3(y-1)
T Tm( . ) (5)

p:

R

where P, is the vapor pressure, Pyp = po, + (26/Rp)—P, is the gas pressure in the
bubble at its ambient state (R = Ry), R, is the ambient bubble radius, T, is the bulk
liquid temperature, R,,.x is the maximum radius of the bubble and vy is the ratio of
specific heats capacities (cy/c,) of the vapor/gas mixture. It is important to notice
here that the assumption of spatial uniform pressure and temperature inside the
bubble is valid as long as inertia effects are negligible and the velocity of the bubble
wall is below the speed of sound in the vapor/gas mixture. This assumption was
justified in detail in the paper published by Kamath et al. [9]. Also, Yasui et al. [10]
and Fujikawa and Akamatzu [19] were pointed out in their models which include
heat transfer that the bubble temperature and pressure are roughly uniform except at
a very thin layer, called thermal boundary, near the bubble wall.

Several physical properties in the above equations change with the liquid
temperature (water is the liquid medium in this study). They have estimated as
follows:

e Vapor pressure: The vapor pressure of water Py(in N m~>) at temperature T
(in K) is calculated using Antoine’s equation [20]:
3816.44
—_— 6
T —46.13 (©)
e Liquid density: The density of water p;_(in kg m ) at any temperature T (in °C)
is estimated by the following correlation [21]:

In(P,/133.32) = 18.3036 —

2/7
14)
pL = 334.71 x 0.274( e (7)

where T is the critical temperature of water (374.2 °C).
e Surface tension: The surface tension of water ¢ (in N m_l) is estimated as
function of temperature (in K) by the following expression [22]:

647.15 — T\ '*° 647.15—T

e Liquid viscosity: The viscosity of water p (in N m~2 s) is calculated as function
of temperature T (in K) in the range of 273-373 K by [23]:

@ Springer



Computer simulation of chemical reactions 885

(T —27)

n=1073 x
[0.05594(T — 273) + 5.2842)(T — 273) + 137.37

©)

e Speed of sound: The speed of sound ¢ (in m s~') was correlated as function of
temperature T (in K) in the range 273-373 K by the following interpolated
polygon obtained by interpolation of the International Steam Tables experi-
mental data [24]:

¢ = 1402.7 + 4.9045(T — 273) — 4.72x1072(T — 273)* + 1.242x 10~ 4(T — 273)°
(10)

We would like to mention here that experimental data [24, 25] shows that the
elevation of ambient static pressure in the range of 0.2-3 atm has no effect on
physical properties of water.

In the present model, the maximum internal temperature and pressure reached in
the bubble at the end of the bubble collapse are approximated by:

Rmax> 0=
Rmin

RO : Rmax 3
Py 4+ Pyl — 12
i 80 (Rmax> ‘| (Rmin ( )

where R, is the minimum radius of the bubble at the collapse (corresponded to the
velocity of the collapse dR/dt equal to zero).

TmaX:TOO( (11)

Pmax =

Chemical kinetics model

For a bubble initially containing oxygen and water vapor, a kinetic mechanism
consisting in nineteen elementary chemical reactions is taken into account involving
the chemical species O,, H,O, *OH, H®, O, HO,®, H, and H,0,. The kinetic
mechanism used in the present numerical simulations was detailed in the literature
[7, 26, 27].

The chemical kinetics model consists of the reaction mechanism and determines
the production as function of time of each species during the bubble collapse. The
detail of the chemical model used for the simulation of the reactions system has
been well described by Choi et al. [28].

Procedure of the numerical simulation

The simulation of the reactions system occurring in the bubble starts at the
beginning of the adiabatic phase (at time corresponded to R.x). The input
parameters of the reactions system are the composition of the bubble on water vapor
and oxygen at this point, the temperature and pressure profiles in the bubble during
adiabatic phase and the collapse time. All these parameters were obtained by
solving the dynamics equation (Eq. 1). The bubble temperature increases during the
adiabatic phase, the reaction system evolves and radicals start to form by thermal
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dissociation of H,O and O, molecules in the bubble. Thus, the composition of the
bubble on all species expected to be present (O,, H,O, *OH, H®, O, HO,®, H, and
H,0,) was determined at any temperature during the collapse phase. The simulation
of the reactions system was stopped after the end of the bubble collapse. The
numerical simulation performed for all conditions indicated that the amount of each
chemical species created inside a bubble attained their upper limit at the end of the
collapse as the bubble temperature and pressure reached their upper values at this
point. Thus, in the following, the amount of each species created in the bubble is
defined as that of the end of the bubble collapse. Also, the sonochemical activity of
a bubble is represented by the amount of the oxidants, which is defined as the sum of
the number of moles of all the oxidants ("OH, HO,®, H®, O, H,O,) formed in the
bubble per collapse.

It is important to mention here that a lot of numerical reports that do not insert the
kinetics part in their studies interpret the overall efficiency of sonochemical
reactions, i.e. radical production, on the basis of just many output results of single-
bubble dynamics (example: maximum temperature or pressure, collapse time or
Riax/t. Where 1. is the collapse time). These interpretations are not really justified
because the single-bubble sonochemical yield, i.e. free radicals production, results
from the interaction of all the output results of the bubble dynamics, which are
declared in the current study as inputs for the chemical kinetics model. Because of
this, the kinetic results provided by the present numerical simulations should be a
very justified starting point for interpreting the overall qualitative sonochemical
observations.

Results and discussion

The range of ultrasound frequency commonly used in sonochemistry is from 20 kHz
to ~1 MHz. However, in recent research, an optimum ultrasonic frequency has
been reported to be around 300 kHz with regard to the rate of H,O, production and
pollutants oxidation [29-31]. Thus, the present numerical simulations have been
performed at 300 kHz.

Effect of acoustic amplitude

Numerical simulations of chemical reactions occurring in an O, bubble oscillating
under the ultrasound frequency of 300 kHz have been performed for various
acoustic amplitudes (up to 3 atm). The static pressure is 1 atm and the liquid
temperature is 20 °C. According to some recent experimental studies [32-34], the
ambient radius (R) of a typical active bubble is strongly dependent on the acoustic
amplitude, and results from these studies showed that R, increases as acoustic
amplitude increases. In our recent paper [35], we have studied in detail the effects of
acoustic amplitude and ultrasonic frequency on the ambient radius (R,) for an
isolated cavitation bubble. Results from the study agree well, qualitatively and
quantitatively, with the experimental observations as illustrated in this paper [35].
Thus, in the present numerical simulations, the ambient radius (R,) was selected as
function of acoustic amplitude according to our previous study [35] as 3.5 pum for
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1.5 atm, 4.25 pm for 2 atm, 5.25 pm for 2.5 atm and 6 pm for 3 atm. To the best of
our knowledge, this approach of varying initial bubble radius (R,) with acoustic
amplitude has rarely been addressed before in the existing numerical calculations.

In Fig. 1, the amount of each chemical oxidant created in the bubble per collapse
is shown as function of acoustic amplitude. The obtained results clearly demonstrate
that an increase in acoustic amplitude from 1.5 to 3 atm results in an intense
increase in the amount of the oxidants.

While the present model focuses on single bubble, experimental results reported
in the literature were obtained from a bulk solution (multibubble system). Therefore,
an exact comparison between this model and experimental results is impossible.
This is in fact due to the complexity of the multibubble system which includes the
bubble-bubble interactions phenomenon (coalescence, clustering, etc.) that is not
considered in the present model. However, bearing in mind all the considerations, it
clearly appears that the trends of the sonochemical yields in single bubble (Fig. 1)
are consistent with that in bulk solutions observed in various reports on the effect of
acoustic amplitude on the sonochemistry reaction yield. For example, Koda et al.
[31] analyzed the variation in the sonochemical efficiency in various laboratory-
scale sonochemical reactors of operating power in the range of 35-220 W with
irradiation frequency in the range of 25-1,200 kHz. The obtained results indicate
that sonochemical efficiency as quantified by chemical dosimetry increases linearly
with increasing ultrasonic power. In our previous work [36], we found at 300 kHz
that sonochemical production of I3, Fe’" and H,O, increased with increasing
acoustic power from 13.7 to 25.7 W. At 300 kHz, Mark et al. [37] measured
sonochemical yields of the *OH radicals as a function of the acoustic power input.
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Fig. 1 Production per collapse of each chemical oxidant created in the bubble as function of acoustic
amplitude. The lateral figure is a zoomed view for HO, and H,O, (conditions: ambient bubble radius:
3.5 um for 1.5 atm, 4.25 pm for 2 atm, 5.25 um for 2.5 atm and 6 pm for 3 atm; frequency: 300 kHz;
liquid temperature: 20 °C; static pressure: 1 atm)
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They found that the yield of the *OH increased with the increase of acoustic power
up to a plateau. Kanthale et al. [38] showed that the H,O, yields and
sonoluminescence intensities in water increase with acoustic power (2-20 W) for
all the tested irradiation frequencies (213, 355, 647, and 1,056 kHz).

The increase in the predicted single-bubble sonochemical yields with acoustic
amplitude may be explained as follows: with an increase in acoustic amplitude, the
expansion ratio of the cavity (R,.x/Rp) will increase and, since the partial pressure
of water is always equal to vapor pressure, more water vapor should be present
inside the cavity to cushion the collapse. But, in turn, the compression ratio of cavity
(Rmax/Rmin) also increases with increasing acoustic amplitude, leading to increase
the collapse temperature as indicated in Fig. 2. In addition, the increase in the
amount of the trapped water with increasing acoustic amplitude (Fig. 2) can
promote the formation of free radicals, since they result from the dissociation of the
water molecules. Consequently, an increase in acoustic amplitude will thus result in
greater sonochemical effects in the collapsing bubble.

As a recommendation for this operating parameter, the acoustic amplitude for
300 kHz sonochemistry processes should be selected, with great confidence, as high
as possible in the range of 1.5-3 atm to ensure the maximum sonochemical activity.
This is confirmed in the experiments of Torres et al. [39] conducted for the same
conditions as the present numerical investigation.

Effect of static pressure
In order to study the static pressure dependence on the production of the oxidants,

computer simulations have been performed for various static pressures (0.2—3 atm)
and various acoustic amplitudes.
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Fig. 2 Normalized expansion and compression ratios, trapped vapor fraction and bubble temperature as
a function of acoustic amplitude. Results obtained for the same conditions as in Fig. 1. Values of
expansion and compression ratios are normalized with respect to the corresponding maximum values
obtained at 3 atm of acoustic amplitude
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In Fig. 3, the amount of each oxidant created in the bubble per collapse is shown
as a function of static pressure for 300 kHz and 2.5 atm of ultrasound frequency and
acoustic amplitude, respectively. It is seen that the production of each oxidant
occurs at a maximum rate at about 0.9 atm; at lower and higher static pressures, the
effect decreases and finally reaches the threshold limit of the production, which is
assumed as 1072 mol [35], at 0.1 atm (the lower bound) and 3 atm (the upper
bound). The observed maxima in the production of the oxidants at 0.9 atm of static
pressure may be explained as a consequence of competing effects: the amount of
water vapor trapped at the collapse and the expansion ratio of the bubble. These two
parameters are presented together with the bubble temperature in Fig. 4. On the one
hand, as the static pressure above the liquid increases, the amount of water vapor
trapped in the bubble decreases, leading to higher specific heat ratio y of the gas
mixture (y of water vapor, 1.33, is less than y of oxygen, 1.4). Thus, the bubble
temperature increases as y increases. On the other hand, as the static pressure
increases, the expansion ratio of the bubble decreases, resulting in a less violent
collapse which reduces the bubble temperature. These two opposite effects should
lead to an optimal bubble temperature and, thus, to maxima in the production rate of
the oxidants. It is noted, therefore, that the increase of the static pressure works as if
the acoustic amplitude decreases because the vapor content decreases and the
bubble expands less.

In Fig. 5a, b, the calculated results as function of ambient static pressures are
shown for various acoustic amplitudes. In Fig. 5a, the bubble temperature at the
collapse is shown. It is seen that, for given acoustic amplitude, the bubble
temperature initially increases with ambient static pressure, passes through a
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Fig. 3 Production per collapse of each chemical oxidant created in the bubble as function of static

pressure. The inset is a zoomed view for HO, and H,0, (conditions: ambient bubble radius: 5.25 pm;
frequency: 300 kHz; acoustic amplitude: 2.5 atm; liquid temperature: 20 °C)
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Fig. 4 Normalized expansion ratio, trapped vapor fraction and bubble temperature as function of static
pressure. Results obtained for the same conditions as in Fig. 3. Values of expansion ratio are normalized
with respect to the maximum value obtained at 0.2 atm of static pressure

maximum, and then decreases with the further increase in the static pressure. As the
acoustic amplitude increases, the bubble temperature increases and the curve shifts
toward a higher value of the static pressure. A similar behavior is observed for the
amount of the oxidants created per collapse as a function of static pressure for
various acoustic amplitudes as shown in Fig. 5b. From this figure, it is also observed
that the lower and upper bounds of static pressure for the production of the oxidants
increase with increasing acoustic amplitude. At the acoustic amplitude of 3 atm, the
optimal static pressure for the production of the oxidants is 1 atm. This optimal
value of the static pressure decreases to 0.9, 0.6, and 0.5 atm as the acoustic
amplitude decreases, respectively, to 2.5, 2, and 1.5 atm (Fig. 5b). In addition, the
amount of the oxidants created per collapse at the optimal static pressure decreases
as the acoustic amplitude decreases.

Though an exact comparison between the predicted results (numerical simula-
tions) in single-bubble and those in bulk solution (experiments) is not possible, the
observed trend of the dependence of the production of the oxidants on static
pressure agrees well with the experimental results. For example, the amount of
hydrogen peroxide, nitrate and nitrite produced by ultrasound irradiation of water
was found to be zero at air pressures less than 100 mm, above which it increases to
maximum at 1,520 mm, finally decreasing to zero at 4,180 mm [40]. Similar results
were reported by measurement of sonoluminescence intensity, but the maximum
intensity of luminescence shifts toward higher static pressures when the ultrasonic
power is increased [40], which is the same trend observed in Fig. 5a, because
luminescence intensity depends on the maximum temperature of the collapse [40].
Henglein and Gutierrez [41] found at 1 MHz that, as the static pressure increases,
the rate of KI oxidation increases to a maximum and then decreases with a
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Fig. 5 a Bubble temperature and b amount of the oxidants created in an O, bubble as function of static
pressure for various acoustic amplitudes (conditions: ambient bubble radius: 3.5 pum for 1.5 atm, 4.25 pm
for 2 atm, 5.25 pum for 2.5 atm and 6 um for 3 atm; frequency: 300 kHz; liquid temperature: 20 °C)

continuous increase in static pressure. The maximum also shifts toward higher
values of static pressure as the acoustic amplitude increases. Van Iersel et al. [42]
found at 20 kHz that the sonochemical oxidation of iodide is increased with
increasing static pressure from 1 to 5 bar and then decreases to zero at around 8§ bar.

Basing on the results of the numerical simulations, we recommend to carrying
out all experimental sonochemical reactions at 300 kHz of ultrasound frequency at
atmospheric static pressure (~ 1 atm) for high acoustic amplitudes.
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Effect of liquid temperature

Numerical simulations of chemical reactions inside an O, bubble have been
performed for various liquid temperatures (10-60 °C) and diverse acoustic
amplitudes (1.5-3 atm).

In Fig. 6, the amount of each oxidant created in the bubble per collapse is shown
as a function of liquid temperature for the ultrasonic frequency of 300 kHz and the
acoustic amplitude of 2.5 atm. It can be seen that the production of *OH, HO," and
H,O, increases as the liquid temperature increases from 10 to 20 °C and then
decreases with the further increase in the liquid temperature. For O and H®, there is
no optimum. The production of O atoms decreases sharply with the increase of the
liquid temperature. For H®, the production starts with a plateau at low temperatures
and then decreases with an increase in the liquid temperature.

Numerical calculations of the bubble dynamics performed for liquid temperature
ranging from 10 to 60 °C showed that liquid temperature has practically no effect
on the expansion ratio and the collapse time of the bubble. Thus, the optima of *OH,
HO,® and H,0, can be explained as follows [12]: as the liquid temperature
increases, the vapor pressure increases, and consequently more vapor is trapped by
the collapse as can be seen in Fig. 7. This can promote the formation of free radicals
since they come from the dissociation of the water molecules. But increasing the
liquid temperature simultaneously involves less violent collapses (decreasing y of
the gas mixture) leading to a lower internal temperature at the end of the bubble
collapse (Fig. 7), which reduces the decomposition of molecules into free radicals.
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Fig. 6 Production per collapse of each chemical oxidant created in the bubble as function of liquid

temperature. The inset is a zoomed view for HO, and H,0, (conditions: ambient bubble radius: 5.25 um;
frequency: 300 kHz; acoustic amplitude: 2.5 atm; static pressure: 1 atm)
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Fig. 7 Amount of water vapor trapped at the collapse, bubble temperature and amount of OH radical
created in the bubble as function of liquid temperature. Results obtained for the same conditions as in
Fig. 6

These two competing effects should lead to an optimum of the liquid temperature
for the oxidants ("OH, HO,® and H,0,) formation as shown in Fig. 6.

In Fig. 8a, b, the bubble temperature and the amount of the oxidants created in
the bubble per collapse, respectively, are shown as function of liquid temperature
for various acoustic amplitudes. Figure 8a shows that, for given acoustic amplitude,
the bubble temperature decreases monotonically as the liquid temperature increases.
For 1.5 and 2 atm, the amount of the oxidants presents a maximum at 20 °C.
However, at 2.5 and 3 atm, there is no optimum, but the amount of the oxidants
starts with a slight plateau at low temperatures (less than 15 °C) and then decreases
sharply with the further increase in liquid temperature above 15 °C. It seems that the
optima of the liquid temperature shifts toward low temperature for high levels of
acoustic amplitude. An exactly similar behavior has been reported by Entezari and
Kruus [43] at 900 kHz for various acoustic powers (7, 25 and 76 W) when they
examined the oxidation of potassium iodide in aqueous solutions.

Most observations reported in the literature concerning sonochemistry appear to
indicate that an increase in the ambient liquid temperature results in an overall
decrease in the sonochemical effect, which is what we obtained in our study (single-
bubble system) at higher acoustic amplitudes (Fig. 8b). At 300 kHz, we have
reported in our previous work [36] that the sonochemical degradation of iodide
decreased with increasing temperature from 25 to 55 °C. Mark et al. [37] observed a
monotonic decrease in *OH and H,O, yields in water as the liquid temperature
increased. Using the terephtalate dosimetry, Mason et al. [44] and Iida et al. [45]
found that, with sonication at higher temperature, there is a decrease in the
fluorescence emission. At 20 kHz, the liberated triiodide decreased with increasing
liquid temperature in the range 5-50 °C [43].
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Fig. 8 a Bubble temperature and b amount of the oxidants created in an O, bubble as function of liquid
temperature for various acoustic amplitudes. The inset in (b) is a zoomed view for 1.5 atm (conditions:
ambient bubble radius: 3.5 pm for 1.5 atm, 4.25 pum for 2 atm, 5.25 pm for 2.5 atm and 6 um for 3 atm;
frequency: 300 kHz; static pressure: 1 atm)

Combining the above theoretical and experimental observations, to ensure
maximum yields, sonochemical processes should be carried out at relatively low
liquid temperatures (10-20 °C).

Finally, we would like to mention here that the overall efficiency of
sonochemical reactions cannot be attributed to the single-bubble event alone but
also to the number of active cavities formed in the reactor and to the bubble—bubble
interaction phenomena (coalescence, clustering, etc.), which in turn depend on the
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operational conditions of the experiment. For example, increasing acoustic
amplitude will result, in addition to the rise of individual cavitation activity, in a
substantial increase in the number of cavitation bubbles [34, 38], which can form a
dense cloud of bubbles near the transducer which acts to block the energy
transmitted from the transducer to the liquid [2, 17]. Also, an increase in the
acoustic amplitude causes the generation of large numbers of bubbles, which may
coalesce and escape before the collapse [17]. Thus, the net effect of all this could
result in optimum acoustic amplitude giving a maximum sonochemical effect (see,
e.g., Ref. [46]).

Additionally, with the increasing of the aqueous temperature, though the yield
associated with the individual cavity decreases, the number of cavitation bubbles
increases, though this results in a lowering of the cavitation threshold due to the rise
in vapor pressure associated with heating of liquid [2]. The bubble-bubble
coalescence may also be increased with the liquid temperature. Thus, the net effect
of the bulk temperature increasing could result in an optimum reaction temperature
for the maximum sonochemical efficiency (see, e.g., Ref. [43]).

In summary, despite all the considerations discussed above concerning the effects
of operating parameters on the bubbles number and bubble-bubble interactions, the
present theoretical simulations on the effects of acoustic amplitude, static pressure,
and liquid temperature on single-bubble sonochemistry showed a good apparent
trend between the model based on the single-bubble system and a substantial
amount of experimental studies conducted in the field of sonochemistry. The model
developed in this work, although simple, should practically aid in the optimization
of the operating parameters in sonochemistry applications. The methodology
adopted in this study is a useful starting point for the modeling and designing of
sonochemical reactors.

Conclusion

Numerical simulations of chemical reactions inside an isolated spherical oxygen
bubble have been performed at 300 kHz for different acoustic amplitudes, various
static pressures, and diverse liquid temperatures, using a model that combines the
dynamics of bubble collapse with the chemical kinetics of a single bubble of
oxygen. The numerical simulations have revealed that *OH radical and O atoms are
the main oxidants created in the bubble. It was found that the amount of the oxidants
created in the bubble increased as the acoustic amplitude increased. There exists an
optimal static pressure for the production of the oxidants which depends on the
acoustic amplitude. The optimal static pressure shifts toward a higher value as the
acoustic amplitude increases. Correspondingly, an optimal liquid temperature
(20 °C) has been observed for many oxidizing species (*OH, HO," and H,0,),
above which further increases cause a monotonically decrease in the production of
the oxidants. At 1.5 and 2 atm, the amount of the oxidants presents a maximum at
20 °C. At 2.5 and 3 atm, there is no optimum, but the amount of the oxidants starts
with a plateau at low temperatures (less than 15 °C) and then decreases sharply with
further increases in liquid temperature above 15 °C. The simple model developed in
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this work, after comparisons of the trends, seems to satisfactorily explain the
experimental observations and should practically aid in optimization of the
sonochemical operating conditions.
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