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A B S T R A C T

This study investigated the position of ultrasonic irradiation source and reactor geometry on fragmentation rate
of a layered compound, α-zirconium phosphate (α-ZrP). By numerically solving the acoustic pressure dis-
tribution using COMSOL Multiphysics®, it is clarified the mechanism whereby the operating factors influenced
the α-ZrP dispersion to make a suggestion of guideline of the process design method. Two vessels made of glass
with a flat-bottom and a spherical-bottom, respectively, were used. Although the flat-bottom vessel at lower horn
position showed the best performance of fragmentation, the region of high acoustic pressure field in the flat
bottom vessel sharply narrowed and the transmittance became prominently low. On the other hand, no sig-
nificant difference of the transmittance value in the spherical bottom vessel between the cases of low and high
horn positions could be observed and the spherical bottom vessel was robust for the horn position. These results
suggest that not only the magnitude of acoustic pressure but also the size of high acoustic pressure region is also
an important factor and a spherical bottom vessel is one of suitable shape which gives large size of high acoustic
pressure region regardless of the horn position.

1. Introduction

Nano-fillers have received considerable attention since they may
lead to enhanced nanocomposites properties with a small amount of
filler content [1]. It was reported that the introduction of nano-fillers
made of inorganic layered compounds resulted in the improvement of
thermal stability [2], mechanical properties [3] and gas barrier prop-
erties [4]. Synthetic layered compounds, such as alpha zirconium
phosphate (α-ZrP) has attracted attention recently. The α-ZrP has
higher ion exchange capacity than montmorillonites [5]. Hence, it is
relatively easy to achieve higher degree of exfoliation in ZrP nano-
platelets [6]. In addition, α-ZrP and its derivatives can help improve
proton conductivity of certain materials. This allows for the preparation
of proton conductive nanocomposites, which can find applications in
the fuel [7].

The generation methods of nanomaterials are classified into two
approaches i.e. a bottom-up approach that atoms agglutinate and be-
come cluster as nanomaterial, and a top-down approach that large
particles are fractured and become nanomaterials by adding various
energy. Among these two approaches, the top-down approach is

considered to be suitable for mass production of nanomaterials because
the operation method is relatively simple. In the top-down approach an
ultrasonic irradiation method is one of the potential methods to pro-
duce nanomaterials. This method has an advantage as compared with
the other thermal and mechanical methods; i.e. even low power con-
sumption enables to attain high production rate [8]. With this ad-
vantage, the ultrasonic irradiation method is one of the promising
methods in process intensification. Nagatomo et al. [9] used ultrasonic
irradiation for pretreatment of emulsion polymerization of styrene.
They successfully showed that the pretreatment of ultrasonic irradia-
tion as short as 1min drastically improved monomer dispersion and
increased reaction rate even under the agitation condition with low
rotational speed of impeller.

For mass production of nanomaterials by ultrasonic irradiation
method, it is important to construct a model of fragmentation rate,
optimize reactor shape and operating conditions. Our previous work
[10] proposed an experimental fragmentation equation based on the
mass concentration of the α-ZrP, and the experimental results agreed
well with the simulation results obtained by the fragmentation rate
equation. On the other hand, it is difficult to say that the optimization
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method of reactor shape and operation conditions has been established
yet. In the fragmentation process using ultrasonic irradiation, physical
effects due to cavitation play an important role. Cavitation is a very
complicated and highly localized phenomenon affected by many factors
such as output, frequency, temperature, solution properties [11]. The
mechanisms whereby cavitation affects the size and production rate of
nanomaterials are still unclear and it is difficult to control the particle
size and predict the performance of ultrasonic reactors. This is one of
the major restrictions in optimization of ultrasound application in in-
dustries [12]. Furthermore, the acoustic field decays rapidly with the
propagation distance, and almost all the amount of energy is converted

to thermal energy within a small volume near the horn and few cavi-
tation occurs at the region far from the horn. This results in low

Fig. 1. Schematics of horn-type reactors; (a) flat-bottom vessel with water jacket (D=70mm), (b) flat-bottom vessel (D=100mm), (c) spherical-bottom vessel
(D=125mm).
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Fig. 2. Schematic of bath-type reactor (D=53mm, L=57mm).

Table 1
Relation between H and L when using the horn-type reactors; (a) flat-
bottom vessel with water jacket, (b) flat-bottom vessel, and (c) spherical-
bottom vessel.

(a)

H [mm] 15 25 40 60
L [mm] 74 72 70 67

(b)
H [mm] 15 40
L [mm] 68 65

(c)
H [mm] 15 40
L [mm] 62 61

Table 2
Values of parameters in numerical simulation.

ρ0 Density [kg/m3] 998
c0 Sound velocity [m/s] 1500
f Ultrasonic frequency [kHz] 20
PU Input power [W] 32
r Radius of transducer [m] 0.013
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efficiency of acoustic energy [13]. Therefore, the scale of a device is
limited. In order to solve this problem, it is necessary to intensify the
sound pressure field and the cavitation field by optimizing the geometry
of the device. If the geometry of reactor is different, it is suggested that
the cavitation dynamics would change and that this change would

affect the acoustic pressure field and cavitation field. Therefore, in
order to achieve intensification of an ultrasonic process by optimization
of ultrasonic equipment, it is necessary to elucidate the effects of re-
actor geometry on ultrasonic efficiency. A numerical approach com-
bined with experiments is one of powerful tools to elucidate these ef-
fects. Wei and Weavers [14] used computational simulations using
COMSOL Multiphysics® and acoustic pressure maps to design a large-
scale sono-reactor containing a multi-stepped ultrasonic horn, and they
showed that coupling of COMSOL simulations with hydrophone mea-
surements was a simple, effective and reliable scientific method to
evaluate reactor designs of ultrasonic systems. Tiong et al. [15] calcu-
lated acoustic pressure fields generated by endosonic files with varying
dimensions for the uses of ultrasound in dentistry by the COMSOL si-
mulation package.

This study investigated the position of ultrasonic irradiation source
and reactor geometry on fragmentation rate of a layered compound, α-
ZrP. By numerically solving the acoustic pressure distribution using
COMSOL Multiphysics®, it is clarified the mechanism whereby the op-
erating factors influenced the α-ZrP dispersion to make a suggestion of
guideline of the process design method.

2. Materials and methods

α-ZrP particles (molecular weight 301.192 g/mol, particle size
0.5–1.5 μm, Daiichi Kigenso Kagaku Kogyo Co., Ltd.) were dried in air
at 120 °C for 3 h as the pretreatment. The α-ZrP suspension
(0.25–1.0 wt%) was prepared by mixing α-ZrP particles, distilled water
and tetrabutylammonium hydroxide (TBAH) – 40% methanol solution
(molecular weight 259.5 g/mol, Lion Specialty Chemicals Co., Ltd.).
The mole ratio of α-ZrP to TBAH was 1:1. α-ZrP particles were sus-
pended in the solution. TBAH was used as the compound for inter-
calation between the α-ZrP layers and swell of the layered structure.
Since the dilute solution of ZrP (0.25–1.0 wt%), the properties of the
suspension such as speed of sound of the solution, density, viscosity and
the acoustic impedance was regarded as the same as water in this study.

The present study used two kinds of reactors, i.e. horn-type and
bath-type reactors, as shown in Figs. 1 and 2. The diameter of the
vessel, the liquid height and the horn position (height from the bottom)
was defined as D, L and H, respectively. When the horn-type reactor was
used, ultrasonic waves were irradiated directly to the suspension from
the tip of the horn-type transducer (US-300T, NIHONSEIKI KAISHA
LTD.) with frequency of 20 kHz, which has the maximum electric power
output 300W. Two vessels made of glass with a flat-bottom and a
spherical-bottom, respectively, were used. As the horn is deeply in-
serted, the liquid height increases under the same liquid volume con-
dition. The relationship between H and L is shown in Table 1. Tem-
perature of the α-ZrP suspension in a storage vessel was kept at constant
by immersing it in a temperature-controlled bath. The suspension
temperature in the flat-bottom vessel was controlled by feeding cooling
water of 10 °C by a circulation pump (CCA - 1111, EYELA) into a water
jacket attached with the vessel.

On the other hand, in order to investigate the effect of frequency on
the fragmentation rate, a bath-type reactor was used as shown in Fig. 2.
Ultrasonic waves were irradiated directly to the suspension from the
bottom with the transducer having the maximum voltage of 20 Vp-p
and the range of frequency from 20 kHz to 30MHz. The vessel made of
stainless steel was the flat-bottom and had a jacket. Cooling water at
20 ± 2 °C was fed into the water jacket by a circulation pump (CTP-
1000, EYELA) and the temperature of suspension was kept at constant.

The state of the fragmentation was evaluated by measuring the light
transmittance of the suspension (wavelength: 298 nm) with a UV–vis
spectrophotometer (MPS-2400, Shimadzu Corporation). The mean
particle size was measured by a dynamic light scattering, DLS (ELSZ-
0H, Otsuka Electronics Co., Ltd.). The input power of ultrasound PU [W]
was calculated using a calorimetry method which measures the increase
of temperature in the system as the ultrasonic power. PU was calculated

Table 3
Density and sound velocity of media.

Medium Density (kg/m3) Sound velocity (m/s)

Water 998 1500
Air 1.2 343
Glass 2500 5100
Ceramics 787.4 5600

Fig. 3. Mesh for the calculation of acoustic pressure distribution in horn-type
reactor.
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Fig. 4. Correlation between transmittance and mean particle size: (a) Effect of
horn position (◊: H=15mm, ×: H=40mm), and (b) effect of frequency (○
22 kHz, △ 98 kHz, □ 128 kHz).
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with following equation.

=P wC T
t

Δ
ΔU P (1)

w, Cp and (ΔT/Δt) are the water mass, specific heat at a constant
pressure of water and the rate of the temperature increase in adiabatic
condition, respectively.

When aluminum foil is positioned in the cross section of the vessel
and exposed to the ultrasound field, erosion of aluminum can be ob-
served where cavitation is generated. By utilizing this property, the
spatial distribution of cavitation in the reactor was observed [16]. The
erosion area (cavitation area) [mm2] of the aluminum foil after 30 s of
the ultrasonic irradiation was calculated by Eq. (2).

=

×
Weight loss of Aluminum

Initial weight of Aluminum

Erosion area initial area of cross section

(2)

3. Numerical simulation of acoustic pressure

Acoustic pressure distribution was calculated by a finite element
method software, COMSOL Multiphysics 5.2® (COMSOL AB). The
governing equations are as follows:

⎜ ⎟∇∙⎛
⎝

∇ ⎞
⎠

− =
ρ

p
ω p

ρ c
1 0

0

2

0 0
2 (3)

=ω πf2 (4)

The symbols and their values of parameters appearing in the above
equations are shown in Table 2.

When ultrasound is irradiated to the medium, the medium also vi-
brates as the acoustic pressure vibrates. At the maximum of the acoustic
pressure during the vibration of acoustic pressure, the acceleration of
the local area of medium is expressed by the following equation [17].

=a ω I
ρ c
2

n
0 0 (5)
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Fig. 5. Effect of frequency on time course change of the transmittance of α-ZrP
suspension; ○: 22 kHz, △: 98 kHz, □: 128 kHz ◊: 940 kHz.

20

30

40

50

60

70

0 50 100 150

Tr
an

sm
itt

an
ce

 [
%

]

Irradiation time [min]

Fig. 6. Effect of horn position on time course change of the transmittance of α-
ZrP suspension; ◊: H=15mm,□: H=25mm, ×: H=40mm, ○: H=60mm.

Fig. 7. Acoustic pressure distributions at H=15, 25, 40 and 60mm.
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=I P
πr

U
2 (6)

This was given as the condition on the cross section of the ultrasonic

irradiation source, and the acoustic pressure distribution was calcu-
lated. The boundary conditions of acoustic impedance were the same
way as Jiao et al. [18]. The impedance boundaries were utilized to
specify the boundary conditions of water-air, water-ceramic (horn),
water-glass (vessel wall). The density and sound velocity of medium is
shown in Table 3. Fig. 3 shows tetrahedral mesh for the calculation of
acoustic pressure distribution. The maximum mesh size is 5.92mm in
the horn-type reactor. Sajjadi et al. [19] investigated influence of ul-
trasound power on acoustic streaming and micro-bubbles formations in
a low frequency (24 kHz) sono-reactor, and their results showed that
the effect of acoustic streaming was not negligible. Their power range
was, however, 100–400W which was much higher than our power
range (16–32W). The present study confirmed that acoustic streaming
was very small. Hence the present study did not take the hydrodynamic
effects into consideration. In addition, owing that α-ZrP is a nano-
particle, the effect of α-ZrP on fluid flow is negligibly small. It is,
therefore, assumed that to be completely miscible and occur as a single-
phase slurry.

4. Results and discussion

Prior to the experiments, in order to validate the evaluation of the
fragmentation state by the light transmittance of the suspension, the
correlation between the mean particle size obtained by DLS and the
light transmittance was examined. Fig. 4 shows that the suspension
transmittance corresponds to the degree of the fragmentation of nano-

Fig. 8. States of aluminum foil after ultrasonic irradiation for 30 s.

Fig. 9. Transmittance after ultrasonic irradiation for 60min.
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sized α-ZrP.
In order to verify the validity of conducting the experiments using

the horn-type reactor with a fixed frequency of 20 kHz, the effect of
frequency on α-ZrP dispersion was investigated by the bath-type device.
Driving frequency of ultrasound was varied at 22, 98, 128 and 940 kHz.
Concentration of α-ZrP and volume of the suspension were 0.5 wt% and
125mL, respectively. Ultrasonic energy was 16.0W. Fig. 5 shows the
time course change of the transmittance at various frequencies under
sonication. As driving frequency was lower, it showed faster fragmen-
tation rate and higher final transmittance. This result shows the validity
of the experiment with the horn type ultrasonic irradiation device with
20 kHz. Hereafter, the effect of geometrical configuration of reactor on

the fragmentation rate was investigated by the horn type ultrasonic
irradiation device with 20 kHz.

4.1. Effect of horn position

Fig. 6 shows the time course change of the transmittance at various
horn positions under sonication. As horn position H was smaller, it
showed faster fragmentation rate and higher final transmittance. The
result suggested that the smaller H was, the higher shear was exerted to
the ZrP particles by cavitation. Moreover, the almost same degree of
transmittance was achieved for the sample sonicated for 100min at
H=15mm and the sample sonicated for 180min at H=40mm. It is,
therefore, considered that production time can be shortened by about
44.4% by using a reactor with H=15mm, as compared with
H=40mm.

The acoustic pressure distribution was calculated in order to in-
vestigate the magnitude of the acoustic pressure at each horn position,
as shown in Fig. 7. The result also indicates that the smaller H was, the
higher the maximum value of acoustic pressure was. The rapid at-
tenuation of the acoustic pressure field results in low efficiency of
acoustic energy [13]. It is, therefore, suggested that when H becomes
small, the maximum value of acoustic pressure increases because of the
remarkable interaction without prominent energy loss between the
ultrasonic wave irradiated from the horn and the ultrasonic wave re-
flected on the bottom of the reactor at just below the horn. Fig. 8 shows
images of aluminum foil after ultrasonic irradiation for 30 s at each
horn position. These images are very similar to the acoustic pressure
distribution shown in Fig. 7, and it can be seen that cavitation occurs
conspicuously in a place where the magnitude of acoustic pressure is
large.

The dead zone in which cavitation is not achieved is one of the most
important parameters to consider when using a horn-type sonication
[20,21]. These literatures recommend that it is of paramount im-
portance to maintain the distance between the horn tip and the wall
container. In the flat bottom case, the dead zone effect ultrasonic

Fig. 10. Acoustic pressure distributions in the flat-bottom and spherical-bottom vessels.

Fig. 11. Erosion area of aluminum foil after ultrasonic irradiation for 30 s.
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performance is significant.

4.2. Effect of vessel shape

Fig. 9 shows the transmittance values at 60min irradiation in the
flat bottom and spherical bottom vessels with the horn position on
H=15 and 40mm under sonication. Although the flat bottom vessel
shows the largest transmittance at H=15mm, it shows the lowest
value at H=40mm. This indicates that the performance of fragmen-
tation in the flat bottom vessel largely depends on the horn position. On
the other hand, no significant difference of the transmittance value in
the spherical bottom vessel between the cases of H=15 and 40mm can
be observed. This indicates that the performance of fragmentation in
the spherical bottom vessel less depends on the horn position. Fig. 10
shows the acoustic pressure distributions obtained by numerical simu-
lations. Although no significant difference of maximum acoustic pres-
sure between the two kinds of vessels can be seen at each H=15 or
40mm, the region of high acoustic pressure field in the flat bottom
vessel sharply narrows when H=40mm. On the other hand, the size of
high acoustic pressure region around the tip of the horn is still main-
tained in the spherical bottom vessel. Fig. 11 shows the erosion area
calculated by Eq. (2). This figure shows the similar trend to the above
discussion. These results suggest that the performance of the spherical
bottom vessel is almost independent of the horn position.

As described in the previous section, the ultrasonic intensity rapidly
attenuates not only axially but also radially from the tip of horn. When
using the spherical bottom, the distance between the tip of horn and the
spherical bottom wall does not significantly change as compared with
the case of flat bottom. This indicates that the spherical bottom pre-
vents from increasing the dead zone due to rapid attenuation of ultra-
sonic intensity. Capelo et al. [20] also examined the effect of sampling
container shape for chemical analysis on the performance of solid-li-
quid extraction. They revealed that three eppendorf-type containers
which have conical, fan-shape and spherical bottoms, respectively
showed appropriate achievement of total extractions, whereas a con-
tainer having flat bottom showed the lowest efficiency. They also
considered that this low efficiency might be the results of the dead
cavitation zone. It can be, therefore, considered that a spherical bottom
vessel is one of suitable shape which gives large size of high acoustic
pressure region regardless of the horn position.

5. Conclusion

This study investigated the effects of the position of ultrasonic ir-
radiation source and reactor geometry on fragmentation rate of a
layered compound, α-ZrP. As expected, the closer the horn position to
the bottom, the larger the maximum acoustic pressure, due to the re-
flection of acoustic waves from the bottom. The larger acoustic pressure
field gave higher fragmentation rate and higher transmittance.
Although the flat bottom vessel at H=15mm showed the best per-
formance of fragmentation, the region of high acoustic pressure field in
the flat bottom vessel sharply narrowed and the transmittance was the
lowest when H=40mm. On the other hand, no significant difference
of the transmittance value in the spherical bottom vessel between the
cases of H=15 and 40mm could be observed and the spherical bottom
vessel was robust for the horn position. These results suggest that not
only the magnitude of acoustic pressure but also the extend of high
acoustic pressure region is also an important factor and a spherical
bottom vessel is one of suitable shape which gives large size of high
acoustic pressure region regardless of the horn position. The results

shows that α-ZrP nano-dispersion process can be one of the estimation
methods of quantitative determination of the amount of kinetic para-
meter by the cavitation bubbles.
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