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A B S T R A C T   

The 20-kHz probe-type sonicator systems were investigated for the enhancement of the cavitational oxidation 
activity under various geometric conditions including vertical and horizontal probe positions and vessel sizes/ 
volumes as a following study to our previous study. The sonochemical oxidation activity (mass-based I3- ion 
generation rate) increased significantly for all vessel size conditions as the probe was placed close to the vessel 
bottom, owing to the expansion of the sonochemical active zone induced by the reflections of ultrasound at the 
bottom and the reactor wall. A concentric circular active zone is observed at positions close to the bottom. The 
highest sonochemical activity was obtained at 1 cm (vertical position) in the 20 cm vessels (input power: 50 %). 
At the vertical positions of 11 cm to 7 cm, no significant difference in the sonochemical activity was observed for 
all input power conditions (25, 50, and 75 %) because no meaningful reflections occurred. Higher sonochemical 
activities were obtained at an input power of 75 % owing to the increased power and strong reflection. The 
highest cavitational yield considering the energy efficiency was obtained at 6 cm (vertical position) for 75 % of 
all power and geometric conditions. Horizontal probe position tests showed that the asymmetric formation of the 
sonochemical active zone could significantly enhance the sonochemical activity. The highest activity was ob
tained at 1 cm (vertical position) and 2.5 cm (horizontal position) in the 20 cm vessel.   

1. Introduction 

Ultrasound technology, which can induce acoustic cavitation and 
strong sonochemical and sonophysical effects, has been widely investi
gated in chemical and environmental engineering fields [1,2]. Sono
chemical effects, including pyrolysis and radical reactions, can be used 
in advanced oxidation/reduction processes for water and wastewater 
treatment and energy production processes [3–6]. Sonophysical effects, 
including shock waves, microjets, and microstreaming, can be utilized in 
various washing and extraction processes [7–10]. 

Recently, geometric effects on cavitational activity, including reactor 
size and shape, liquid volume, transducer position, and irradiation dis
tance between the transducer and reactor boundary, have received 
increasing attention in the design of large-scale sonoreactors and in
dustrial use [11–18]. Because it is still in the early stages of research, 
most of the work has focused on the quantitative and qualitative analysis 
of ultrasound energy distribution and sonochemical oxidation activity, 
mainly using the sonochemiluminescence (SCL) method, KI dosimetry, 
H2O2 measurement using simple structure sonoreactors 

[4,6,11,14,19–21]. Research has also been conducted to increase the 
target volume of sonoreactors using frequencies in the range of hundreds 
of kilohertz (kHz), which are known to be more favorable for radical 
reactions than 20–40 kHz sonoreactors [22]. 

Even though probe-type sonicators with a typical frequency of 20 
kHz, which induce strong ultrasound irradiation from a small-area tip, 
are used in small- or lab-scale vessels with capacities ranging from 
hundreds of milliliters (mL), geometric optimization to understand how 
to efficiently use the sonicator in various sonochemical and sonophysical 
processes is also required owing to their wide and frequent use 
[7,11,12,23–28]. In our previous studies, the effects of vessel size, liquid 
volume, probe immersion depth, input power, probe horizontal position, 
and gas saturation/sparging on sonochemical oxidation activity were 
investigated under various geometric conditions using 20 kHz sonicator 
systems equipped with 100–1,000 mL vessels (mainly a 500 mL vessel) 
[7,11,19,23]. It was found that geometric optimization could result in a 
significant enhancement of sonochemical activity owing to the expan
sion of the active zone [11,19,23]. Moreover, the effect of the probe 
immersion depth on the sonophysical effects, including bead movement, 
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washing, and aluminum foil erosion, was investigated using a 20 kHz 
sonicator and a 500 mL vessel. It has also been revealed that the sono
physical effects can change significantly depending on the probe 

position [7]. 
Despite the large number of studies reporting sonochemical and 

sonophysical activities using 20 kHz sonicator systems, cavitational 
activity in larger-volume vessels has rarely been reported. As a follow-up 
study to our previous study for understanding the various sonochemical 
and sonophysical applications of the 20 kHz-probe system [11], and as 
one of preliminary tests for the optimal design of large-scale sonor
eactors using multiple probe-type sonicators, in this study, the cavita
tional oxidation activity under various operating conditions, including 
vertical and horizontal positions of the sonicator (or probe) and input 
powers in acrylic vessels (0.18, 0.90, 3.60, and 8.40 L), was investigated. 
The electrical input power was measured and the calorimetric power 
was calculated. Cavitational oxidation activity was quantitatively 
analyzed using KI dosimetry. The cavitational active zone was visualized 
using the luminol method, and the side- and bottom-view SCL images 
were compared. 

2. Materials and methods 

2.1. Chemicals 

Potassium iodide (KI) and sodium hydroxide (NaOH) were obtained 
from Junsei Chemical Co. Ltd. (Tokyo, Japan). Iodine (I2) solution (0.05 
M) was acquired from Merck (Darmstadt, Germany). Luminol (3-ami
nophthalhydrazide) was acquired from Sigma–Aldrich (St. Louis, MO, 
USA). All chemicals were used as received. 

Fig. 1. (a) Schematic of the experimental setup (dc: distance from the center to the wall); (b) Four vessels with different inner diameters; (c) Different immersion 
depth conditions. 

Fig. 2. Sonochemical oxidation activity (mass-based I3- ion generation rate) at 
different probe positions (11–1 cm) in four different-diameter acrylic circular 
vessels (Din = 5, 10, 20, and 30 cm). Probe position from the reactor bottom 
represents the distance between the end of the probe tip and the vessel bot
tom surface. 

Fig. 3. Side-view SCL images at different probe positions (11–1 cm) in four different-diameter circular vessels (Din = 5, 10, 20, and 30 cm). (Liquid volume: 
0.18–8.40 L; input power: 50 %). 

I. Na and Y. Son                                                                                                                                                                                                                                



Ultrasonics Sonochemistry 108 (2024) 106959

3

2.2. Experimental setup 

A 20-kHz horn-type (or probe-type) sonicator (VCX–750, Sonics & 
Materials Inc., USA), equipped with a threaded-end type probe and a 
replaceable tip of 13 mm diameter, made of a titanium alloy, was used in 
this study. The probe was submerged in four acrylic circular vessels with 
different diameters (height: 15 cm; inner diameters D: 5, 10, 20, and 30 
cm), as shown in Fig. 1. The height of the liquid in the vessel was 12 cm, 
determined based on the probe immersion depth. The liquid volume was 
0.18, 0.90, 3.60, and 8.40 L for D = 5 cm, 10 cm, 20 cm, and 30 cm, 
respectively. The probe immersion depth, the distance from the probe 
tip end to the vessel bottom surface, varied from 1 cm to 11 cm and it 
was also designated as “the probe position from the reactor bottom” in 
this study. The input power of the probe was 50 % displayed as the 
power level of the device. 

The electrical energy consumption of the sonicator, termed electrical 
power (Pelec) in this study, was measured using a power meter (HPM- 
300A, ADpower, KOR) equipped with a data logger. The ultrasonic en
ergy, termed the calorimetric power (Pcal) in this study, was calculated 
using the following equation: 

Pcal =
dT
dt

CP M (1)  

where Pcal is the ultrasonic/calorimetric energy; dT/dt is the rate of in
crease of the liquid temperature; Cp is the specific heat capacity of the 
liquid (4.184 J/(g⋅K) for water); and M is the mass of the liquid. 

2.3. Quantification and visualization of sonochemical oxidation activity 

The cavitation-induced radical oxidation reaction was quantified 
using a KI solution (1.0 g/L KI) and visualized using a luminol solution 
(0.1 g/L luminol and 1 g/L NaOH). When KI solution is irradiated by 
ultrasound, iodine (I2) is generated due to the reaction between iodide 
ions (I-) and highly reactive radical species such as hydroxyl radical 
(OH•) and hydrogen peroxide (H2O2) formed by acoustic cavitation. 
Subsequently, iodine spontaneously reacts with excess iodide ions to 
form triiodide ions (I3- ). The concentration of triiodide ions (I3- ) was 
measured using a UV–vis spectrophotometer (Vibra S60, Biochrom Ltd., 
UK). The calibration curve was made from a series of standard solutions 
(mixtures of I2 solution and KI solution). The ultrasound irradiation time 
was 5–30 min depending on the liquid volume. The temperature of the 
liquid body was maintained at 25 ± 2 ◦C. All tests and measurements 

were repeated three to five times, and the average values are reported. 
Under ultrasound irradiation, luminol molecules react with the OH 

radicals generated from the sonolysis of water molecules, transform into 
excited-state fluorescing 3-aminophthalate (3-APA), and then stabilize 
as 3-APA by emitting visible light called SCL as follows: 

Luminol + ⋅OH → 3-APA + light (2) 

SCL images were obtained using an exposure-controlled digital 
camera (α58, Sony Corp., JPN) in a completely dark room. The exposure 
time was set to 10 s. 

In this study, the sonochemical activity can be understood in two 
ways: 1) a quantitative indicator representing the total number of the 
effective sonochemical oxidation reactions for the whole liquid volume 
using the mass of I3- ions; 2) a visual indicator representing qualitative 
levels of the effective sonochemical oxidation reactions for all or specific 
regions using the intensity and area of brightness in the SCL images. 

3. Results and discussion 

3.1. Effect of vertical position of the probe 

The effect of the probe position from the reactor bottom on the 
sonochemical oxidation activity was investigated in four vessels with 
different inner diameters (Din = 5, 10, 20, and 30 cm) using KI dosim
etry. As shown in Fig. 1S, the measured electrical power (Pelec) varied 
from 82.5 to 114.9 W and the calculated calorimetric power (Pcal) 
changed from 44.1 to 101.5 W depending on the geometric conditions 
including the vessel size and probe position. The electrical power and 
corresponding calorimetric power changed significantly under constant 
50 % power condition, displayed on the device. This can be attributed to 
the small variation in the geometric conditions, resulting in a significant 
change in the transducer impedance and corresponding electrical power 
[21,23,29]. The transducer impedance can be calculated by measuring 
the voltage and current [29]. At this level of research, however, it is 
difficult to know how much the impedance and corresponding electrical 
power would change under different geometric conditions and the same 
input power settings. It should be noted that some calorimetric powers 
may be somewhat overestimated and show low reproducibility, 
considering the wide range of errors in the calorimetric powers. This is 
because of the large temperature variations in the large-volume liquid 
after ultrasound irradiation. Therefore, quantifying the calorimetric 
power of large-volume sonoreactors may be inappropriate. 

Fig. 4. Side-view and bottom-view SCL images at different probe positions (6 and 1 cm) in four different-diameter circular vessels (Din = 5, 10, 20, and 30 cm). The 
side-view images were from Fig. 3. 
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As shown in Fig. 2, the sonochemical oxidation activity increased 
significantly for all vessel conditions as the probe approached the bot
tom of the vessel as reported in our previous study [11]. The sono
chemical activity was compared in terms of the mass-based I3- ion 
generation rate because the liquid volume changed depending on the 
vessel size. The activity increased by 191, 376, 642, and 662 % when the 
probe moved from the 11 cm position to the 1 cm position in the 5, 10, 
20, and 30 cm vessels, respectively. The reason for the enhancement of 
the sonochemical oxidation activity adjacent to the bottom of the vessel 
was the strong reflection of ultrasound at the bottom and the expansion 
of the sonochemical active zone [11]. In addition, higher activity was 
obtained in larger vessels, and 331 % and 274 % enhancement of the 
activity was obtained at 1 cm for the 20 cm and 30 cm vessels, respec
tively comparing to that at 1 cm for the 5 cm vessel. The highest activity 
was observed at 1 cm in the 20 cm vessels. The enhancement achieved 
by placing the probe adjacent to the bottom region in larger vessels 
suggests that the transfer of ultrasound energy in the lateral direction, 
perpendicular to the ultrasound irradiation direction, and the resulting 
positive changes in the sonochemical active zone could occur. 

SCL images were obtained to understand the changes in the sono
chemical active zone as the probe position and reactor size changed. 
Fig. 3 shows side-view SCL images. At 11 cm, a typical-shape active zone 

of the horn-type sonicator, a spotlight shining down on the bottom, was 
observed for all four vessels [11,19,30,31]. As the probe approaches the 
bottom region, a highly advantageous change occurs in the sonochem
ical active zone. The active zone significantly expanded not only to the 
region under the tip (the bottom region), but also to the region around 
the probe body, as shown in the images at 2 cm and 1 cm. It has been 
reported that the expansion of the active zone is governed by a combi
nation of ultrasound reflections at the bottom (in the irradiation direc
tion) and at the liquid surface (in the opposite direction of the 
irradiation) [11]. In our previous study, the highest sonochemical 
oxidation activity was observed when the probe was placed 1 cm above 
the bottom of a glass vessel with an inner diameter of 8.5 cm. The SCL 
image at 1 cm showed a circular active zone occupying a significant 
portion of the side-view image [11]. 

In this study, the expansion of the active zone was additionally 
affected by the reflection of ultrasound from the sidewall (in the direc
tion perpendicular to the irradiation). As the vessel diameter increased, 
the strong and concentrated activity around the probe body spread 
widely toward the vessel wall, as shown in the images at 2 cm and 1 cm 
in Fig. 3. In the 30 cm vessel, relatively small and less strong active zones 
were observed compared to those in the 20 cm vessel, which might be 
due to the longer travel path of ultrasound for reflection at the vessel 
wall and larger attenuation of ultrasound. As a result, higher sono
chemical activity was obtained in the 20 cm vessel than in the 30 cm 
vessel. Therefore, the enhancement of the sonochemical oxidation ac
tivity induced by the expansion of the active zone could be governed by 
the ultrasound reflection at the bottom and second at the liquid surface 
and reactor wall. A strong reflection at the bottom requires ultrasound 
irradiation adjacent to the bottom, as reported previously [11]. 

To further understand the sonochemical active zone in terms of its 3- 
dimensional shape, SCL images were obtained from the bottom, as 
shown in Fig. 4. A concentric circular active zone formed around the 
center of the vessel, which might have been induced by the combination 
of ultrasound irradiation in the radial direction (toward the vessel wall) 
from the tip at the center and the ultrasound reflection at the vessel wall 
toward the vessel center. The thickness and brightness of the concentric 
circles might represent the magnitude of the sonochemical activity, and 
the inner concentric circles and circles in the smaller vessels were 
thicker and brighter. The concentric circle-shaped active zone appeared 
to be quite similar to the formation of the stripe-shaped standing wave 
field, induced by the combination of incident and reflected ultrasound 
adjacent to the liquid surface acting as a complete reflector, in bath-type 
sonoreactors equipped with a transducer module at the bottom. As the 
liquid height (irradiation distance from the transducer at the bottom to 
the liquid surface) increases in bath-type sonoreactors, the length and 
brightness of the standing wave field decrease significantly 
[6,13,14,21]. Further research is required to interpret the sonochemical 
active zone more accurately in three dimensions. 

3.2. Effect of input power 

As the input power increases, the number of active cavitation bub
bles increases and higher sonochemical activity can be obtained. How
ever, excessively high power can reduce the sonochemical activity 
significantly due to the increase in bubbles coalescence, degassing ef
fect, and liquid agitation effect [1,11,32]. The effect of input power on 
the sonochemical oxidation activity was investigated under 25, 50, and 
75 % power conditions, representing the power value displayed on the 
device, in the 20 cm vessel using KI dosimetry; the mass-based I3- ion 
generation rates at different probe positions are shown in Fig. 5(a). The 
SCL images from side and bottom views at various probe positions of 25, 
50, and 75 % are shown in Fig. 6. It should be noted that there could be 
discrepancies between the I3- ion generation rates (representing the 
average degree of sonochemical oxidation reactions for the whole liquid 
volume) and the corresponding SCL images (visualizing the distribution 
of hot spots of sonochemical oxidation reactions) in this study because 

Fig. 5. (a) Sonochemical oxidation activity (mass-based I3- ion generation rate) 
at different probe positions (11–1 cm) for the input power settings on the device 
of 25, 50, and 75 % using the 20 cm vessel. (b) The cavitational yield repre
senting the mass of the sonochemical product normalized by the electrical 
power consumption and irradiation time for 25, 50, and 75 % using the 20 
cm vessel. 
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the two-dimensional SCL images might misinterpret or distort the 
sonochemical oxidation reactions in three-dimensional liquid volume. 
However, we believe that both should be considered for appropriately 
evaluating the sonoreactors’ performance under various geometric 
conditions. 

The sonochemical oxidation activity did not vary significantly at any 
probe position at the power conditions of 25 %. This might be because 
the low-power ultrasound was not enough to transmit and caused the 
reflection at the vessel, as shown in the 25 % images in Fig. 6. In addi
tion, no large differences in the sonochemical activity were observed at 
the probe positions of 11 cm to 8 cm for 25, 50, and 75 %. This might 
also be due to the longer irradiation distance from the tip to the bottom 
of the vessel, which induced a larger attenuation of ultrasound despite 
the larger input powers. However, much higher activity was obtained at 
the probe positions from 6 cm (or 7 cm) to 1 cm for 50 % and 75 %. As 
discussed above, the enhancement from 6 cm (or 7 cm) to 1 cm for 50 % 
and 75 % also could be attributed to the significant expansion of the 
sonochemical active zone and the increased input power, as shown in 
Fig. 6. In our previous study, the sonochemical activity increased more 
steeply from 50 % to 75 % than from 25 % to 45 % as the input power 
increased [11]. 

Under the fixed power settings on the device (25, 50, and 75 %), the 
consumed electrical power (Pelec) was measured, and the calorimetric 
power (Pcal) was calculated, as shown in Fig. 2S. The average Pelec for all 
probe positions was 54.4 ± 2.5, 101.7 ± 18.0, and 153.7 ± 29.0 W for 

25 %, 50 %, and 75 %, respectively. The average Pelec values were 
proportional to the power-setting values of the device. However, the 
Pelec values from 6 cm (or 7 cm) were much higher than those from 11 
cm to 5 cm (or 6 cm), resulting in larger standard deviation value of 50 
% and 75 %. The significant change in the Pelec values might be due to 
the change in the transducer impedance induced by the probe position 
change, as addressed above [11,21,29]. Therefore, it was found that the 
enhancement for the sonochemical oxidation activity from 6 cm (or 7 
cm) to 1 cm was largely due to the increase in the input power (The 
average electrical power from 6 cm to 1 cm was 114.3 ± 14.6 and 173.9 
± 21.6 W for 50 % and 75 %, respectively. The average electrical power 
from 11 cm to 7 cm was 86.6 ± 4.5 and 129.5 ± 13.3 W for 50 % and 75 
%, respectively.). 

To further understand the effect of the input power on the sono
chemical activity, the cavitational yield, which represents the mass of 
the sonochemical product normalized by the input power and irradia
tion time (mass-based I3- ion generation rate divided by Pelec in this 
study) [13,21,32], was obtained using the results of Fig. 5(a) and Fig. 2S, 
as shown in Fig. 5(b). In small- and lab-scale ultrasonic systems, the 
electrical energy consumption is not one of main concerns. However, the 
energy efficiency for the sonochemical activity should be considered for 
the design of large-scale sonoreactors for industrial uses. 

Higher cavitation yield values were obtained from 6 cm to 1 cm for 
50 % and 75 % where the expansion of the sonochemical active zone was 
clearly observed. It indicated that the expansion of the active zone could 

Fig. 6. Side-view and bottom-view SCL images at different probe positions for three input powers (25%, 50%, and 75%).  
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enhance the sonochemical oxidation efficiency significantly. Interest
ingly, the highest sonochemical activity (I3- ion generation rate) and 
cavitation yield of 75 % were obtained at 6 cm, where a relatively small 
area of the active zone was observed compared to those at 3 cm to 1 cm, 
as shown in the SCL image of 6 cm for 75 %. The relatively high activity 
and cavitation yield values were obtained at 3 cm to 1 cm for 50 %. The 
reason for the highest activity at 6 cm for 75 % might be that the probe 
position at 6 cm could result in more violent mixing in liquid, inducing 
the reactants moving from the inactive zone (no or less bright zone) to 
active zone (bright zone) more continuously and vigorously than at 
positions closer to the bottom. As the probe approaches the liquid sur
face, the mixing intensity in liquid increases [7,33]. A similar phe
nomenon can be observed in Fig. 2 where the peak value was obtained at 
6 cm for the 10 cm vessel. Consequently, the sonochemical oxidation 
activity could be optimized in 20 kHz horn-type sonoreactors by 
adjusting the probe position, which could significantly affect the elec
trical power consumption, expansion of the active zone, and degree of 
mixing in the liquid under the same input power setting on the device. 
Despite of analyzing the side- and bottom-view SCL images, it should be 
noted that there were still limitations to understand the active zone in 
three dimensions [6]. 

The average Pcal for all probe positions was 24.7 ± 5.2, 63.7 ± 25.1, 
and 105.4 ± 45.7 W for 25 %, 50 %, and 75 %, respectively. The cavi
tation yield using Pcal is shown in Fig. 3S. No meaningful trends were 
observed owing to the low reproducibility of the calculated calorimetric 

powers, as mentioned above. The cavitational yield using Pelec could be 
more appropriate for the scale-up and industrial use of sonoreactors 
[13,21,34,35]. 

3.3. Effect of horizontal position of the probe 

The sonochemical oxidation activity was measured as the probe 
moved from the center of the circular vessel to the vessel wall using 10 
and 20 cm vessels, as shown in Fig. 7. SCL images from the side and 
bottom views at various probe positions in the 20 cm vessel are shown in 
Fig. 8. At the vertical probe position of 11 cm, no significant difference 
in sonochemical activity was observed for the four different distances 
from the center (dc = 0.0, 1.0, 2.0, and 3.0 cm for the 10 cm vessel; dc =

0.0, 2.5, 5.0, and 7.5 cm for the 20 cm vessel) in both vessels, which 
might be because no significant reflection occurred at the bottom and 
wall of the vessel. In our previous study, no difference in activity was 
observed for different distances from the center (dc = 0.0, 1.3, and 2.6 
mm) in a glass vessel with an inner diameter of 8.5 cm when the probe 
was placed close to the liquid surface, owing to the absence of significant 
reflection of ultrasound [11]. 

As the probe moved vertically and horizontally to the positions 
where the reflection at the bottom and wall of the vessel occurred, the 
activity varied significantly for the vertical positions of 6, 3, 2, and 1 cm 
in both vessels. In the 10 cm vessel, relatively higher activity was ob
tained at the horizontal condition of 3.0 cm, where the probe 
approached closest to the wall, and at the vertical condition of 3, 2, and 
1 cm. The highest activity was obtained in the vertical condition of 6 cm 
and the horizontal condition of 2.0 cm. Interestingly, in the 20 cm vessel, 
higher activity was obtained at the horizontal condition of 2.5 cm, 
where the probe moved away slightly from the center, and at the vertical 
conditions of 3, 2, and 1 cm. 

Looking at the SCL images of the 20 cm vessel in Fig. 8, it was found 
that an asymmetric sonochemical active zone formed, and the asym
metry of the active zone increased as the probe moved away from the 
center [11]. In particular, the circular active zone was transformed into 
an oval zone in the bottom-view images. A larger, clearer, and stronger 
activity was observed in the half-zone on the left side, where the probe 
was placed, because of the stronger reflection at the left-side wall 
induced by the shorter distance from the tip to the wall. The formation of 
these asymmetric active zones could result in a higher sonochemical 
activity than the symmetric active zones obtained when the probe was 
placed at the center position. The highest activity at the vertical posi
tions of 3, 2, and 1 cm was obtained at the horizontal position of 2.5 cm. 

Under the fixed power setting (50 %), the consumed electrical power 
(Pelec) was measured and the cavitation yield using the Pelec is shown in 
Fig. 4S. The average Pelec for the vertical position of 11, 6, 3, 2, and 1 cm 
was 83.3 ± 0.3, 107.0 ± 6.4, 109.8 ± 8.1, 118.6 ± 9.5, and 131.0 ± 7.8 
W, respectively. The highest Pelec at each vertical position was obtained 
for dc = 0 (no significant difference was measured at 11 cm) and the 
highest cavitation yield, representing the energy efficiency, at each 
vertical position was obtained for dc = 2.5 cm in this study. Therefore, 
the enhancement of the sonochemical activity induced by the change in 
the vertical and horizontal positions of the probe could be attributed to 
the increased Pelec (or energy efficiency in terms of the cavitation yield), 
asymmetrically expanded active zone, and change in the degree of liquid 
mixing. Moreover, the highest Pelec value was obtained when the probe 
was placed close to the bottom and center of the circular vessel. It should 
be noted that the optimal probe position for the enhancement of sono
chemical activity might differ significantly depending on the charac
teristics of the probe (size, position, etc.) and vessel (size, shape, 
material, etc.). In our previous study, using a circular glass vessel (D =
8.5 cm), the highest activity was obtained at each vertical position when 
the probe was placed at the center [11]. Further research is required to 
suggest relationships between the probe positions and the sonochemical 
activity (or the characteristics of sonochemical active zone). 

Fig. 7. Sonochemical oxidation activity (mass-based I3- ion generation rate) at 
four probe positions away from the center of the vessel ((a): 0, 1.0, 2.0, and 3.0 
cm from the center for the 10 cm vessel; (b): 0, 2.5, 5.0, and, 7.5 cm from the 
center for the 20 cm vessel). 
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4. Conclusions 

As a following study to our previous study and as one of the basic 
steps for understanding the various sonochemical and sonophysical 
applications of the 20 kHz-probe system, the applicability and suitability 
of the 20-kHz sonicator in large-scale vessels were investigated under 
various geometric and operational conditions including horizontal/ 
vertical positions, vessel sizes/volumes, and input powers. Based on the 
mass-based sonochemical oxidation activities and SCL images in this and 
previous studies, the change in the probe position in the vertical and 
horizontal directions could result in large variations in the input elec
trical energy (owing to the change in transducer impedance), formation 
of a sonochemical active zone (owing to ultrasound reflections at the 
bottom and reactor side wall), and mixing intensity in the liquid. It was 

revealed that the enhancement of sonochemical oxidation activity could 
be achieved by controlling these variations in large-scale vessels. In this 
study, the highest sonochemical oxidation activity could be obtained at 
the vertical position of 1 cm (the closest-to-the-bottom condition) and 
horizontal position of 2.5 cm (slightly away from the vessel center) in 
the 20 cm vessel (input power: 50 %) due to the asymmetric and 
expanded formation of the active zone. Further research is required to 
determine the optimal usage of the 20-kHz sonicator in various chemical 
and environmental engineering processes. 
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