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a b s t r a c t

The influence of ultrasonic frequency and intensity on particle shape, tap density and particle size distri-
bution was investigated during the precipitation of manganese carbonate. For the first time, a broad fre-
quency range of 94 till 1135 kHz was studied in one single reactor setup. Smaller and more spherical
particles were observed during sonication compared to silent conditions. Lower frequencies and
increased intensities result in smaller and more spherical particles. The most spherical particles with
superior tap densities are obtained at the lowest frequency and most elevated intensity. Moreover, the
results indicate that a particle size threshold exists, below which the particle size cannot be reduced
by a further increase of the ultrasonic intensity or reduction of the frequency. Sonication of already
formed spherical powders resulted in particles with smaller sizes but unaffected shapes. Finally, one test
with pulsed ultrasonic irradiation resulted in equally sized particles with similar sphericity as the ones
produced under continuous sonication.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Precipitation reactions are widely used in industry to manufac-
ture paints, pigments, fine chemicals, pharmaceuticals, polymers,
etc. [1–5]. The application of ultrasound during these processes is
well studied in literature and has shown effects on both the parti-
cle size distribution (PSD) and the particle shape [4,6–8].

A reduction in PSD of the formed particles by application of
ultrasound is observed by several authors [6,8–11]. This reduction
originates from the consecutive formation, growth and collapse of
cavitation bubbles and subsequent shock waves, micro jets,
increased micro turbulence and elevated local pressures. These
effects are well known to both enhance the nucleation rate which
results in a larger amount of fine particles, and breakage of the
already formed particles into smaller particles by the large shock-
waves and micro jets [9,12–15]. The term grinding will be used in
this paper to describe this effect of size reduction.

Besides a size reduction, ultrasound can also induce a shaping
effect, namely the formation of spherical particles under sonication
[16–19]. Pohl et al., for example, studied the precipitation of BaSO4

in a continuous sonochemical flow reactor [18]. The creation of

spherical particles, compared to flat (flaky) particles under silent
conditions, was observed by sonication at 20 kHz and 20–160 W.
The reactor was a conical reaction chamber with a volume of
10 mL and a residence time between 4.5 and 15 s. The ultrasound
precipitation of manganese carbonate from aqueous solutions of
NH4HCO3 and MnSO4 was investigated by Byrne et al. [19]. Also
in this case, spherical particles were produced by ultrasonic irradi-
ation at 20 kHz. The power of 400 W, supplied to the ultrasonic
horn, was, however, significantly higher than the 20–160 W in
the paper of Pohl et al.

Although the exact mechanism behind ultrasound shaping is
still unknown, there are two commonly used theories reported in
literature. The first one assigns the increased sphericity of the par-
ticles to the improvement in mass transfer rate between solution
and surface [20]. Ultrasonic irradiation creates cavitation bubbles
which collapse, resulting in microscopic turbulence and thinning
of the hydrodynamic boundary layer around the particles. It is
believed that these effects are responsible for an enhanced mass
transfer in the mixture, therefore increasing the possibility of the
solute molecules to combine with each other and approach each
side of the growing particle more uniformly and easily [21]. The
second theory explains the formation of spherical particles by
the melting of particles upon implosion of the cavitation bubbles
[10,22–24]. Collapsing cavitation bubbles create intense shock
waves which cause high velocity collisions of solid particles. These

http://dx.doi.org/10.1016/j.ultsonch.2015.01.017
1350-4177/� 2015 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: De Croylaan 46, 3001 Leuven, Belgium. Tel.: +32 16 32
06 86; fax: +32 16 32 29 91.

E-mail address: jeroen.jordens@cit.kuleuven.be (J. Jordens).

Ultrasonics Sonochemistry 26 (2015) 64–72

Contents lists available at ScienceDirect

Ultrasonics Sonochemistry

journal homepage: www.elsevier .com/ locate/ul tson

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2015.01.017&domain=pdf
http://dx.doi.org/10.1016/j.ultsonch.2015.01.017
mailto:jeroen.jordens@cit.kuleuven.be
http://dx.doi.org/10.1016/j.ultsonch.2015.01.017
http://www.sciencedirect.com/science/journal/13504177
http://www.elsevier.com/locate/ultson


collisions result in extreme heating at the point of impact and as a
result the particles are melted together [24]. The creation of
agglomerates with smooth surfaces was observed during the son-
ication of Sn, Zn, Cu, Ni, Fe, and Cr slurries [7,24].

While several studies are performed on ultrasound assisted pre-
cipitation, the impact of the frequency and intensity is rarely inves-
tigated and no conclusions can be drawn. Zhang et al. tested the
effect of ultrasound at 20 and 33 kHz during the precipitation of
Al(OH)3 [6]. At both frequencies, an acceleration of secondary
nucleation was observed with the largest effect at 33 kHz. The
mean size of the particles was also smaller at the frequency of
33 kHz compared to the ones at 22 kHz. The weight percentage
of fine particles with sizes less than 20 lm increased from 8.3%
to 25.9% and 30.3% after 12 h of sonication at 20 and 33 kHz,
respectively. In the same period, ultrasound had decreased the
amount of 40–60 lm crystals with 10% and enlarged the amount
of crystals larger than 100 lm by 8–10%. This effect was attributed
to the collision and agglomeration of coarse particles by ultra-
sound. These results indicate that the frequency of 33 kHz is pref-
erable compared to 20 kHz. It should, however, be noted that the
power transferred from the ultrasound source to the liquid was
not measured during these experiments. Therefore the possibility
exists that the power transferred from the ultrasonic source to
the liquid was not the same for both frequencies. In the same
paper, the effect of the ultrasonic power on the precipitation ratio,
the percentage of decomposition of the supersaturated sodium alu-
minate solution, was investigated. An increase of this precipitation
ratio was observed with augmentation of the ultrasonic power up
to 286 W, but with a further increase of the power to 308 W a
decrease was found. This was explained by the decoupling of the
sonotrode caused by the coalescence of cavitation bubbles which
will form a gas layer between the liquid and the ultrasonic source.
As a result, a phase lag between the motion of the liquid and that of
the ultrasound source is induced and the ultrasonic source is not
able to remain in contact with the liquid during the whole acoustic
cycle. Consequently, there is a loss of power transferred from the
source to the liquid [6,25,26].

Kaully et al. patented a method for the creation of spherical par-
ticles with smooth and rounded surfaces by ultrasonic treatment of
a slurry [9]. The precipitation of cyclotrimehylenetrinitramine
(RDX) was studied at frequencies of 25 and 40 kHz and intensities
of 10 to 50 W/L. Both shaping (the creation of more spherical par-
ticles) and grinding (a reduction in particle size) were observed in
varying ratios during these experiments. It was reported that shap-
ing preferred frequencies above 40 kHz, while grinding was domi-
nant at frequencies below 25 kHz. An explanation of these
observations was, however, not provided and similar observations
are, to the best of our knowledge, not reported elsewhere. In con-
trast, Li et al. observed no impact of sonication at 15, 20, 25 or
30 kHz on the shape, mean size and the size distribution during
the salting out of spectinomycin hydrochloride particles [21]. The
studied frequency range of 15 till 30 kHz was however consider-
ably smaller and the applied ultrasonic intensities of 26,666 W/L
significantly higher compared to the patent of Kaully et al. It was
thought that the wavelengths are much larger at these frequencies
than the size of the nuclei and consequently the effects of the son-
ication are similar at all frequencies. This is, however, also the case
in the patent of Kaully et al. as in both cases water was used as the
solvent, similar frequencies are used and the largest particles were
about 150 lm. More recently, Lee et al. investigated the effect of
ultrasonic frequencies of 20, 44, 139, 500 and 647 kHz on the anti-
solvent crystallization of sodium chloride [27]. Similar size distri-
butions were observed among the different frequencies. Slightly
larger and more cubic crystals were, however, visible during soni-
cation at 500 and 647 kHz compared to the lower frequencies. The
enlarged abrasion and attrition by intense shear effects at low

ultrasonic frequencies were thought to cause this change in crystal
shape.

The above mentioned papers made different observations about
the effect of the frequency and intensity on particle properties such
as the size or shape. Furthermore, different reactor geometries,
products, ultrasonic powers and frequencies are used. Therefore,
it’s not possible to draw a general conclusion. The purpose of this
paper is to investigate the impact of the ultrasonic frequency and
intensity on the shaping and grinding during the precipitation of
manganese carbonate. In contrast to previous articles, the fre-
quency will be investigated over a broad range of 94 till
1135 kHz in one single reactor geometry and one single product.
The power transferred from the ultrasonic source to the liquid will
also be calibrated. Furthermore, the effect of the ultrasonic inten-
sity on the particle size, shape and tap density will be investigated
at the minimum and maximum frequency of 94 and 1135 kHz.
Some additional tests will be performed to investigate the effect
of the insonation time and test the possibility of shaping already
formed particles.

2. Materials and methods

2.1. Experimental setup

All experiments were carried out in a glass unbaffled continu-
ous stirred tank reactor (CSTR). Fig. 1 shows the reactor setup,
which consists of a glass jacketed cylinder flanged between an
ultrasound transducer at the bottom and a glass cover at the top.
This cover contains 4 holes for the mixer, temperature probe and
two reactor inlets. The reactor had an inner diameter of 55 mm
and the outlet of the reactor was positioned at 80 mm above the
bottom. The temperature was controlled by a Julabo MP thermo-
static bath and a VWR EU 620-0917 digital thermometer, with an
accuracy of ±1 �C, was inserted to check the operating temperature.
The solution was mixed during all experiments by a Cole-Parmer
EW-50006-01 agitator at a constant stirring speed of 800 rpm.

Fig. 1. Reactor setup.
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