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ARTICLE INFO ABSTRACT

Keywords: Although most of researchers agree on the elementary reactions behind the sonolytic formation of molecular
Hydrogen production hydrogen (Hj) from water, namely the radical attack of HoO and H205 and the free radicals recombination,
Sonochemistry

several recent papers ignore the intervention of the dissolved gas molecules in the kinetic pathways of free
radicals, and hence may wrongly assess the effect of dissolved gases on the sonochemical production of
hydrogen. One may fairly ask to which extent is it acceptable to ignore the role of the dissolved gas and its
eventual decomposition inside the acoustic cavitation bubble? The present opinion paper discusses numerically
the ways in which the nature of dissolved gas, i.e., N3, Oo, Ar and air, may influence the kinetics of sonochemical
hydrogen formation. The model evaluates the extent of direct physical effects, i.e., dynamics of bubble oscillation
and collapse events if any, against indirect chemical effects, i.e., the chemical reactions of free radicals formation
and consequently hydrogen emergence, it demonstrates the improvement in the sonochemical hydrogen pro-
duction under argon and sheds light on several misinterpretations reported in earlier works, due to wrong as-
sumptions mainly related to initial conditions. The paper also highlights the role of dissolved gases in the nature
of created cavitation and hence the eventual bubble population phenomena that may prevent the achievement of
the sonochemical activity. This is particularly demonstrated experimentally using a 20 kHz Sinaptec transducer
and a Photron SA 5 high speed camera, in the case of COg-saturated water where degassing bubbles are formed
instead of transient cavitation.

Dissolved gases
Thermodynamics
Mechanistic aspects

pressure of hundreds of bar [2]. Obviously, such an order of tensile
strength to attain the nucleation threshold is impracticable and conse-
quently, the only rationale for acoustic cavitation bubbles and sono-
chemistry based on the hot spot theory is gas dissolution, and hence
heterogeneous nucleation [3].

The nature of the dissolved gas systematically acts on defining the
cavitation and sonochemical thresholds and this implies, in addition the
dissolved gas properties, the acoustic frequency, the acoustic amplitude
and the ambient radius. The initial problematic treated in the present
opinion paper can be simply formulated this way: in the presence of
gaseous germs of the gas X, while applying an ultrasonic irradiation of a

1. Introduction

According to the hot spot theory, sonochemistry is assumed as the
indirect result of sonication of a liquid medium, this latter being the seat
of acoustic cavitation events. The presence of dissolved gases is a sine
qua non condition to the nucleation and the occurrence of acoustic
cavitation and hence, the existence of sonochemical reactions [1].
Indeed, with no gaseous germs emerging within the liquid, the disrup-
tion of intermolecular bonds, which is the microscopic phenomenon
behind acoustic cavitation, would require an enormous acoustic
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Nomenclature P, Pressure of gas (Pa)
P, Saturating pressure (Pa)
o Accommodation coefficient P, Ambient pressure (Pa)
E Thermal layer width (m) Q Heat (J)
A Thermal conductivity (W/m-K) R Bubble radius (m)
oL Density of liquid (kg/m®) R Bubble wall velocity (m/s)
o Surface tension (N/m) R Bubble wall acceleration (m/s%)
B Dynamic viscosity (Pa-s) T Reaction rate of the i reaction (mol/s m®)
A Area of the basis of the sonochemical reactor (m?) R, Ideal gas constant (J/mol-K)
¢ Sound celerity (m/s) S Section of the bubble wall (m?)
f Frequency (Hz) T Temperature within the bubble (K)
AH; Reaction heat of the i reaction (J/mol) t Time (s)
m Yield of evaporation and condensation (kg/m?) T Ambient temperature (K)
m Rate of evaporation and condensation (kg/m?s) Vw Volume of the bubble (m?)
M Molar mass of water (kg/mol) Vr Volume of the sonicated liquid in the sonochemical reactor
n Total molar yield (mol) (m?)
P Acoustic power (W/m?) w Work (J)
Pa Acoustic amplitude (Pa)
P; Partial pressure (Pa)
frequency f, is the acoustic amplitude P, sufficient to induce a subse- 26
quent growth of a bubble of an ambient radius Ry, or what is formally Py, =P, +R—0 — Py €D)

known as the cavitation threshold? The cavitation threshold is defined
as the minimum amplitude of sound pressure required to initiate
acoustic cavitation [4]. If expected to end-up to physical and chemical
effects and then Hy production, the cavitation should be inertial and
active in sonochemistry. Curiously, in recent papers of Rashwan et al.
[5,6], the sonochemical production of hydrogen at single acoustic
cavitation bubble scale was investigated numerically under some un-
expected conditions, namely an ambient radius of 1.5 um, an acoustic
amplitude of 0.1 MPa and an acoustic frequency of 20 kHz. The authors
suggested a chemical scheme of 19 reversible reactions evolving within
the bubble. The mechanism accounts for H,O and O cleavage, while the
study exposes results under various saturating gases (O, air, CO3, Ar,
etc.), several values of extreme temperature (2,000, 4,000, 6,000, 8,000
and 10,000 K) and an extended time of 1,000 us. What challenges us
regarding the approach itself and these results is fundamentally the
expected category of the bubble described earlier, according to its
equilibrium radius under the adopted acoustic conditions [7], and
consequently the unprecedented effect of dissolved gases allowing the
achievement of the reported dramatic temperatures and considerable
production of Hy. On the other hand, the quasi-agreement on the inhi-
bition effect of CO4 as a saturating gas on the sonochemical activity
seems controverted [8-10]. These observations lead us to tackle a sec-
ond problematic related to the validity of the assumptions leading to
unprecedented results of sonochemical hydrogen production, and reit-
erate the question on how do dissolved gases affect the acoustic cavi-
tation, sonochemistry and specifically Hp production?

2. Thermodynamics and mechanistic aspects under Ar, air, Ny
and O, atmospheres: Illustrative cases and general guidelines

The starting points of the present opinion paper are the aforemen-
tioned conditions reported by Rashwan and coworkers [5], whilst the
covered scope of ambient radii and acoustic amplitude will be extended
to reach 60 pm and 0.12156 MPa, respectively. Assuming a single bubble
of an equilibrium radius Ry, the initial composition of the bubble volume
is expressed in terms of partial pressures as the sum of P, and Pg,. Py
refers to the vapor pressure of HyO (the liquid medium is assumed as
pure water) and is simply defined by any valid equation of liquid-gas
equilibrium, while Py, is the pressure due to the saturating gas, given as
indicated in Eq. (1).

Prima facie, the saturation with pure gas leads to similar initial
conditions of bubble composition expressed in molar basis, in spite of
the nature of the saturating gas. Volume based composition, however, is
saturating gas dependent, since it accounts for the molar mass and the
density.

The acoustic cavitation bubble oscillates according to the modified
Keller-Miksis equation [11]. From a mechanical point of view and ac-
cording to the ambient radius Ro and the acoustic conditions f and P,,
the bubble can be dissolving, inertial or degassing [7]. The nature of the
dissolving gas affects the bubble dynamics through the instantaneous
gas pressure inside the bubble P and the mass rate m and acceleration i
of the non-equilibrium of evaporation and condensation of water mol-
ecules at the bubble interface, which depend at their turn of the partial
pressure of HyO and the temperature of the hot spot. The nature of
dissolved gas clearly intervenes in a complex way on the bubble dy-
namics, the complex interactions are schematized in Fig. 1 (a) in an
attempt to sum up the simultaneous evolution of the thermodynamic
parameters.

We first present in Fig. 1(b) the bubble dynamics results under four
different saturating atmospheres, namely air, Np O and Ar, assuming a
single bubble of 1.5 pm of equilibrium radius submitted to an ultrasonic
wave of 20 kHz frequency and 0.1 MPa of acoustic amplitude. This non-
exhaustive list of saturating gases serves as illustrative and compre-
hensive analysis to figure out some failures of approaches observed in
the literature. As predicted, Fig. 1 (b) and (c) show that this scenario
corresponds to a dissolving bubble rather than inertial with a growth
ratio of barely 1.4. Physically, this means that the surface tension of
water against the gas is still capable of braking the expansion of the
bubble and preventing the expected explosive growth, hence, no dra-
matic temperatures are attained as shown in Fig. 1(c), and no hydrogen
is produced! The causality relationship linking the bubble oscillation
dynamics to the thermal behaviour and the sonochemical activity
including Hy production is further discussed below according to the
saturating gas.

In order to observe the effects of dissolved gas on inertial and likely
active bubbles in sonochemistry, we suggest to reach an inertial cavi-
tation bubble, then a bubble active in sonochemistry under 20 kHz
following two different pathways: (i) raising the bubble equilibrium
radius, or (ii) increasing the acoustic amplitude. Since the study is
intended for the sonochemical production of Hp, the discussion will
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Fig. 1. Schematic diagram illustrating the complex effects of hypothesis related to the nature of the gas on thermodynamic and kinetic parameters (a) and illustrative
dynamics (b) and thermal (c) results of an acoustic cavitation bubble having an equilibrium radius of 1.5 ym and submitted to an ultrasonic wave of 20 kHz frequency

and 0.1 MPa, under four different saturating gaseous atmospheres.

emphasize on the sonochemical activity threshold for hydrogen pro-
duction, fixed conventionally at a single bubble scale to 10® molecule-
ss ! [71, which is equivalent to 8.3 x 102! mol of H, per cycle under
20 kHz.

Fig. 2 reports the bubble dynamics results and the corresponding
temperature profiles under 0.1 MPa and 20 kHz in function of Ry varying
in the range (a): 1.5 um, (b): 6 um, (c): 10 um, (d): 20 um, (e): 30 um and
(f): 60 um. It is firstly noticeable that while moving toward bigger
bubbles at equilibrium, within the interval ranging from 1.5 to 60 um,
the motion of the bubble wall tends to demonstrate more pronounced
bubble oscillation dynamics, though with expansion ratios limited to
2.5. This is accompanied of an increase of the temperature inside the
bubble volume, until an order of 2700 K observed with bubbles having
an ambient radius of 30 pm under an argon atmosphere. Interestingly,
the first and strongest rebound of bubble oscillation always shows a
harshest temperature condition within a medium saturated with argon,
as compared to other saturating gases.

Fig. 3 represents the effect of the acoustic amplitude passing from
0.1 MPa ((a), (c), (e) and (f)) to 0.12156 MPa ((b), (d), (f) and (h)) on the
bubble oscillation dynamics for two acoustic cavitation bubbles having
respective equilibrium radii of 1.5 pm ((a) and (b)) and 60 ym ((c) and
(d)) and their corresponding temperature profiles, as reported in Fig. 3
(e) and (f) for Ry equal to 1.5 pm and Fig. 3 (g) and (h) for Ry of 60 um.
The increase of the acoustic amplitude above the atmospheric pressure,

with almost 21.6% relatively to the value adopted in Fig. 2, is equivalent
to 47.8% supplementary consumption of acoustic energy according to
Eq. (2).

_ P/A
a 2p cVg

(2)

In terms of bubble wall motion, and according to Fig. 3 (a) and (b), a
bubble of 1.5 um, which is basically dissolving, knows a slight modifi-
cation in growth ratio, passing from 1.4 to 1.9 under air, O and Ny
atmospheres. Contrariwise, argon saturated liquid knows a higher
expansion ratio of the bubble attaining 2.3. Although no severe
compression is observed after the bubble growth and hence the bubble is
still of dissolving nature, the advanced expansion of the bubble volume
observed under argon, suggests a lower acoustic cavitation threshold in
function of acoustic amplitude attained under this gas, as compared to
other saturating gases. The corresponding temperature evolutions, re-
ported in Fig. 3 (e) and (f), reveal profiles of dissolving bubbles, with
remarkable micro-oscillations appearing under argon atmosphere. Ac-
cording to the nature of bubbles, and during the time interval corre-
sponding to the bubble growth, the only implicated phenomenon is the
mass transfer of water molecules, through the non-equilibrium of
evaporation and condensation, dominated by evaporation.

Bubble with equilibrium radius of 60 um was particularly selected as
a second illustrative case to exhibit an interesting behavior. Fig. 3 (c)
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Fig. 2. Moving toward the sonochemical activity threshold for hydrogen production by the means of raising the equilibrium radius: Dynamics and thermal results of
an acoustic cavitation bubble submitted to an ultrasonic wave of 20 kHz frequency and 0.1 MPa, under four different saturating gaseous atmospheres.
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Fig. 3. Moving toward the sonochemical activity threshold for hydrogen production by the means of increasing the acoustic amplitude from 0.1 to 0.12156 MPa:
Dynamics and thermal results of an acoustic cavitation bubbles having respective equilibrium radii of 1.5 and 60 pm and submitted to an ultrasonic wave of 20 kHz

frequency, under four different saturating gaseous atmospheres.
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and (d) demonstrate superimposed curves of bubble radius during the
strongest expansion under the four saturating gases, with a common
expansion ratio of 2 when the acoustic amplitude equals 0.1 MPa and 2.4
when it is raised to 0.12156 MPa. A clear strong compression is then
observed in the four cases; however, the lowest compression ratio is
recorded under an argon atmosphere. Indeed, with an acoustic ampli-
tude of 0.1 MPa, the compression ratio is limited to 4.7 under Ar, while it
increases to 6.8 under Ny and O3 and 7 under air. The augmentation of
the acoustic amplitude to 0.12156 MPa induces a general increase of the
compression ratios, with the lower value of 7.1 retrieved under argon,
against 12.6, 11.8 and 12.8 under air, Oy and Ny, respectively. Curi-
ously, the corresponding temperature variations, reported in Fig. 3(g)
and (h), demonstrate similar orders of hot spot temperature values in
function of the saturating gas under both acoustic amplitudes of 0.1 and
0.12156 MPa. The highest value is recorded in the case of argon (2,097
and 3,710 K, respectively), followed by N (1,652 and 2,720 K,
respectively), then air (1,652 and 2,720, respectively) and finally oxy-
gen (1,421 and 2,200 K, respectively). The nature of saturating gas may
lead to less violent bubble compression but more extreme temperature
conditions, as observed with argon. Mechanistically, the augmentation
of temperature, which will be discussed later based on the energy bal-
ance, is responsible of braking of the condensation kinetics, according to
the Hertz-Knudsen rate expressed in Eq. (3).

. My,o 1

m= \/ﬁaﬁ(ﬂ P;) 3

Yet, no conclusion can be emitted regarding the sonochemical ki-
netics since both previous effects, i.e., the compression of the bubble
volume and the collapse temperature, are opposed.

From an energetic point of view, the nature of dissolved gas governs
the internal energy of the bubble through its heat capacity, the thermal
loss across the boundary layer through the thermal conductivity, but
also the heat capture or release related to the chemical reactions
evolving within the bubble volume during collapse, and which are
intrinsically dependent on the nature of the saturating gas and its
eventual reactivity. Accordingly, the energy balance applied on the
single acoustic cavitation bubble is directly impacted by the nature of
the dissolved gas as shown in Eq. (4).

A 1 n .
~PATRR =2 ) AHyrdaR + 4nR2%ch T
=1

A K .
=L4R(T-To)+ Y mCyT “)
2R ) ; v
The derivation of the energy balance from scratch would reveal some
failure in the usually adopted models, but also clarify the extent of the
effects of the saturating gas on the thermal behavior of the bubble.
Basically, the first law of thermodynamics, stated in Eq. (5), applies to
the single acoustic cavitation bubble.
du W 80

E—Z"FE (5)

The substitution of the terms U, W and Q is based on the hypothesis
governing the acoustic cavitation and its related phenomena, rigorously,
their respective formulas are given in Egs. (6), (7) and (8).

dU dT dn;

o Z”Mvi} + Zhiz (6)
oW av

T _pZ 7
dt Sdt 2
60 A m

- == §4ﬂR2( T-T,)+ 4ﬂR2MCVHw T (8

However, most of studies tend to treat the bubble during collapse as a
system with no mass variation and no heat exchange with the
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surrounding medium, thus, they limit the effect of dissolved gas to its
polytropic index according to the Laplace equation and Mayer’s relation
[12]. Such an approach would not lead to realistic orders of magnitude
of temperatures (exaggerated values) but may give acceptable insight
into the increasing/decreasing order of attained temperatures according
to the nature of saturating gas. In this case, the higher the polytropic
index y, the more important the expected temperature.

The more realistic approach includes the thermal conductive loss
that accounts for the thermal conductivity of the saturating gas, the
higher the thermal conductivity 1, of the gas, the greater is the thermal
loss by conduction and the lower the achievable temperature. It also
involves the thermal exchange due to the physical kinetics, and simul-
taneously with the effect on the oscillation dynamics, the vapor
condensation during collapse would reduce the internal energy of the
bubble, partially governed by the specific heat capacity of the dissolving
gas Cy,, and consequently, the temperature decreases. Hence, the more
intense the vapor condensation rate m and the higher the specific heat
capacity of the saturating gas C,,, the lower the bubble temperature.
Finally, the model comprises the reactions’ heats AH;, which closely
depend on the reactivity of the dissolved gas and all the emerging spe-
cies in its presence. However, one should regard into the orders of 4,, C,,,
AH; and m if and only if the adopted model accounts for them, other-
wise, the only valid basis of comparison is the polytropic index y.

That’s said, the adiabatic collapse model as adopted by Merouani
et al. [8] and Rashwan et al. [5] would reasonably lead to a hot spot
temperature under argon higher than under air; which is at its turn
higher than under CO,, owing to their respective polytropic indexes of
1.67, 1.4 and 1.3, given here at room temperature, but whose order
remains applicable even at higher temperatures [13]. The present en-
ergy balance model, involving A, C,,, AH; and m, would result in higher
Tmaxunder argon than under air and CO,, owing to the increasing order
of Cy, and J; for Ar, air and COq, respectively [14]. The increase of
temperature is expected to lower the condensation rate m and enhance
the mutual effects on R and Tqy, while the effects of AH; proper to the
reactional scheme related to the dissolving gas will be discussed jointly
with the chemical mechanism. Anyway, the order of magnitude of
temperature within the bubble volume under the precedent operational
conditions, i.e. 0.1 MPa and 20 kHz, is far below the orders of magnitude
announced in the recent published works, reaching 8,000 K [6], even if
the ambient radius is increased beyond the dissolving zone, i.e. above
1.5 pm. Furthermore, it is clearly non-expectable to end up with the
same order of bubble temperature if dealing with similar assumptions of
f, Py and Ry while considering different saturating gases, especially when
these gases are characterized by divaricated thermal properties, such as
Ar, air and CO,.

Besides, even if the inertial acoustic cavitation is assumed to occur, in
respect to some conventional definitions based on expansion and abrupt
compression [15], as indicated in Fig. 2(c) to (f) and Fig. 3(c) and (d),
the sonochemical kinetics and particularly hydrogen production need to
be assessed relatively to the sonochemical activity threshold, according
to the saturating gas. Fig. 4 reports the sonochemical production of
hydrogen associated to the cases presented previously in Fig. 2(c) to (f)
and Fig. 3(c) and (d). Fig. 4(a), (b), (c) and (d) demonstrate that under
0.1 MPa, the nearest molar yield of hydrogen to the sonochemical ac-
tivity threshold is encountered with a bubble of 30 pm of equilibrium
radius oscillating under an argon atmosphere, it is estimated to 6.92 x
1072 mol. With all the other cases, the produced yield of hydrogen does
not exceed the order of 10727 mol under Ny, 10~2% mol under air and
1072° mol under O,. With no surprise, a frequency of 20 kHz and an
acoustic amplitude of 0.1 MPa are not expected to lead to a sono-
chemical activity of hydrogen production.

Fig. 3(e) and (f) indicate that the augmentation of the acoustic
pressure to 0.12156 MPa induces a considerable increase of the yield of
Hp, however, this augmentation is closely dependent of the saturating
gas, and attains a molar yield of hydrogen beyond the sonochemical
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activity threshold only in the case of argon, with a value of 4.24 x 107
mol. The selective augmentation ratios in function of the dissolved gas
are particularly interpellant and suggest a preferential formation
pathway for hydrogen under argon, as compared to the other gases.
From a chemical mechanistic point of view, formation of hydrogen is
mainly governed by the following elementary reactions ((9)-(12)):

H* 4+ H +M-H, + M 9
H* + HOy* — 0y + Hy (10)
H* + H,0 — *OH + H, an
H* 4+ H,0, — H, + HOy 12)

However, the nature of the dissolved gas implies supplementary re-
actions that completely change the kinetics of the four major pathways
of hydrogen production within the acoustic cavitation bubble. We then
propose to examine the reactivity of the saturating gas within the
acoustic cavitation bubble and assess the likelihood of hydrogen for-
mation based on the availability of hydrogen radical H*, which is the
precursor of the four previous pathways (reactions (9)-(12)).

Under a pure oxygen atmosphere, H* reacts with O3, O and O3 to
form HOy* and *OH according to the elementary reactions (13)-(16)
[16]:

H* + O; + M - HO,* + M; Coef. Hy: 2.5, H,0:16.0 (13)
O + H*+ M — *OH + M; Coef-H0: 5.0 (14
O3 + H* > HO;* + O 15)
O3 + H* - 0, + *OH (16)

The availability of H* to form Hy is mainly compromised by the
emergence of HOy* and *OH, which are the two major sonochemical
products within the oxygen bubble. Indeed, Kohno et al. [17]

demonstrated using electron spin resonance-spin trapping method, that
the saturation with Oy conducts to the suppression of formation of He,
which reacts with oxygen to mostly form HO»°.

Under a pure Ny atmosphere, the N atom tends to scavenge the O
atom through the reactions (17)-(23) [18]:

N, + 0, - NoO+ O a7)
O+ N, >N+ NO (18)
0, +N - 0+NO 19
O + NO + M — NO;, + M; Coef. NO: 20; Coef. 0:20, N:20 (20)
0, +N—>0+NO (©19)]
HO* + N, - N,O + H* (22)
HO* + N — H*+ NO (23)

This implies higher availability of He, to the detriment of HO»*, which
is the richest radical in O atom. In terms of hydrogen production, this
compromises the second pathway of hydrogen formation through the
elementary reaction (10).

In this context, Mead et al. [19] reported the preferential formation
of nitric acid during the sonolysis of water saturated with nitrogen, this
is due to the reaction (24).

HO* + NO; + M - HNOj + M; Coef. Np:2 (24)

The saturation with air is equivalent to the association of oxygen and
nitrogen in respective molar proportions of 21% and 79%. The preced-
ing reactional mechanistic effects are then accumulated. This was
demonstrated by Merouani et al. [20] when studying the sensitivity of
free radicals formation to the nature of the dissolved gas.

The saturation with argon is particularly interesting since Ar is inert
and does not react with other species present within the bubble, it only
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plays the role of the third body, which removes the excess of energy and
stabilizes the chemical products according to the elementary reactions
(25)-(31) [21].

H,O + M — H* + *OH + M; Coef HyO: 12, H,:0.73, Ar: 0.38 (25)
HO;* + M - H* + O, + M; Coef H,O: 14, Hy: 1.3, Ar: 0.67 (26)
*OH + M - H* + O + M; Coef H,O: 12, Hy: 2.5, Ar: 0.75 (27)
H,0, + M—*OH + *OH + M; Coef H,O: 12, Hy: 2.5, Ar: 0.64 (28)
H* 4+ O + M — *OH + M; Coef H,0: 12, Hy: 2.5, Ar:0.75 (29)
H* + Oy + M — HOy* + M; Coef Hy0: 14, Hy: 1.3, Ar: 0.67 (30)
*OH + *OH + M — H;0, + M; Coef H,O: 12, Hy: 2.5, Ar: 0.64 (31)

In this case, the bubble is gaseous and argon is the predominant
species in the bubble volume, the availability of the free radicals He,
HOy* and *OH, but also Hy05 is not compromised by the presence of any
major species inside the bubble, and hence, the four pathways of the
hydrogen formation are promoted. The beneficial effect of argon on the
sonochemical activity was previously pointed out by Wayment and
Casadonte [22] and Kohno et al. [17].

By extrapolation, the saturation with CO, engenders a mechanism
recombining the C atom to the free radicals available in the medium, this
generates species such as HCO, COOH and CH,O (10'° to 10
em®-mol 157! and cm® mol~2.s71), with high scavenging effects of He
and O, as shown in the elementary reactions (32)-(36) [8].

CO, +M—=CO+0+M (32)
CO, + H* - CO + *OH (33)
CO, + H* - COOH (34
CO + H*+M — HCO + M (35)
HCO + HCO — CH,0 + CO (36)

The dissolving gas, if not inert, is a full-fledged reagent in the
sonochemical mechanism, its role is not limited to that of the third body,
and its reactivity may give rise to sub-products, which scavenge the
needed species for hydrogen emergence. One of the major failures of the
numerical models describing the sonochemical activity, and hence the
sonochemical production of hydrogen, is ignoring the side reactions of
the saturation gas.

The acoustic cavitation bubble, if active, represents a unique chem-
ical reactor model with some specifications that should be considered
when undertaking the modeling of the sonochemical activity at single
bubble scale and before tackling the effects of the saturating gas on the
sonochemical production of hydrogen. In the case of this particular
microscopic reactor, the reaction or residence time is an intrinsic
parameter that depends simultaneously of the oscillation dynamics and
the energy balance applied on the bubble volume, that define the
infinitesimal time slot during which dramatic temperature and pressure
conditions occur and induce chemical interactions. This time slot man-
ifests once per acoustic period and is repeated during the bubble lifetime
at the number of cycles that take place during the irradiation time. The
rapid evolution in temperature, pressure and volume surrounding the
bubble collapse requires simultaneous simulation of chemical kinetics
and thermodynamic parameters variation versus time. One should
carefully define the “reactional conditions” and rigorously resolve the
sonochemical kinetics model, since once again; the acoustic cavitation
bubble is a unique microscopic reactor model with instantaneously
varying conditions.

Finally, it is worthy to pay readers attention to a key aspect that may
further orientate the effects of the saturating gases on the sonochemical
activity and hydrogen formation, which is the dependency of the equi-
librium size of the acoustic cavitation bubble of the dissolved gas nature
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and its solubility in water. The equilibrium radius of the bubble is the
result of the static mechanical equilibrium at the bubble interface gov-
erned by the formula [23]:

mRT, 20
Pv(Toe)er*Rfome 37)

The ambient radius of a free spherical gas bubble in a quiet liquid is
clearly dependent of the nature of the dissolved gas, which questions the
initial size of the gaseous bubble under the effect of an ultrasonic field.

In an early paper, Henglein [24] pointed out that generally, the
sonochemical activity takes place only in the presence of a mono or
diatomic gas in the irradiated solution. The author demonstrated that
cavitation produces gas bubbles, and the chemical effects depend on the
nature of the gas. According to his earlier study [25], polyatomic gases
such as CO5 can only be introduced in few percentage within mono or bi-
atomic matrix to expect a sonochemical effect. This is explained by the
fact that, in case of high concentration, gas bubbles are not in Henry’s
equilibrium with the surrounding aqueous gas solution. Besides, Harada
and coworkers [26] proved that under pure CO5 atmosphere, no sono-
chemical products are detected. They attributed that to the restrained
cavitation by dissolved CO,. The same research group elaborated several
studies on the sonolytic reduction of CO, in water [27,28], they
demonstrated that the addition of CO, with very low proportions (2% to
3% molar) to an argon matrix dissolved in water induces an enhance-
ment of KI oxidation. This observation was explained by the high solu-
bility of CO, that improves the concentration of cavitation nuclei.
However, at higher concentration, the drastic increase of the number of
nucleation sites would elevate the likelihood of bubble coalescence
during sonication, the sonochemical effect is consequently inhibited.
This explanation is further supported by the images captured by Rooze
et al. [29] of the bubble fields under air and carbon dioxide using a light
source. In the present opinion paper, it is suggested that, due to its high
solubility, CO, tends to form bigger bubble at equilibrium than other
gases, their oscillation under the effect of an ultrasonic field is then
expected to lead to degassing bubble, as demonstrated by Yasui [7]. This
suggestion is investigated experimentally in the following section using
high speed camera records.

3. Experimental insights

In the present section, some experimental insights are given in terms
of the visualization of acoustic cavitation bubbles under several dis-
solved gases, in order to inspect the nature of formed bubbles and
examine the effect of the population behaviour on the preconized
sonochemical hydrogen production. The experimental procedure pre-
sented here aims to complete the view intended by the opinion paper
rather than setting an independent experimental investigation. In the
experimental procedure, a 20 kHz Sinaptec transducer placed at the
bottom of 1 L cylindrical vertical reactor of 6 cm of diameter was used.
Different gases, namely O, Ny, Ar and CO5, were injected from the lower
inlet of the reactor into a volume of 400 mL of pure water during 20 min.
After 20 min of bubbling, the reactor was closed completely. The soni-
cation was then performed at 50% acoustic amplitude for 30 s and im-
ages were captured using a high-speed camera (Photron SA 5 camera) at
5,000 fps (frame per second). The visual observation of the cavitation
phenomena under different saturation gases were captured through the
high-speed camera and presented in Fig. 5. The different dissolved gases
resulted in very prominent difference in terms of cavitation activity. This
is particularly noticeable in the case of COy-saturated water; indeed, the
captured image demonstrates the apparition of large gas bubbles when
sonicating CO,-saturated water, which indicates that mainly degassing
bubbles are formed and degasification of the dissolved CO2 occurs
instead of transient cavitation active in sonochemistry. Some degas-
ification can also be observed under O, atmosphere while very few
degassed bubbles were observed under Nj. However, the captured
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CO2

Ar

N2

O2

Fig. 5. High-speed camera (Photron SA 5 model at 5,000 fps) imaging of acoustic cavitation activity in 400 mL pure water under different dissolved gases sonicated

by a Sinaptec transducer (20 kHz at 50% acoustic amplitude).

images reveal that the amount of cavitation activity under Ar is much
higher than under Ny, which is equivalent to higher number density of
acoustic cavitation bubbles and hence, higher production of hydrogen in
accordance with the previous numerical findings. These observations
are in perfect agreement with those of Gielen et al. [30], and support the
aforementioned theoretical discussion.

4. Conclusions

The fallacy of causality relationship when interpreting the role of
dissolved gas may wrongly lead to surprising effects when non-rational
hypotheses are adopted. Thus, assumptions and methodologies need to
be questioned before any “unexpected” effect is claimed. The results of
some recent numerical works attributing surprising outcomes to the use
of pure CO; as a saturation gas, in regards to the sonochemical pro-
duction of hydrogen, are mostly due to failures in the modeling and
simulation procedure as demonstrated through modeling and simulation

in the present opinion paper. A rigorous modeling methodology should
account for some facts listed hereafter:

e The single acoustic cavitation bubble is not a controlled temperature
reactor, only macroscopic operating parameters can be controlled,
namely acoustic and surrounding medium conditions.

e The bubble collapse, which is the seat of the sonochemical reactions,
is a quasi-adiabatic phase. Temperature variation during this phase
as well as its duration under the considered acoustic frequency
should be respected when approaching the sonochemical reaction. It
is not acceptable to simulate reactions over time longer than the
collapse timeframe while adopting isothermal conditions, the
assimilation of such an approach to the chemical events occurring
within the bubble volume during collapse is completely dissuasive.

e From a mechanistic point of view, Argon as an inert gas, only in-
tervenes as a third body in the reaction scheme, whilst CO5, O3 and
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N2 which are not inert, in addition of acting as third bodies, would
disintegrate and contribute to the formation of emerging species.
e Saturation with a given gas implies particular initial conditions of
bubble composition in terms of volume, these conditions are intrinsic
to the gas molecule and hence, being realistic imposes to rigorously
define the initial bubble composition.
The nature of the formed acoustic cavitation under a given saturating
gas, owing to its solubility, may result in bubble population phe-
nomena such as degasification that would prevent the achievement
of the sonochemical activity and hence the sonochemical production
of hydrogen, this is for instance the case with COx.
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