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Abstract 

With a view to determining the parameters required to describe and to optimize sonochemical reactors, we have investigated gas-liquid 
transfer in a high frequency ultrasonic reactor. The effect of the sonicated volume and ultrasonic power on the dissolved dioxygen concentration 
in the reactor have been studied. Degassing action caused by cavitation bubbles and absorption caused by the acoustic fountain were shown. 
The study of the absorption phase leads to a model presented in this paper. The dissolved dioxygen concentration at equilibrium in the reactor 
which results from these two effects was shown to be constant in all cases. 
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1. Introduction 

Ultrasonically induced cavitation is a way to promote het- 
erogeneous or homogeneous chemical reaction [ I]. The rate 
of sonochemical reactions is mainly determined by the phys- 
ical and chemical properties of the solvant, such as the tem- 
perature, pressure and amount of dissolved gas [ 2,3]. 

The presence of dissolved gas reduces the cavitation 
threshold and it has been demonstrated that a flow ofbubbling 
air has a marked effect on oxidative processes induced by 
ultrasound [ 41. In relation to water treatment, several reports 
have described the ultrasonic degradation of toxic organic 
species [ 5-181. We are especially interested in studying the 
sonochemical decomposition of aqueous phenolic solutions. 
It is now well known that, for such hydrophilic aromatic 
compounds with low vapor pressure, the main degradation 
pathway involves hydroxyl radicals [ 1 l-181, as a result of 
H,O and O2 sonolysis [ 19,201. Moreover, the degradation 
rate under high frequency ultrasonic conditions has been 
shown to be higher than at low frequency [ 171. 

The effect of dissolved dioxygen on the rate of the sono- 
chemical degradation pathway is not yet fully understood, 
because of the ultrasound degassing action. Our interest in 
designing an appropriate reactor for sonochemistry leads us 
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to investigate gas-liquid transfer in a homemade high fre- 
quency reactor. This paper describes the effects of several 
parameters, such as the volume of solution and acoustic 
power, on the degassing and regassing action when the upper 
liquid surface is exposed to the atmosphere. In addition, a 
reflector has been used to identify the role of the acoustic 
fountain and cavitation bubbles. 

2. Experimental details 

2.1. Experimental set-up 

The experimental set-up is shown schematically in Fig. 1. 
The reactor consists of a PVC cylindrical body ( 1) (diameter, 
100 mm; height, 100 mm) equipped with a stainless steel 
plate (2) at the bottom (diameter, 150 mm; thickness (equals 
half a wavelength), 5.84 mm). The high frequency ultra- 
sound is produced by a 500 kHz piezoelectric transducer (3) 
(titanate-lead zirconate; diameter, 40 mm). This transducer 
(3) is attached to the stainless steel plate (2) and a homemade 
generator supplies this with an electrical output which varies 
from 0 to 100 W. The temperature in the reactor is kept 
constant by circulating cold water in a coil (4). 
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Table 1 
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Absorption phase study: experimental data 

V P’ P T Cl% c OZEQU 7 (KLa+B)X104 K$X 104 BX IO4 

(ml) (W) (WI (“Cl (mg I-‘) (mgl-‘1 (tin) (s-l) (s-l) (s-l) 

200 80 32 18 9.16 5.7 9.4 17.7 11 6.7 
300 80 31 20.5 8.73 5.5 12 13.9 8.75 5.14 
400 80 32 20.5 8.73 5.9 13.8 12.1 8.16 3.91 
500 80 30 20.5 8.73 5.8 20 8.33 5.53 2.79 
600 80 30 18 9.16 5.7 23.2 7.18 4.47 2.71 
300 40 16 20.5 8.73 5.7 43 3.88 2.53 1.35 
300 60 23 21 8.66 5.6 22.8 7.31 4.64 2.67 
300 100 40 22 8.49 5.6 7 23.8 15.7 8.1 

2.2. Measurement methods 

2.2.1. Total ultrasonic power 
The ultrasonic power dissipated in the liquid was estimated 

using the calorimetric method [21,22]. This calorimetric 
measurement of the ultrasonic power has shown that about 
40% of the electrical output is transmitted to the solution (see 
Table 1) . 

2.2.2. Dissolved dioxygen concentration 3. Experimental results 
The dissolved O2 concentration was measured with the 

help of an ‘oxymeter’ (model Merck, 45T). Because this 
oxymeter cannot be placed directly in the sonochemical reac- 
tor to avoid electrical interference, a glass measuring cell has 
been developed and placed outside the reactor. A peristaltic 
pump (5) enables the circulation of the liquid (fresh water 
from an ion-exchange column) at a constant flow from the 
reactor to the cell (6) (loop volume, 10 ml; flow rate, 100 
ml min-‘). 

3.1. Preliminary observations 

2.3. Experimental procedure 

All the experiments were performed under atmospheric 
pressure and at constant temperature, but using two different 

As shown in Fig. 2, when the upper liquid surface is 
exposed to the atmosphere, the dissolved O2 concentration 
decreases and reaches a steady state soon after sonication 
begins. Sodium sulfide is then added to the medium to remove 
residual dissolved Oz. As soon as the sodium sulfide has 
reacted, O2 absorption occurs. The dissolved 0, concentra- 
tion increases and reaches the same steady state. An ‘equilib- 
rium’ concentration of dissolved O2 can then be defined. This 
‘equilibrium’ concentration of dissolved O2 illustrates the 
degassing action of ultrasound and is less than the concentra- 
tion of dissolved O2 calculated at equilibrium under the same 
conditions of temperature and pressure in the absence of 
ultrasound (see Table 1) Under the same experimental con- 
ditions, if the upper air-liquid interface is covered with a 

Fig. 1. Experimental set-up: 1, PVC body; 2, stainless steel plate; 3, piezo- 
electric transducer; 4, coil; 5, peristaltic pump; 6, dissolved dioxygen con- 
centration measuring cell. 

set-ups. In the first set of experiments, the upper liquid surface 
was exposed to the atmosphere. However, in the second set 
of experiments, the upper air-liquid interface had been cov- 
ered by a metal disk reflector (diameter, 98 mm; thickness, 
5 mm) placed in the PVC body in contact with the upper 
liquid surface to avoid the formation of the acoustic fountain. 
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Fig. 2. Dissolved O2 concentration as a function of the sonication time: 
volume, 200 ml; electrical output, 80 W; temperature, 18 “C. 
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reflector, then the degassing action appears to be more 
intense, as shown in Fig. 3. As soon as the reflector is 
removed, absorption occurs and the dissolved O2 concentra- 
tion reaches the same steady state as shown in Fig. 2. 

According to these observations, the ‘equilibrium’ dis- 
solved O2 concentration defined in the case of a free air- 
liquid interface seems to result from the simultaneous contri- 
bution of two phenomena of transfer, as mentioned earlier by 
Henglein et al. [ 231: liquid-gas transfer associated with the 
degassing action of the ultrasound, and a regassing action 
caused by the formation of the acoustic fountain at the free 
surface [ 24,251. This acoustic fountain facilitates the uptake 
of gas from the atmosphere, with the degassing action being 
counterbalanced to a certain extent. 

By using the reflector set-up, the acoustic fountain is 
removed and the degassing action cannot be counterbalanced. 
As shown in Fig. 4, increasing the ultrasonic power leads to 
an increased degassing rate. Therefore, it may be considered 
that the degassing action is the result of cavitation bubbles 
generated in the sonicated liquid, owing to the relationship 
between the number of cavitation bubbles and the ultrasonic 
power [ 26,271. 
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Fig. 3. Dissolved Oz concentration as a function of the sonication time with 
and without a reflector: volume, 200 ml; electrical output, 80 W; temperature, 
18°C 
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Fig. 4. Dissolved O2 concentration as a function of the sonication time during 
the degassing phase with a reflector, showing the effect of the ultrasonic 
power: volume, 200 ml; temperature, 18 “C. 

3.2. Study of the degassing phase 

The effects of the ultrasonic power and the volume of 
solution on the degassing are presented in Figs. 5 and 6 
respectively. The dissolved O2 concentration decreases with 
increasing sonication time and reaches the same steady state 
in each case. This observation is consistent with the findings 
in previous work [ 231. The sonication time required to reach 
the steady state is not affected by the ultrasonic power for a 
given volume of solution (see Fig. 5). As shown in Fig. 6, 
the liquid is degassed quicker when decreasing the sonicated 
volume for a given ultrasonic power. Although the ultrason- 
ically induced degassing effect is widely used [ 28,291, no 
classical model of this phenomenon can be proposed and 
there is no report of the characterization of this phenomenon 
in the literature. Degassing under ultrasonic conditions 
appears as thermodynamically induced desorption in gas- 
oversaturated solutions [ 301. 
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Fig. 5. Dissolved O2 concentration as a function of the sonication time during 
the degassing phase, showing the effect of the ultrasonic power (electrical 
output): 0, 40 W; 0, 60 W; A, 80 W; +, 100 W; sonicated volume, 
300 ml. 
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Fig. 6. Dissolved O2 concentration as a function of the sonication time during 
the degassing phase, showing the effect of the sonicated volume: +, 
200 ml; A, 300 ml; 0,400 ml; 0, 500 ml; 0,600 ml; electrical output, 
80 W. 
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3.3. Study of the absorption phase 

In an alternative set-up, the effect of the ultrasonic power 
and the volume of solution on the dioxygen absorption have 
been investigated. The curves presented in Figs. 7 and 8 con- 
firm the independence of the ‘equilibrium’ dissolved O2 con- 
centration versus the ultrasonic power and volume of 
sonicated solution. A link can also be established between 
the time required to reach the steady state and these two 
parameters: the greater the volume is or the lower the ultra- 
sonic power is, the longer is the time required to reach the 
plateau. 

3.3.1. hfodelling 
If cavitation bubbles are generated in the whole volume V 

of the reactor that is assumed to be well stirred, then the 
desorption flow is given by 

0 20 40 60 80 100120140160180200 
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Fig. 7. Dissolved 0, concentration as a function of the sonication time during 
the absorption phase, showing the effect of the ultrasonic power (electrical 
output): 0, 40 W; 0, 60 W; A, 80 W; +, 100 W; sonicated volume, 
300 ml. 
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Fig. 8. Dissolved Oz concentration as a function of the sonication time during 
the absorption phase, showing the effect of the sonicated volume: +, 
200 ml; A., 300 ml; 0,400 ml; 0, 500 ml; l , 600 ml; electrical output, 
80 w. 

in which B is a volumetric mass transfer coefficient and Co* 
is the dissolved dioxygen concentration in the reactor. 

The absorption flow is given by 

K#( C& - Co,> or &WC& - %z) 

in which a is the total liquid-air interface area (Q) per unit 
volume of reactor, KL is the mass transfer coefficient and 
C& is the dissolved dioxygen saturation concentration. 

The dissolved dioxygen mass balance in the transient state 
in the reactor, which is assumed to be well stirred, is then 

dco, K,aV(C& - Co,) = BVCo2 + V- 
dr 

co, + 1 dC0, &a 
K,a + B dt 

C* 
- = K,a + B O2 

Here, we have 

C &,a 
OZEQU = KLa + B 

G, 

and 

1 
7= 

K,a + B 

Eq. (2) becomes 

dco, _ -_ 
‘02 + ’ dt 

c 
OZEQU 

(4) 

Assuming that the dissolved 0, concentration at the initial 
time is equal to 0 (t = 0 corresponds here to the beginning 
of the absorption phase), Eq. (5) can be solved as 

co, = COTEQ”[ 1 - exp( -:)I (‘5) 

where the r and COzEQu values are determined from experi- 
mental curves. Eq. (6) is then used to calculate the dissolved 
O2 concentration as a function of the sonication time during 
the absorption phase. A comparison between calculated and 
experimental data is reported in Fig. 9. 

0 1 2 3 4 5 6 

calculated dissolved 0, concentration 

Fig. 9. Comparison between measured and estimated dissolved O2 concen- 
trations, with estimates based on l?q. (6) 
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3.3.2. Model parameters 
The dissolved dioxygen saturation concentration C& is 

calculated according to the following equation obtained by 
correlation with common values of the saturated dissolved 
dioxygen concentration under atmospheric pressure: 

c* = 461.5 
02 Z-(T) + 32.3 

According to Eqs. (3) and (4)) the coefficients K,a and B 
are respectively given by 

c K,a = OzEQu 
Gi, 

and 

B = A - K,a 
7 

Experimental results are reported in Table 1. 
The volumetric mass transfer coefficients K,a and B can 

be estimated from 

P2 
K,a = 2.9 X 10-‘Oy or KLL! = 2.9 X lo-‘“P2 (7) 

and 

in which P is the total ultrasonic power (W) determined by 
calorimetry and V is the sonicated volume (m3). Fig. 10 
shows a comparison between experimental and estimated 
data. 

3.3.3. Discussion 
The coefficient B, taken here to be a volumetric mass trans- 

fer coefficient, increases on increasing the ultrasonic power 
for a given volume. When the total acoustic power is kept 
constant, B decreases with increasing sonicated volume. 
Because the degassing action results from the cavitation bub- 
bles generated in the sonicated liquid, the relationship 
between the number of cavitation bubbles and the ultrasonic 

0 5 10 15 20 

Observed data.104 (s-l ) 
Fig. 10. Comparison between observed and estimated data, with estimates 
based on Eqs. (7) and (8): n , &a; 0, B. 

power [26,27] has to be considered and extended to the 
volumetric ultrasonic power notion to explain these two 
points. 

The absorption phenomenon operates through the air- 
liquid interface. This free plane interface without ultrasound 
is disturbed as soon as sonication begins. The acoustic radi- 
ation pressure on the liquid-air interface causes the appear- 
ance of an acoustic fountain [ 24,251 shaped like a cone with 
diameter d and height h. As mentioned earlier by Bogodo- 
rovskii and Romanov [ 251, the linear dependence of the 
height h of the relief on the ultrasonic power has been shown 
experimentally, while the diameter d remains unchanged. 
Thus, increasing the ultrasonic power leads to an increased 
total exchange surface. Moreover, acoustically induced con- 
vective patterns which arise in the reactor are more intense 
when the ultrasonic power is increased for a given volume, 
as observed by Cadwell and Fogler [ 271. These two effects 
result in an increased K,a coefficient with increasing ultra- 
sonic power for the same sonicated volume. The increase in 
the volumetric mass transfer coefficient may be explained in 
terms of the increase in the exchange surface and increase in 
the rate of surface renewal. 

When the ultrasonic power is kept constant, the height h 
of the acoustic fountain is constant, regardless of the liquid 
height in the reactor. This will not change the total exchange 
surface. Therefore, the parameter a that is defined as the total 
exchange surface (0) per unit volume of reactor decreases 
when increasing the volume. Moreover, convective patterns 
decreases in intensity with greater solution volumes. An 
increase in teh sonicated volume consequently leads to a 
decrease in the K,a coefficient. 

From the data reported in Table 1, it can be seen that the 
ratio B/K,a is constant, i.e. 

B 
- = 0.55 50.08 
K,a 

By substitution in Eq. (3)) this leads to 

C OZEQU = (0.64$0.04)C& 

The ‘equilibrium’ dissolved dioxygen concentration Co,,,, 
seems to depend only on the saturation concentration of dis- 
solved dioxygen C&. The effect of other parameters, such as 
the temperature or pressure, has now to be investigated to 
confirm this result. 

4. Conclusions 

In this paper, characteristics of high frequency ultrasound 
degassing effects have been considered. The dissolved O2 
concentration reaches a steady state soon after sonication 
begins. The ‘equilibrium’ dissolved 0, seems to result from 
the superposition of two simultaneous mechanisms: a degas- 
sing action that results from cavitation bubbles, and an 
absorption phenomenon that involves the acoustic fountain 
effect. However, the independence of the ‘equilibrium’ dis- 
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solved O2 concentration from the sonicated volume and ultra- 
sonic power was not expected. 

Such observations are of importance in the design of appro- 
priate reactors for sonochemistry and are a matter which 
should concern different processes based on ultrasonic 
technology. 

Appendix A. Nomenclature 

a 

B 

C 02 

c* 02 

C OZEUU 

KL 
P ’ 
P 
t 
T 
V 

R 
7 

total exchange surface per unit volume of 
reactor ( m2 m-‘) 
degassing volumetric mass transfer 
coefficient( s- ‘) 
dissolved dioxygen concentration in the reactor 
(mg 1-l) 
dissolved dioxygen saturation concentration 
(mg 1-l) 
‘equilibrium’ dissolved dioxygen concentration 
(w 1-l) 
mass transfer coefficient (m s- ’ ) 
electrical output (W) 
ultrasonic power estimated by calorimetry (W) 
sonication time (s) 
temperature of sonicated solution (“C) 
volume of reactor ( m3) 

total exchange surface (m*) 
time constant (s) 
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