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Abstract

The calculation of the equilibrium constants K of the sonolysis reactions of CO, into CO and O atom, the recombination of O atoms
into O, and the formation of H,O starting with H and O atoms, has been studied by means of statistical thermodynamic. The constants
have been calculated at 300 kHz versus the pressure and the temperature according to the extreme conditions expected in a cavitation
bubble, e.g. in the range from ambient temperature to 15200 K and from ambient pressure to 300 bar. The decomposition of CO,
appears to be thermodynamically favored at 15200 K and 1 bar with a constant K; = 1.52 x 10°, whereas the formation of O, is not
expected to occur (K>=18x10"% maximum value at 15200 K and 300 bar) in comparison to the formation of water
(K3 = 3.4 x 10" at 298 K and 300 bar). The most thermodynamic favorable location of each reactions is then proposed, the surrounding
shell region for the thermic decomposition of CO, and the wall of the cavitation bubble for the formation of water.

Starting from a work of Henglein on the sonolysis of CO, in water at 300 kHz, the experimental amount of CO formed
(7.2 x 10%° molecules L") is compared to the theoretical CO amount (1.4 x 10?7 molecules L™!) which can be produced by the sonolysis
of the same starting amount CO,. With the help of the literature data, the number of cavitation bubble has been evaluated to
6.2 x 10" bubbles L' at 300 kHz, in 15 min. This means that about 1 bubble on 1900000 is efficient for undergoing the sonolysis of

COs,.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Acoustic cavitation in aqueous solution gives rise to the
formation of micrometer bubbles. These bubbles grow and
implode when they reach a critical size. The collapse of the
cavitation bubble is extremely rapid in few hundred pico-
seconds, and the heating and cooling is greater than
10° K s~ [1]. As a result of the implosion, high energy phe-
nomena are generated in the medium such as the cleavage
of chemical bonds when chemistry is involved, erosion and
emission of light from excited species for mechanical and
photophysical effects, respectively. Experimental works
from Suslick have first shown that when solutions of metal
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carbonyls, used as spectroscopic probe, are irradiated at
20 kHz under Argon in a silicone oil and in presence of a
multi bubble system, the temperature (7) inside the bubble
of cavitation grows up to 4700 4+ 300 K [2]. Recently, evi-
dence for higher temperature up to 15200 £ 1900 K light-
ened the possibility of a highly ionized plasma core, in
regard to a single bubble system obtained at 20 kHz in
aqueous H,SO, solution under Ar, with an acoustic pres-
sure ranging from 1.3 to 6 bar [3]. In addition, calculations
in water at 52 kHz showed that the maximum temperature
could increased up to 6500 K in a single air bubble system
whereas the maximum would be 10900 K in a single Ar
bubble system, with an acoustic pressure range of 1.3—
1.5 bar [4]. A theoretical temperature value at 300 kHz is
given in water by Hoffmann, i.e. 6920 K with P, =2 bar
[5]. In this last paper, it is alleged that the temperature
can rise up to 14700 K in case of drier mixture but


mailto:bernard.david@univ-savoie.fr

B. David, P. Boldo | Ultrasonics Sonochemistry 15 (2008) 78-88 79

Nomenclature

a Van der Waals coefficient (L? bar mol2)

b Van der Waals coefficient (L mol ™)

AU°  internal energy of the reaction at 0 K (J mol™})

n shear viscosity of water (mPa s)

f frequency of the wave (kHz)

Zyib. vibrational degeneration

Zelee.  clectronic degeneration

Y polytropic ratio, y = C,/C,

h Planck constant (J s)

1 inertia moment towards a rotational motion
(kg m?)

k Boltzmann constant (J K™')

K polytropic index of argon

m molecular weight (kg molecule ™)

M mol L™!

n mole number (mol)

N molecule number (molecule)

N bubble number for 1 L of sonicated solution

N Avogadro constant (mol™)

V; the steechiometric coefficient (products: v; >0
and reactants: v; <0)

P pressure (bar)

P, acoustic pressure (bar)

Py gas pressure in the bubble at the initiation of the
collapse (bar)

Py atmospheric pressure (bar)

Ppyq. hydrostatic liquid pressure outside the bubble
(Pa)

P, water vapor pressure within the bubble (bar)

r bubble radius (pm)

R constant of perfect gases 8.31 Jmol ' K~!

Ry equilibrium radius of a spherical bubble (um)

0 density of water (kg m )

o symmetry factor

Ow water surface tension (N m™")

T temperature (K)

T, ambient temperature (K)

0 characteristic temperature (K)

Oyib. characteristic temperature of vibrational mo-
tions (K)

Ocec.  characteristic temperature from electronic tran-
sitions (K)

0, characteristic temperature on (O,) axe, associ-
ated to the inertia moment /., (K)

0, characteristic temperature on (O,) axe, associ-

ated to the inertia moment /,,, (K)

0. characteristic temperature on (O.) axe, associ-
ated to the inertia moment I, (K)

V volume of a cavitation bubble (m?)

v volume (m?)

Z the total partition function which can ex-

pressed as: Z = Zianslation * Zrotation * ZLvibration °

Zelectronic . Znuclear

conclude that as bubbles involved in sonochemistry are lar-
gely filled with water vapor, their temperature will be
around 10000 K due to chemical reactions. Recent works
also showed that the temperature at 355 kHz in water
could be 4600 K [6,7].

On the other hand, the experimental pressure (P) mea-
sured reaches about 300 & 30 bar in argon-saturated sili-
cone oil with a multi bubble system at 20 kHz [8].
Theoretical data at low frequency on the evolution of the
intracavity pressure is also available in the literature, from
the birth to the collapse of cavitation bubble [9-11].
Extreme limit predicted for P is 1000 bar in association
with a maximum temperature 10000 K. Both thermody-
namic 7 and P values, fit quite well with the hypothesis
of an adiabatic compression of the bubble during the cav-
itation collapse.

Using ultrasounds as an advanced oxidative technology,
it appears that a large range of sonochemical degradation
reactions of hydrophobic pollutants present in water, or
adsorbed on mineral supports in aqueous suspensions, lead
to the formation of gases like CO, and CO [12-15]. The
combustion and/or the pyrolysis of the hydrophobic pollu-
tants are often expected to occur inside or near the bubble
of cavitation. Both compounds, CO, and CO, are good

indicators of the mineralization yield of the starting mate-
rial during the process. The presence of CO in the sono-
chemical degradation of organic compounds is often
assumed to be due to a deficit of oxygen in the medium
with an incomplete combustion of the substrate. Neverthe-
less, as mentioned by Henglein [16], CO can also be formed
from the decomposition of CO, within the bubble of cavi-
tation, according to the following reaction, where M is the
third body [4,17]:

The oxygen atoms can lead to O, and H,O [8,13,14]:

M4+0+0—-0,+M K, (2)
O +2H — H,0 K; (3)

where H atoms arise from the sonolysis of water:
H,O — H+ OH 4)

According to the reaction (2), dioxygen would be gener-
ated, limiting therefore the oxygen deficit in the cavitation
bubble. These reactions have been postulated by Henglein
to occur in the bubble of cavitation at high frequency
300 kHz. However, no examination of the thermodynamic
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conditions have been done for these reactions. In this work,
we mainly focused our attention on the thermodynamic
conditions which favor the ultrasonic conversion of CO,
by developing the expression of the equilibrium constant
K, versus T and P at 300 kHz. The equilibrium constants
K, and K3 are also determined in order to predict the
behavior of oxygen atoms in the bubble towards reactions
(2) and (3). It is then proposed to examine the area where
the reactions take place towards the cavitation bubble.

Assuming that bubbles of cavitation are microreactors
which adiabatically collapse [18], it seems useful to apply
the statistical thermodynamic at the molecular level, con-
trary to the classic macroscopic thermodynamic who is
working at global scale. Every thermodynamic property
of a system is encoded in its partition function Z, a sum
which runs over all possible states that the system can
assume, at specific temperature and pressure. The partition
function Z introduced in statistical thermodynamic repre-
sents the bridge between the ab initio and the thermody-
namic scales. Both approaches do not be opposed since
they are often mutually dependent (Annex 1). In addition,
it is also possible to find in the literature interesting data-
bases including ab initio calculations, especially in the com-
bustion field, which allow the determination of
thermodynamic data (CANTERA for equilibrium constant
of reactions as example of chemical — see Annex 1). Never-
theless, the limitation of these databases is mainly on the
presently highest temperature value around 3000-4000 K.
The high temperature limit can be exceeded with the help
of statistical thermodynamic by assuming that spectro-
scopic data are constant in the extreme temperature range.
Starting with the highest experimental limits presently
known for T and P in the literature, we chose to elaborate
calculations from ambient conditions to these extreme con-
ditions [3,8].

In a second part of this study, a particular attention con-
cerned an hypothesis postulated by Henglein on the sono-
lysis of carbon dioxide in aqueous solution [16]. It is
assumed that gas bubbles are not in Henry’s equilibrium
with the surrounding aqueous gas solution. Indeed, the
maximum in the CO yield during the sonolysis of CO,
under an Ar atmosphere, appears at very low concentra-
tion of CO, in water (molar fraction xco, = 0.01). It is then
concluded that the mole fraction of CO» in the gas bubbles
is much larger than in the gas atmosphere under which the
ultrasonic irradiation is carried out. So we examined at the
microscopic level, the possibility of a fast CO, gas pumping
from the solution within the bubbles of cavitation.

2. Thermodynamic conditions of the cavitation

First works on the cavitation phenomenon assumed that
the compression phase of the bubbles of cavitation is an
adiabatic one [18-20]. An adiabatic process is one in which
no heat is gained or lost by the system, here the bubble of
cavitation. All the change in internal energy is in the form
of work or heat done, as provided for the first law of ther-

modynamic. Versus different parameters, it is then possible
to predict the evolution of temperature and pressure occur-
ring in a bubble of cavitation, according to the following
equations [19]:

_Ta-Py-(y—1)
T_—Pgas (5)
Ty =T;- (Vi/i’f)}@fl) (6)
P =P (ri/re)” (7)

where i and f refer to initial and final conditions of the tem-
perature 7, pressure P and radius r.

The main conclusion of relation (5) is that an increase of
the gas pressure inside the bubble of cavitation enhances
the decrease of the temperature reached during the col-
lapse. Nevertheless, previous equations neglect solvent or
the vapor pressure of chemical compounds and especially
chemical reactions.

What it is presently known on the thermodynamic of the
cavitation bubble in water, is that the initial temperature
and pressure in the bulk (water) are near from ambient
for T, and near from the acoustical pressure P, added to
the ambient pressure Py for P. In this work the final values
chosen for 7 and P at the end of the collapse are the follow-
ing extreme experimental data: 15200 K and 300 bar. It
seems important in our calculations, to do not exclude
the possibility of very high temperature in water. Accord-
ing to the introduction of some new parameters (such as
P,, oy, 1, etc.) in the statistical thermodynamic model, it
would also be possible to get data for reactions occurring
in solvent other than pure water (water in presence of
H,SO,, as example).

In order to predict the equilibrium constant during
a sonochemical reaction, it is important to control the

supercritical

fluid
Sl St ¢

solid

Absolute pressure

vapor

h 3

Temnperature

Fig. 1. Phase diagram of water superposed to the hashed zone corre-
sponding to the extreme variations of pressure and temperature occurring
in a cavitation bubble. T, = triple point (273 K, 0.006 bar); A = initial
conditions from the bulk (298 K, 1 bar); C =critical point (647 K,
200 bar); B = extreme final conditions at the collapse of the bubble of
cavitation (15200 K, 300 bar).
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evolution of the temperature and pressure from the bulk
solution to the collapse of the bubble of cavitation. Fig. 1
shows the phase diagram of water with a hashed zone cor-
responding to the possible thermodynamic conditions
occurring in a cavitation bubble including the supercritical
zone.

A great number of reactions occurring in the cavitation
bubble takes place in the supercritical phase where water
behaves as well as a liquid and a gas. But up to now, if
the right way from A to B is an adiabatic transformation,
the recent discovery of plasma inside the bubble may dis-
turb this way. This is why we chose to investigate calcula-
tions of equilibrium constants in the hashed zone where
temperature and pressure can vary independently. A scan-
ning of temperature is undertaken from 298 to 15200 K
and from 1 to 300 bar for pressure. In these conditions, it
is expected that the gas present inside the bubble of cavita-
tion is more correctly described by using the Van der Waals
equation for real gases which behave differently from the

perfect gases especially at high pressure and low
temperature,
nRT ny2
P () :
v ¥ (8)

with a and b the Van der Waals coefficients.

3. Treatment of sonochemical reactions from a statistical
point of view

It is possible to calculate the equilibrium constants K for
reactions (1)—(3) by using the statistical thermodynamic,
where K is expressed according to the following expression
[21-23]:

K = H (é) " exp(—AU°/RT) 9)

where i refers to the reactants and products of the reaction
studied. The partition function Z is a key function in statis-
tical thermodynamic which represents the different micro-
state energies corresponding to translation, rotation,
vibration motions and to the electronic states of molecules.
It can be noticed that there is no nuclear contribution
(Zuclear) to the total partition function Z and then to the
equilibrium constant, because [[,(Zuucear)” = 1. The equi-
librium constant K can be written:

v
K — I I Ztranslation : Zrotation : Zvibralion : Zelectronic '
r N

1

-exp(—AU°/RT)

The individual Z partition functions detailed in Table 1 are
calculated with the help of spectroscopic terms which are
then expressed in term of characteristic temperature 6 in
Table 2.

Taking into account all these parameters, the equilib-
rium constants K of the previous reactions can be expressed
versus the temperature and pressure. By using the equation

Table 1
Mathematical expressions of the different partition functions Z and the
corresponding characteristic temperatures 0

Energy type Partition function 0 (K)
Translation Z = 2mkTn)*? . 5 Not used
. . . _ T _
Rotation, diatomic molecule Z = (m) Orot. = 5277
. . _ N R
Rotation, polyatomic Z= (a. \/W) 0y = IR
molecule 0. — I
Y T 8nldyk
_ P
0, = 82T,k
: : 1 hevi
Vibration 7= HfW Oip, = =32
Electronic Z =3 8itc. - XP(—ietec. /T)  Oetec. = 7}”‘;‘“

of Van der Waals, it involves that in the expression of
Zranslation, V' 18 expressed versus T, P, a, b (a and b values
in Table 2). It is then necessary to resolve a cubic equation
giving two complex solutions and only one real solution
which can be expressed by the Cardan’s formula [24].
The calculation of the different equilibrium constants
expressions on SigmaPlot® are made with a T range:
Tinin = 298 t0 Tpax = 17000 K with a Tincrement = 500 K,
and with a P range: Ppjn =1 to Ppa. = 350 bar, with a
Pipcrement = 50 bar.

3.1. Sonolysis of CO,

The final mathematical expression of the equilibrium
constant K; for the sonolysis of CO, (1) appears below
as a programming line on SigmaPlot®:

K1(CO ) =(4.21 % 10"3)* T "1.5 % V
*(5+3 % exp(—225/T) + exp(—325/T))
% ((1 — exp(—960/T))"2)
% (1 — exp(—1820/T)) * (1 — exp(—3280/T))
* exp(—3.381 *10 "4/T)
/(1 — exp(—3085/T))

where the internal energy AU° (0 K) from reaction (1) is
281 kJ mol !, estimated from the enthalpy of formation
of each compound [25,26].

The volume V is expressed versus 7" and P according to
the following equations from Cardan:

a=0.3640

b=4.267*10"-5

al=—(b+8.31 % T/(P* 10 "5))
a2=a/(Px 10 "b)

a3 =—a*b

p=a2—al "2/3

g=2 % al "3/27 —al * a2 /3 +aB
P=(—q/2+sqrt(p"3/27 +q"2/4))"'1/3
Q=(-q/2—sqrt(p"3/27 +q"2/4))"1/3
V=P+Q—al/3

The a and b values from CO, are assumed to remain
constant during the reaction.
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Table 2
Data available for the calculation of the different partition functions Z and the equilibrium constants K for the reactions studied [22,23,26]
Oyiv. (K), degeneration gy, Oro™ (K) or 0, 0y, O-ror (K) Oetee.S (K) o Van der Waals coefficient
a (L? bar mol™2) b (L mol™)
H - - 0(g=1) - -
118260 (g = 4)
o] - - 0(g=5) - -
225 (g =3)
325(g=1)
22700 (g = 5)
0, 2773 (g=1) 2.10 0(g=3) 1 1.360 0.03183
11300 (g=2)
18500 (g = 1)
co 3085 (g=1) 2.60 0(g=1) 1 1.485 0.03985
93643 (g=1)
CO, 960 (g =2) 0.54 0(g=1) 2 3.640 0.04267
1820 (g=1) 66194 (¢=1)
3280 (g=1)
H,0 2690 (g =3) 40.38, 21.08, 13.49 0(g=1) 2 5.460 0.03050
2290 (g = 1)
5370 (g=1)
5510 (g =1)
# Diatomic molecule.

® Polyatomic molecule.

¢ The origin of electronic energies is made on the fundamental electronic state.

In Fig. 2, the equilibrium constant K appears to be 300-
fold higher at low pressure (1 bar) and at high temperature
(15200 K) than at high temperature and pressure
(15200 K, 300 bar) with K; =1.5x10° and 4.7 x 10°
respectively. As shown in Fig. 3a and b, K; values are high
whatever the pressure at very high temperature 15200 K,
whereas K; is null at low temperature (7 <4000 K) and
1 bar. Therefore with these high K; values calculated at
high temperature, the reaction (1) is thermodynamically
favored inside the bubble.

CO,--> CO + O

2.5¢+6 00
¢ B 5045
B 1.0c+6
_ 2.0e+6 =T 1.5e+6
“ 3 2.0e+6
= L
§ 1Sers [ 2.5e+6
-]
=]
<
et
=
]
=

1600,
104009200? J
0000 &
Teney 5900 0 &
Q
fare g 4000,1000™~ 300

Fig. 2. Equilibrium constant K; versus temperature and pressure.

The sonolysis of CO, will be optimum if the reaction
occurs in the first shell of the bubble where the temperature
grows up but not the pressure rather than in the hot heart
of the bubble of cavitation (300 bar and 15200 K). As
shown by Henglein, the formation of CO is the main prod-
uct arising from the sonolysis of CO,, proving that the

reaction occurs from a thermodynamic and a kinetic point
of view.

3.2. Formation of O5 under ultrasound

As predicted by the statistical thermodynamic, the equa-
tion for the calculation of K, is:

Ke(02) = (1 % 10" —4)x exp(—58464 /T)
/(1 - exp(-2773 /1))

% (5+3 x exp(—225 /T)+ exp(—325 /T))"2
x Vx x"1/2)

with V" which has been calculated in the same way than for
CO,, using O, data for the Van der Waals coefficients in
the lack of data for O atom. The internal energy AU®
(0K) from reaction (2) is estimated to —58.5kJ mol™!
[25,26].

As it is shown in Fig. 4, the reaction (2) of O, formation
is favored for the high temperature and the high pressure.
In this case this is the heart of the cavitation bubble which
is involved. Nevertheless the absolute value of K, is very
low, about 1.9x 107% at 15200 K and 300 bar and does
not favor the formation of O, by recombination of O
atoms rather than the dissociation of O,. Henglein
showed that the reaction is kinetically possible but not
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Fig. 3. (a) Profile of the evolution of K, at 15200 K versus the pressure, (K; = 1.6 X 10° at 1 bar, does not appear on the figure); (b) profile of the evolution

of K; at 1 bar versus temperature.
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6000
4000 2000
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Fig. 4. Equilibrium constant K, versus temperature and pressure.

predominant in the sonolysis of CO,. The yield of O, for-
mation is about 25 times smaller than the CO yield. In
addition, Yasui et al. found that O, could mainly provide
from another reaction: O + OH'+ M — O, + H+ M [4].

3.3. Formation of H>O under ultrasound

The expression of K3, corresponding to the formation of
H,O, versus temperature and pressure is:

K5(H:0) = (1.21 %10 " = 5) (T — 3) * (V) — 2)
*(8.27 * 10" —3) % (x"1.5)
*((5+3 * exp(—225 /T) + exp(—325 /T))" — 1)
#((1 — exp(—2690 /T))" — 3)
% (1 + exp(—2290 /T) + exp(—5370 /T)
+ exp(—5510 /T)) * exp(34657 /T)

with @ and b arising from H>O, the final product of the
reaction. The internal energy AU° (0 K) from reaction (3)
is estimated to —288 kJ mol ! [25].

The very high value of K3 =3.4x10* at 298 K and
300 bar, suggests a complete shift of the equilibrium
towards the formation of H,O (Fig. 5). The reaction would
be localized at the external of the bubble of cavitation
where the temperature is near ambient. The shock wave
generated by the collapse of the bubble could be then
responsible of this reaction. Atoms would be ejected from
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Fig. 5. Equilibrium constant K3 versus temperature and pressure.

the heart of the bubble to the surrounding shell, where they
condense on the cold water wall from the bulk (see Fig. 6b).

The statistical thermodynamic provides informations on
the equilibrium constants versus temperature and pressure,
and allows to predict the 7 and P values which favor the
reaction. Therefore the different thermodynamic areas of
the reaction towards the bubble of cavitation can be pre-
dicted as described in Fig. 6a and b.

According to the thermal gradient within and close to
the cavitation bubble, it is expected that light species are
concentrated in the core of the bubble whereas higher
molecular weight species are located in the surrounding
shell [9,27]. This means that H, O, H,O, CO, O,, Ar and
CO; (listed by increasing molecular mass) are distributed
from the hot core for H and O to the shell for Ar and
CO,. The decomposition of O, (reverse reaction (1)) and
of CO, (reaction (2)) have been found to occur in the bub-
ble core and in the vicinity of the core respectively, as
expected on Fig. 6b. These two reactions are in a quite

Te=679 K
Pc =220 bar

Water : Ta

temperature and pressure
gradient

Py +Pa

B. David, P. Boldo | Ultrasonics Sonochemistry 15 (2008) 78-88

good agreement with the thermal conductivity theory.
The reaction (3) is located near the wall of the cavitation
bubble in our model (Scheme 6b) and should appear at
the interfacial area of the bubble according to the thermal
theory.

An additional point is given in Annex 2, in order to
underline differences which occur between the use of CAN-

TERA database and the statistical thermodynamical data
obtained.

4. Estimation of an active bubble ratio under sonication

Starting from the well defined experimental results of
Henglein on the aqueous sonolysis of CO, under an Ar-
atmosphere, the hypothesis concerning an increasing molar
fraction of CO, in the bubble of cavitation just before the
collapse, has been studied. This means that bubbles could
act as a pump for the dissolved gases just neighboring
the bubble.

By knowing the amount of experimentally CO formed in
the atmosphere of the reactor, it is possible to evaluate the
real total amount of CO, transformed at the interfacial
area of the bubble. If we then compare the experimental
CO formed with the amount of CO calculated by means
of the previous equilibrium constant K; (where the condi-

tions are the most favorable, about 15200 K and 1 bar)
three cases are possible:

(i) [CO] calculated <« [CO] experimental: the deficit in
CO calculated could be due to a bad estimation of
the number of CO, molecules concerned by the reac-
tion, in favor of a CO, pumping motion in the
bubbles.

(ii) [CO] calculated ~ [CO] experimental: no need for
pumping the dissolved gas around the bubble.

(iii) [CO] calculated > [CO] experimental: overestimation
of the number of cavitational occurrence, i.e. the
number of efficient cavitation bubble is too high.

Fig. 6. (a) Scheme of the different thermodynamical conditions occurring within the bubble of cavitation; (b) location of the three concerned ultrasonic

reactions.



B. David, P. Boldo | Ultrasonics Sonochemistry 15 (2008) 78-88 85

4.1. Theoretical amount of CO, inside the bubble

According to the Minneart and to the more simple Galli
equations, the size of bubbles formed under an ultrasonic
field is inversely proportional to the frequency of the wave
[28,29]. Nevertheless, at acoustical pressures used in sono-
chemistry (3.2 bar in Henglein’s work) the resolution of
Rayleigh—Plesset has to be carried out [9,30-32]. The con-
ditions of use of this equation are described in Annex 3.
The equilibrium radius R, calculated corresponds to the
maximum authorized value of bubble radius which leads
to a collapse. The resulting bubble diameter of a high fre-
quency bubble at 300kHz (Henglein conditions) is
62 um. In the lack of experimental result at 300 kHz in
the literature, we chose to present calculations with this
maximum theoretical value of bubble radius and not with
a size distribution (1-62 um). However, it can be noticed
that experimental values measured are often lower than
theoretical values, especially at 20 kHz [33,34].

The volume of the bubble and then the volume of gas
inside such bubble is 9.98 x 10~'° L. When bubbles formed
under the ultrasonic field are entirely filled with the Ar/CO,
dissolved gas, with a partial pressure Pco, = 0.01 bar at
298 K, the molecule number of CO, authorized inside
one bubble is 2.4 x 10" by using the Eq. (8). The Van
der Waals coefficients are then those from Ar
(a=1.35L%*barmol % »=0.032 L mol™ ') the major gas
inside the bubble.

On the other hand, it can be assumed that the composi-
tion of the atmosphere inside the bubble is the same that
the dissolved gas just around the bubble, whatever the sol-
ubility of each gas in water (2x10°M for Ar and
3x 107> M for CO,). With the help of the Henry’s law
(KH(co, = 33.8 x 103 mol L™! bar’l), the concentration
of CO, in water is then [COsq] = Ku-Pco, = 33.8%
107 x 0.01 = 33.8 x 10°M. The maximum number of
carbon dioxide molecule in the gaseous atmosphere of
one bubble would be then 33.8x107° x9.98x
107" x /" =2.03 x 10" molecules/bubble for a bubble
radius of 62 pm. This result is finally in good accordance
with the molecule number inside the gaseous phase of
one bubble with the previous Van der Waals equation.

The void fraction which can be defined as the bubble
volume generated in a known volume of solution during
one ultrasonic cycle has been measured at 308 kHz in aer-

Table 3

ated water, with the help of a global hyperfrequency
method [35,36]. This void fraction expressed as 4x > - N/
(3 v) is useful in order to estimate the number N of bubble
of cavitation generated in the medium. At 308 kHz, close to
the frequency of Henglein’s work 300 kHz, the void frac-
tion is given to 3 x 10~* with an acoustical pressure equal
to 0.2 bar. With the hyperfrequency method used a linear
relationship is theoretically expected and experimentally
obtained between the void fraction and the acoustical
pressure. Extrapolation of the void fraction at 3.2 bar
(Henglein conditions) leads to a value of 7.5x107°
[10,30,35,36]. The total number of sonolyzed CO, molecule
within the supercritical/plasma phase of the bubble, during
15 min of irradiation time in 1 L, is then presented in Table
3. Results underline that the predicted CO, amount is
extremely high and should correspond to an average aque-
ous CO; concentration of about [CO,,q ]= 2 X 10° M and
then to a partial pressure of CO, in the gas phase close
Pco, = 65000 bar, which has definitely never been
measured.

4.2. Experimental concentration of CO produced by the
sonolysis of CO,

In Henglein’s work, the CO concentration reaches
11.7x107*M in the gas phase (i.e. 7.04 x 10?° mole-
cules L™ !). The CO partial pressure at 298 K is then Pco =
RT x [COg)]=8.31x298 x 11.7x 10%/10 " = 2.89 x 10°
Pa =2.9x 107? bar. In addition, as CO is in equilibrium
between the gas and the aqueous phase, the molecule num-
ber in solution can be evaluated with the Henry constant
[CO(aq)] = K X Pco=0.98 x 10 x2.9x 10> =2.8 x
1073 M (i.e. 1.7 x 10" molecules L™"). The total CO mole-
cule number is (7.04 x 10%° + 1.7 x 10'%) = 7.21 x 10*° mol-
ecules L. By using the K; value at 15200 K and 300 bar
and the predicted amount of CO, sonolyzed =1.4x
10*” molecules L™}, the theoretical CO molecule number
is also estimated to =~1.4x10%" molecules L', far
frO{n the previous experimental value 7.04 x 10°° molecules
L.

In regard to the starting hypotheses, it can be concluded
that the calculated concentration of CO formed is 107 time
higher than the experimental one. That means that either
the number of cavitation bubbles is overestimated or that

Estimation of the bubble number in 1 L per cycle and the number of CO, molecule sonolyzed at 308 kHz

Bubble Bubble Void Number of Duration of one Number of CO, molecule Predicted CO, molecule number
diameter  volume fraction bubble N in  ultrasonic cycle at  bubble in 1 L in  number/bubble which can be sonolyzed in 1 L
(pm) (L) per cycle® 1L per cycle 308 kHz (us) 15 min® average value from  average value from (%) and (%)

a b c=3-bla d=1/308000 e=c-15.60/d () and () g=e-f
62 9.98x 107"  7.5x107°  2.3x107 33 6.2x 10" 22x10" 1.4 x 10%7

& Per cycle, in the lack of precision on the final unit of data.

® Duration of the ultrasonic irradiation in Henglein experimental conditions.

¢ CO, molecule number calculated by means of the Henry’s law constant.

4 CO, molecule number calculated by means of the Van der Waals equation.
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some bubbles did not lead to sonochemical reactions, or
both.

In this work, the calculated number of cavitation bubble
can be considered as maximum values since it has been
considered that all bubbles have the same size. On the other
way, it has been shown that there is an inhomogeneous
bubbles distribution in size and shape generated in the
medium under the pressure field [34,37]. It is also known
that large bubbles aggregate and degas out from the bulk
and do not collapse [34,38,39]. Then two kind of cavitation
bubbles can be considered: the fragmentary transient cavi-
tation bubble who collapse in one acoustic cycle and the
repetitive transient cavitation bubbles who does not col-
lapse, and which life time is several acoustic cycles [9,40].
So in the simple model presented in this work, the number
of bubbles and the amount of collapsing bubbles seems to
be overestimated.

According to the sonolysis of CO,, it is then possible to
give a percentage of efficient bubbles which correspond to
the yield of the experimental CO molecule number formed
to the theoretical CO expected, ie. 7.21x10%°/1.4x
10”7 =5.2x 107", That means that either one molecule
on 1900000 is sonolyzed or that one bubble on about
1900000 is an efficient bubble leading to the sonolysis of
CO,. This result is closely dependant from the void fraction
used and not so much from the bubble size hypothesis. The
final result is also in a good agreement with experimental
observations at high frequency since usually for a 1 mM
solution of organic compound, a total degradation is got
after about 1 h [41]. Indeed, investigations in the present
paper lead to a bubble number of 24.8 x 10'° for 1 L and
in 1 h. As about 1 bubble on 1900000 is an efficient bubble,
that means that 1.3 x 10'° bubbles are finally efficient for
leading sonochemistry. On the other hand, as 4.5x
10" molecules can be present within the bubble, it is
1.3x 10" x 4.5x 10" = 5.9 x 10° molecules which can be
degraded, in a very good agreement with the initial 1 mM
degraded for 1L and in 1h, ie: 1x107°x6.02x
10% = 6 x 10*° molecules.

It is then quite difficult to conclude to a gas pumping
effect by cavitation bubbles. Based on this work, it can be
only concluded that the CO, concentration do not exceed
the Henry law predictions. The variation in the shape
and dimension of the cavitation bubbles until their collapse
does not exclude a temporal pumping of the dissolved CO,
inside the bubbles.

5. Concluding remarks

It has been shown that the statistical thermodynamic
can be an useful tools for the thermodynamic characteriza-
tion of the ultrasonic reactions by the calculation of the
most favorable temperature and pressure. It also allows
to predict the thermodynamic area where the reaction is
favored within the bubble of cavitation. The decomposi-
tion of CO, is then favored in the first shell of the cavita-
tion bubble whereas the decomposition of O, is

thermodynamically favored in the very hot heart of the
bubble instead of its formation. Nevertheless, O, is kineti-
cally formed as it has been experimentally quantified by
Henglein. This fact points out the need to couple together
the thermodynamic and the kinetic data. The recombina-
tion of H and O atoms into H,O is thermodynamically
favored at ambient pressure and temperature at the bub-
ble/bulk interface.

To the contrary of an expected pumping effect of dis-
solved CO» in the liquid, within the bubble of cavitation,
it has been observed that the calculated number of cavita-
tion bubble is enough higher to get the experimentally CO
amount formed by the sonolysis of CO,. The difference
between experimental and theoretical CO amount leads
to predict that only one bubble on about 1900000 is sono-
chemically active at 300 kHz.
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ANNEX 1

The partition function Z from the in thermodynamic
statistic uses energy term of the system in a particular state
which can in principle be calculated independently or by
using the most advanced ab initio techniques. In this last
field appear the Hartree-Fock (HF) method, the Semi-
empirical method, the Density Functional Theory (DFT)
or the Bond-Additivity Corrections (BAC) method, which
can be applied with different level of approximation such as
the fourth-order Moller—Plesset (MP4) perturbation theory
or G2 level (an example of coupling theory with theory, in
contrast to coupling theory with experiment [42] — see San-
dia Natl. Lab. at http://herzberg.ca.sandia.gov).

Using ab initio calculations allows in part to determine
thermodynamic properties of reactants, intermediate radi-
cals, and transition state structures especially toward com-
bustion and gas phase modelling. As example, enthalpies of
formation (AH},5) can be determined using the Complete
Basis Set (CBSQ) composite method and by DFT calcula-
tions. Properties such as entropies (S5,) and heat capacities
C, (T) can be determined using geometric parameters and
vibrational frequencies obtained at the HF theory and also
include contributions from internal rotations. Neverthe-
less, these data are obtained in a temperature interval rang-
ing from 300 to 1500 K and sometimes up to 3000 K by
using thermodynamic data from Chemkin or CANTERA
as example. In another way, ab initio techniques, produce
detailed molecular information by using thermodynamic
information. Further calculations are needed to generate
familiar quantities such as S°, C, or AH} and scarcely ther-
modynamical equilibrium constant. In addition, with ab ini-
tio, the raw results on electronic calculations of molecular
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Table 4

Comparison between CANTERA database and statistical thermodynamic on the calculation of equilibrium constants versus T and P

Reaction T (K) K (CANTERA) K (stat.thermo.) K (CANTERA) K (stat.thermo.)
at 1 bar at 300 bar
(1) Ar+CO; — Ar+CO+ O 10000° 2.6 % 10° 6x10° 787 1914
3300* 0.079 632 22x107* 2.2
300% 1.9x 1078%¢ 59%107% 6.7x107% 6.9 x 1074
(2) Ar+0, - Ar+0+0 10000° 6x10* 5.6x10° 200 1874
33007 0.02 636 5.7%x107° 2.3
300% 49x 1078 8.7x107% 1.6x 1073 4.5% 1074
(3) Ar+2H+ O — Ar + H,0 10000° 3.8%x107° 8.4x1071° 3.6 8.2x1073
3300° 2.5x10° 2.8x10°° 2.8x 10" 2.3x107°
300? 1x 10" 9x10* 9x 10" 1x10%
% Compute with Mixmaster.
® With the help of tutorials from Python GUI application, because of Mixmaster limitations.
Table 5
The main characteristics on available databases used in the combustion field
Database Characteristics Maximum
temperature used
CANTERA e Used for problems involving chemically-reacting flows. Thermodynamic data (equilibrium constant) and 3500 K
kinetics data are available with Mixmaster
e Python-GUI application allows to get higher temperature limit 10000 K
GRI-Mech A list of elementary chemical reactions and associated rate constant expressions. Good representation of 3000 K
natural gas flames and ignition, and can be used especially for studying a multiphase chemical equilibrium
Chemkin Determination of the most important initial reaction pathways of reactions, with an estimation of rate 2000 K
constants (using Quantum Rice-Ramsperger-Kassel (QRRK) analysis) arising from thermodynamic data
Sandia Thermodynamic data are direct result of the BAC calculation and can fit with Chemkin 4000 K

energy, do not correspond to properties at absolute zero
temperature and must always be corrected [43,44] (see
NIST Lab. at http://srdata.nist.gov/cccbdb/thermo.asp).
All the corrections are based upon molecular spectroscopy,
with temperature-dependence implicit in the molecular par-
tition function. The partition function is then used not only
for theoretical predictions with the previous techniques,
but also to generate most published thermochemical tables.
Calculations by means of statistical thermodynamics
appear then as one way to compute properties as functions
of temperature and pressure. Nevertheless, assumptions on
some data (mainly the spectroscopic data) must be done
especially at very high 7" and P, since these extreme condi-
tions can be still considered as an unknown field.

It must be mentioned that the calculation of the full par-
tition function of complex chemical reaction from ab initio
is not presently feasible. However, well-established control-
lable approximations (Born-Oppenheimer) and methods
exist to split the partition function into relevant contribu-
tions which can be handled by ab initio techniques.

As comparison is often done between what it is hap-
pened in a cavitation bubble and combustion reactions
[45-47], it is also of interest to consider thermodynamic
databases in combustion. Nevertheless, these databases
have limitations especially at high temperature (Table 5).
In addition, as seen above, the association of statistical

thermodynamic with ab initio calculations is sometimes
required. So in the same way that databases available in
the field of combustion studies, statistical thermodynamic
can also be considered as a useful tools for the prediction
of thermodynamic data especially for temperature higher
than 3000 K.

One conclusion which can be underlined is on the utility
of any of these methods to chemists who are seeking miss-
ing data. The choice will depend on the nature of the com-
pound in which they are interested, the accuracy of the
method, the chemists experience in computational chemis-
try and of course the computing equipment available to
them.

ANNEX 2

It is interesting to compare values of the three equilib-
rium constants obtained by the statistical thermodynamic
with classical thermodynamic database from Python 2.4.2
version (http://www.cantera.org, CANTERA soft from
D. Goodwin, Mixmaster application). The soft is on a
free-access and can be downloaded quite easily. It allows
to get kinetic and equilibrium constants on reactions occur-
ring especially at high temperature. Calculations about the
three equilibrium constants carried out under an Argon
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atmosphere and some characteristic data are reported in
Table 4.

The main conclusion is that evolutions are the same in
both cases, but an important discrepancy on the absolute
values K is observed especially at low temperature where
K focuses on +infinity. However, a quite good accordance
is got at high temperature for reaction (1) and (2). It can be
noticed that this paper has no pretension concerning the
determination of absolute values of K.

ANNEX 3
Computation of the bubble radius at 300 kHz has been

performed according to the following Rayleigh—Plesset
equation [9]:

Ry R
(10)

This simple equation allows to get Ry, the unknown equi-
librium radius value, which is considered as the greatest
limit value for bubble radius which undergo unstable or
transient cavitation leading to the collapse of bubbles.
Consequently, above this limit value, bubbles are stable
bubbles and are associated to the small-amplitude
approximation.
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