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Abstract 

The influence of ultrasonic frequency and intensity on particle shape, tap density and particle 

size distribution was investigated during the precipitation of manganese carbonate. For the 

first time, a broad frequency 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.  
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1. Introduction 

 

Precipitation reactions are widely used in industry to manufacture 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 particle 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 shockwaves 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 - 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 irradiation 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 particles 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 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 sonication of Sn, Zn, 

Cu, Ni, Fe, and Cr slurries [7, 24]. 

 

While several studies are performed on ultrasound assisted precipitation, the impact of the 

frequency and intensity is rarely investigated 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 µm increased from 8.3 to 25.9 % and 30.3% after 12h of sonication at 20 and 33 kHz, 

respectively. In the same period, ultrasound had decreased the amount of 40-60 µm crystals 

with 10% and enlarged the amount of crystals larger than 100 µm by 8-10%. This effect was 

attributed to the collision and agglomeration of coarse particles by ultrasound. These results 

indicate that the frequency of 33 kHz is preferable compared to 20 kHz. It should, however, 

be noted that the power transferred from the ultrasound source to the liquid was not measured 
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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 aluminate 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 particles 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 particles) and 

grinding (a reduction in particle size) were observed in varying ratios during these 

experiments. It was reported that shaping preferred frequencies above 40 kHz, while grinding 

was dominant 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 contrast, 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 

considerably smaller and the applied ultrasonic intensities of 26666 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 sonication 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 µm. More recently, Lee et al. investigated the effect of ultrasonic frequencies 

of 20, 44, 139, 500 and 647 kHz on the antisolvent crystallization of sodium chloride [27].  

Similar size distributions were observed among the different frequencies. Slightly larger and 

more cubic crystals were, however, visible during sonication 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 frequency 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 intensity 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. 
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2. Materials and methods 

 

2.1. Experimental setup 

 

All experiments were carried out in a glass unbaffled continuous stirred tank reactor (CSTR). 

Figure 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 thermostatic 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. The latter was equipped with a 30 mm 

diameter stainless steel axial blade impeller, mounted 10 mm above the reactor bottom. 

Two different ultrasound transducers were used, one with a resonance frequency of 94 kHz 

(Ultrasonics World MPI-7850D-20_40_60H), another with frequencies of 577 and 1135 kHz 

(Meinhardt E/805/T/M). The first transducer was glued to a glass plate to avoid corrosion and 

erosion of the transducer surface. The latter one was a titanium transducer which could 

directly be used. Both transducers are chosen for their similar dimensions which differ only 

3 mm. The Ultrasonics World transducer has a diameter of 78 mm compared to 75 mm for the 

Meinhardt transducer. 

The ultrasonic frequency and power were controlled by a Picotest G5100A waveform 

generator connected to an E&I 1020L RF power amplifier which drives the ultrasound 

transducers. 

Two pulse-free LaboCat HPLH 200 PF pumps were used to inject the reactants into the 

reactor vessel. Both inlets were positioned 15 mm above the outlet of the reactor such that the 

reactants were added by surface addition. The actual flow rates of the pumps were 

7.77 mL/min and 8.05 mL/min for respectively the MnSO4 and Na2CO3 solutions. The 

average residence time was about 12 min and the reaction volume 190 mL. 

 

 

2.2. Chemicals 

 

Manganese sulfate monohydrate with a purity of at least 97 % (Chem Lab NV) and sodium 

carbonate anhydrate with a purity above 99.5 % (Hawkins Inc.) were used to create aqueous 

solutions of 1.74 mol/L and 1.76 mol/L, respectively. These concentrations were chosen to 

obtain a molar ratio of 1.05 for Na2CO3 : MnSO4, taking into account the actual flow rates of 

both pumps. Ultra pure water (18 MOhm.cm) was used to make the solutions. The manganese 

sulfate solutions were filtered over a 2.5 µm filter to remove impurities. 

 

 

2.3. Calorimetric power measurements 

 

Different ultrasonic transducers can have variations in the ultrasonic field or the efficiency of 

power transfer. To minimize these differences, the power transferred from the transducer into 

the liquid was calibrated by calorimetry. Controlling the calorimetric power allows to 

correlate the results among different frequencies. The importance of these calorimetric 

measurements is already emphasized in literature [7, 28, 29]. It should, however, be noted that 

other variations among the different transducers, like differences in the ultrasonic field, are 

still possible. 



  

5 

 

First, the resonance frequencies of the transducers were defined by a Sine Phase impedance 

analyzer 16777K. Prior to these measurements, the transducers were clamped to the reactor, 

the reactor was filled with ultra pure water and the liquid was stirred at 800 rpm and heated to 

60°C. Second, the power dissipated to the liquid was calibrated for all transducers by 

calorimetry. Before the start of the measurements, the reactor was insulated by a fiberglass 

blanket to minimize heat losses to the environment and the water was heated to 60°C. Upon 

reaching a stable temperature, the thermostatic bath was turned off and ultrasound was 

switched on. To correct for heat losses to the environment, the temperature decrease under 

silent conditions (6.6°C after 10 min) was also measured and taken into account during 

calculations. The calorimetric power was calculated over 10 min using Eq. 1 and the 

temperature increase relative to the temperature under silent conditions was used for all 

calculations. 

 

Eq. 1       [30] 

 

with Pcal the calorimetric power (W), T the temperature (K), t the time (s), cp the heat capacity 

of water (J/(g K)) and m the mass of water (g). The value of cp was set at 4.18 J/(g K) and m 

was 137 and 175 g for respectively the 94 kHz and 577-1135 kHz transducer. 

 

In all cases, a linear relationship between the power transferred to the transducer and the 

calorimetric power was observed with a linear correlation coefficient (r²) of at least 0.96. 

 

 

 

 

 

 

 

2.4.      Experimental procedure precipitation reaction

Before  the  start  of  the  experiment,  20 mL  ultra  pure  water  was  added  to  the  reactor  to  allow

proper  temperature  control  and  mixing  of  the  reactants  from  the  start.  The  experiment  was

started  by  turning  on  the  pumps  and  the  ultrasonic  irradiation.  The  reaction  temperature  was

kept  constant  at  60°C  ±0.2°C  after  reaching  steady  state  and  the  stirring  speed  was  set  at

800 rpm  for  all  experiments.  Lipowska  showed  that  mixing  can  be  assumed  ideal  in  a

continuous stirred tank reactor when V*/Q<0.2 [31]. Where V* is the volumetric flow rate of

the   inlets   (15.82   mL/min)   and   Q   the   impeller   pumping   capacity   (cm³/min)   given   by

Q  =  2.3  n  dm
2
b.  Here,  n  is  the  impeller  speed  (800  rpm),  dm  the  impeller  diameter  (30  mm)

and  b  the  impeller  height  (8 mm)  resulting  in  a  Q  of  13248  cm³/min.  Consequently,  V*/Q

becomes 0.0012 which is considerably lower than 0.2 so it can be assumed that the reactor is

perfectly mixed.

Samples of 5 mL were taken at the reactor outlet after 5, 20, 40, 60, 80, 100 and 120 min. No

blockage or accumulation of the reactor outlet was observed. These samples were quenched in

100 mL ultra pure water to stop the precipitation reaction and avoid agglomeration or Ostwald

ripening of the particles. The particle size distribution  (PSD) of these samples was measured

by a Malvern Mastersizer S with MS14 sample dispersion unit.

Additional  samples  of  10  mL  were  taken  after  60  and  120 min,  filtered  over  a  0.45  µm

Millipore filter, washed with ultrapure water and dried in an oven at 40°C for 24 hours. These

samples  were  used  to  analyze  the  particle  morphology  and  also,  the  particle  size  of  these

filtrated  samples  was  compared  to  the  ones  obtained  by  quenching  to  ensure  that  no  errors

were made during quenching. No significant differences in particle size were detected during

all experiments, thereby confirming the reliability of the quenching method. The morphology

of the MnCO3 particles was analyzed with a Philips XL30 FEG scanning electron microscope

(SEM). Finally, the experiment was stopped after 120 min and the reactor content was filtered
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over a general purpose laboratory filter (MN 713 1/4), washed with ultra pure water and dried 

at 40°C for 24 hours. This sample was used for analysis of the mineralogy and tap density. 

Mineralogical analysis was conducted by a Philips PW1830 X-ray diffractometer and 

DiffracPlus software. The tap density, a measure for the density of a packed powder, is an 

often used powder characteristic in pharmaceutical, food, packaging and metallurgic industry 

[32, 33]. This tap density was analyzed by filling a 25 mL graduated cylinder with  a known 

mass of powder, tapping 4000 times with a tap density tester (Erweka SVM201) and reading 

the volume of the tapped powder from the graduated cylinder. 

Furthermore, a test was performed to investigate the effect of the insonation time on the 

particle size, shape and tap density. Ultrasonic irradiation was applied at a frequency of 

577 kHz and similar power settings as during the continuous experiment. The duty cycle was 

reduced to 50%; with a pulse time of 86.7 ms on a total period of 173.3 ms. The same 

procedure as in the continuous experiments was followed. 

The sonicated experiments were repeated twice at each frequency and power to ensure 

reproducible results. The final samples of the duplicate tests were combined and mixed 

together to achieve sufficient sample for the measurements of the tap densities. Silent 

experiments were performed as a reference case and repeated three times. 

 

 

2.5. Procedure for testing effect ultrasound on existing particles 

 

One test was performed to check the effect of ultrasound sonication on already formed 

MnCO3 particles. The reactor was first filled with a 100 g/L MnCO3 powder solution with a 

median diameter of 49 µm. These MnCO3 particles were prepared under silent conditions as 

described in 2.4. The solution was then heated to 60°C and stirred at 800 rpm to ensure the 

same operating conditions as in the precipitation experiments. Next, the experiment was 

started by switching on ultrasound at a frequency of 94 kHz and an intensity of 49 W/L. 

Samples of 5 mL were taken every minute for a total time of 15 min and quenched in 100 mL 

deionized water. The irradiation time was set at 15 min to ensure a similar residence time in 

the reactor as compared to the previous precipitation tests. Afterwards, these samples were 

filtered over a 0.45 µm Millipore filter, washed with deionized water and dried in an oven at 

40°C for 24 h. SEM images were taken from these samples to analyze the morphology of the 

particles. Finally, the experiment was stopped after 15 min and a sample of 10 mL was taken 

and quenched in 100 mL deionized water for PSD analysis. To compensate for the volume 

reduction by sampling, the ultrasonic power was reduced every minute to keep the ultrasound 

intensity constant at 49 W/L. 
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3. Results and discussion 

 

3.1. Influence of the frequency 

 

Figure 2 shows the median particle diameter as function of the reaction time for the applied 

frequencies. Ultrasound didn't affect the time to reach steady state since the median particle 

diameter stabilizes after 60 min at both sonicated and silent conditions. This diameter was, 

however, significantly reduced from 48 µm to 13-19 µm by applying ultrasound. No 

significant differences in the median diameter were observed among the sonicated 

experiments at 49 W/L. The PSD of the final samples is given in Figure 3. A bimodal 

distribution appears for all experiments. The first peak of fine particles is visible around 

0.3 µm and remains constant in size. The amount of fines produced increases by application 

of ultrasound but remains constant at the different frequencies. The increase in the amount of 

fines by applying ultrasound is likely to be attributed to fragmentation of already formed 

particles [6, 34-36]. The second peak in Figure 3 consists of larger particles and accounts for 

the majority of the particles in the reactor. The size of these particles shifts from 60 to about 

19 µm, regardless of the applied frequency. The reduction in median particle size by 

sonication observed in Figure 2 is therefore primarily caused by the reduced particle size of 

these larger particles. As a result, one can conclude that smaller particles are created by 

sonication, whose size is independent of the applied frequency at an ultrasonic intensity of 

49 W/L. Similar observations were also reported in literature. Liu et al. investigated the 

precipitation of sodium aluminate during sonication and observed a strong reduction in 

particle size at 16 kHz, while sonication at 33 and 50 kHz had little effect on the particle size 

distribution [34]. No calorimetric power calibration was, however, performed which makes it 

difficult to draw conclusions from these observations. Such a power calibration was 

performed by Lee et al. during the study of the effect of the ultrasonic frequency on the 

antisolvent crystallization of sodium chloride [27]. The authors observed that the particle size 

was reduced to the same extent by ultrasound between 20 and 645 kHz. They suggested that 

at the studied power level, the threshold for the particle size has already been reached and 

therefore no further changes were observed when varying the frequency. This hypothesis will 

be further discussed in section 3.2 where different power levels are tested. 

Figure 4 shows the SEM images of the samples produced under silent and ultrasonic 

conditions at 94, 577 and 1135 kHz. The particles prepared under sonication are significantly 

more spherical compared to the silent ones. The lower the applied frequency, the more 

spherical the particles become. 

Figure 5 shows the improvement in tap densities compared to silent conditions (1.09 g/cm³). 

Applying ultrasound resulted in all cases in a significant increase of this value. The maximum 

enhancement of 91% is achieved at a frequency of 94 kHz, higher frequencies resulted in 

smaller improvements. Therefore, one could state that lower frequencies are preferred 

whenever superior powder densities are required. The obtained tap densities of 1.88 - 

2.08 g/cm³ are comparable to the 1.7 - 2.3 g/cm³ reported by Byrne et al. [19]. These values 

are also obtained during the precipitation of MnCO3, but the applied frequency of 20 kHz was 

lower than the 94 kHz used in this paper. Also, an ultrasonic horn was used instead of a 

transducer placed at the bottom. The most significant difference is, however, the ultrasonic 

intensity. A range of 800 to 8000 W/L was applied in the paper of Byrne et al. compared to 

49 W/L during the experiments shown in Figure 5. It should be noted that in the paper of 

Byrne et al. the power supplied to the ultrasonic horn is reported and not the real power inside 

the reactor. The efficiency for energy transfer between the ultrasound source and the liquid is 

typically about 30 % [15, 28]. Taking this into account, one could estimate that the real power 

intensity inside the reactor will be about 240-2400 W/L. This is still one order of magnitude 
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higher than the 49 W/L used here. The lack of mechanical stirring in the research of Burne et 

al. is hypothesized to cause this difference. In literature, it is believed that strong mixing is 

favorable during the precipitation process because it allows uniform supersaturation levels. As 

a result, homogeneous isotropic crystal growth of the nuclei occurs and spherical shaped 

particles with uniform size distributions will be produced [37]. Mechanical agitation provides 

mainly macroscopic mixing. In this way, the formed particles are distributed homogeneously 

and sedimentation of the slurry is avoided. On a molecular level, however, the molecules are 

not distributed rapidly and uniformly over the solution. Therefore, this type of mixing does 

not allow to produce a uniform level of supersaturation in a short time scale. As a result, the 

formed particles are more rough and less rounded which will result in lower tap densities. 

Ultrasound, in contrast, creates shockwaves by the implosion of cavitation bubbles and 

consequently microscopic turbulence and micro-streaming [38, 39]. This micro-mixing allows 

increased mass transfer among the reactants and products, thus enhancing the nucleation and 

growth rates [21]. When macro-mixing is, however, not sufficient and the particles are not 

distributed uniformly over the reactor, it can be expected that the beneficial effects of 

ultrasound are reduced. Therefore, one could state that both macro- and micro mixing are 

required for an efficient precipitation process, where the former is most efficiently produced 

by mechanical agitation and the latter by ultrasonic irradiation. It should be noted that too 

much mechanical agitation can also disturb the pressure fields by scattering of the ultrasound 

waves [40]. To exclude these effects, some calorimetric tests were performed at different 

stirring speeds. Figure 6 shows the calorimetric power as function of the stirring speed. No 

significant variation is visible between the stirring speeds of 50 and 1000 rpm. These results 

indicate that the amount of power transferred from the ultrasonic source to the liquid remains 

constant at these speeds. Therefore it can be assumed that the amount of scattering at a speed 

of 800 rpm is rather limited. 

 

Furthermore, XRD analyses showed the formation of rhodochrosite MnCO3 particles with 

lattice constants a= 4.777 Å and c = 15.670 Å. These values are consistent with values 

reported in literature [5]. 

 

As a conclusion, lower ultrasonic frequencies result in more spherical particles, improved tap 

densities and slightly smaller median particle diameters. The impact of the frequency on the 

particle size seems to be rather limited at an intensity of 49 W/L as the size and amount of 

both fines and larger particles is similar. Comparison of the results obtained here and the ones 

reported in literature indicate that both mechanical and ultrasound mixing are preferable for 

an energy efficient production of particles with superior tap densities. 

 

 

3.2. Influence of the intensity 

 

The effect of the ultrasonic intensity on the produced particles was tested for the frequencies 

of 94 and 1135 kHz. Steady state was again reached after 60 min, regardless of the ultrasonic 

intensity. Figure 7 show the PSD of 94 and 1135 kHz at ultrasonic intensities of 4-5, 25 and 

49 W/L. The formation of smaller particles is, for both frequencies, visible at more elevated 

intensities. The volume percentage of the first peak increases with augmentation of the 

ultrasonic intensity up to 2.8% and 2.0% at respectively 94 kHz and 1135 kHz. The particle 

size of these fine particles remains, nevertheless, constant at 0.3 µm. The particle size of the 

second peak, in contrast, reduces significantly with increasing ultrasonic intensities. The 

maximum particle size of 52 µm, obtained under silent conditions, was for example reduced 

to 17 µm under ultrasonic irradiation of 1135 kHz at 49 W/L. This reduction in particle size 
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with increasing ultrasonic intensities is also reported by several other authors [6-10, 15, 38, 

41]. A strong increase in the nucleation rate, breakage of agglomerates by shockwaves and 

micro jets, and strong enhancement of the convection in the vicinity of the particle surface are 

thought to cause this reduction in size. This augmentation of the convection reduces the 

thickness of the diffusional layer, thereby increasing the mass transfer rate. As a result, 

smaller and more uniform particles are produced under ultrasound irradiation compared to 

mechanical agitation [41]. From Figure 7, one can see that the second peak reaches a 

minimum around 17 µm. This minimum is reached at 25 W/L and 94 kHz. A further increase 

of the ultrasonic intensity to 49 W/L did not lead to a further decrease of this size. This 

observation is in agreement with the hypothesis made by Lee et al. that a particle size 

threshold exists below which particles cannot be reduced [27]. 

When comparing the different frequencies in Figure 7, one can see that the PSD of 94 and 

1135 kHz is comparable at 49 W/L; while at 4-25 W/L, the PSD of 94 kHz is considerable 

smaller than the one of 1135 kHz. The observations made at 4-25 W/L can be explained by 

the effect of the frequency on the nucleation rate, shockwaves, micro jets and convection. 

Low ultrasonic frequencies will result in higher nucleation rates and hence are likely to 

produce more but smaller particles [34, 42]. Also, the implosions of the cavitation bubbles are 

more violent at low frequencies which result in more intense shockwaves, micro jets and 

stronger enhancement of convection [15, 43]. At 49 W/L, however, the threshold value of 

17 µm was already reached at 1135 kHz so no significant reduction in size could be achieved 

by reducing the frequency to 94 kHz. This is, again, in agreement with the hypothesis of Lee 

et al. that a particle size threshold value exists. 

 

The same minimum particle size threshold seems to exist for the first peak of fine particles. In 

all our experiments, the peak of fine particles remains constant at around 0.3 µm and no 

particles smaller than 0.1 µm are observed. Similar observations were also made during other 

sonication experiments with solid particles performed in our research group. It is 

hypothesized that a minimum particle size exists at which size reduction will not occur 

anymore. As described before, the observed grinding effects are likely caused by breakage of 

the large particles in smaller ones by shockwaves, microjets or high velocity interparticle 

collisions [15]. The first possibility is that particles break into smaller parts by the stresses 

induced on the crystal lattice by the shockwaves. This breakage occurs typically when defects 

are present in the crystal lattice. The chance of breakage of small particles is, however, 

considerably smaller compared to large particles as a significantly minor amount of defects 

are present in the crystal lattice. Therefore it's already believed in literature that breakage of 

small particles due to ultrasonic induced shockwaves is very unlikely [44]. The second option 

is that of breakage due to microjets. This occurs when cavitation bubbles collapse 

asymmetrically because of the presence of a solid surface. This will result in the creation of 

high speed microjets towards the particle surface [15, 24]. In literature, it is, however, 

believed that the formation of microjets is avoided as long as the diameter of the particles is 

smaller than the diameter of the cavitation bubbles [24]. At the maximum frequency of 

1135 kHz, the diameter of the cavitation bubbles will be around 2.6 µm [43, 45]. Therefore, it 

can be assumed that the formation of microjets and consecutive breakage of the particles will 

not occur for fine particles with diameters around 0.3 µm. Finally, sonication of a powder 

mixture in water can accelerate the particles to velocities about 80 m/s [24]. When these 

particles collide with these high velocities, they can induce breakage of the particles. Particles 

with diameters below 20 µm are, however, thought not to be accelerated by cavity expansion 

because the momentum achieved by the pressure drop across their surface is relatively small 

[46]. Moreover, small particles have a significant smaller relaxation time compared to larger 

particles. Hence, it was concluded by Wagterveld et al. that the large aggregates are likely to 
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be broken in smaller parts but that breakage of small single crystals is not common [44]. 

These conclusions reported in literature support our hypothesis that particle breakage by 

sonication occurs up to a certain limit. When the particles are too small, size reduction will 

not occur anymore. 

 

The SEM images of particles produced at both 94 and 1135 kHz, show an increased sphericity 

of the particles at elevated ultrasonic intensities. As an example, the SEM images at the 

frequency of 94 kHz are given in Figure 8. From this figure, one can see that at an intensity of 

4 W/L, the particles still resemble the aggregates formed under silent conditions but the 

surface is somewhat smoother. The MnCO3 particles formed at 25 and 49 W/L both approach 

sphericity with the smoothest surfaces obtained at the latter intensity. The tap densities 

reported in Figure 5 confirm this trend as the maximum values are observed at the highest 

intensities for both frequencies. The difference in tap density between the intensities of 25 and 

49 W/L is less pronounced as the ones between 4 and 25 W/L. Although the particle size 

threshold is reached, the particle shape and tap density can still be affected by increasing the 

intensity as can be seen in Figures 5 and 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.      Influence of the insonation time

One  test  was  performed  with  pulsed  ultrasonic  irradiation  at  a  frequency  of  577 kHz  and
similar power settings as during the continuous experiment. The observed time to steady state
and  PSD  are  comparable  to  the  ones  obtained  under  continuous  irradiation. Also,  the  SEM

images, given in Figure 9, show no significance difference in sphericity of the particles. These

results  suggest  that  pulsed  ultrasound  has  potential  to  improve  the  efficiency  of  the  process

further.  More  experiments  are,  however,  needed  to  define  the  optimal  pulse  parameters  like

pulse on- and off time.

3.4.      Effect of sonication of already formed particles

Finally, one experiment was performed in batch mode to investigate the effect of sonication

on already formed particles. Figure 10 shows the PSD of the samples taken before and after

15 min sonication. Similar to the previous experiments, the peak of fines enlarges while the

second peak shifts towards smaller particle diameters. The SEM images provided in Figure 11

show that the particle shape remains unchanged. All SEM images show loosely aggregated

particles as obtained in the silent experiments. As a conclusion, one could state that sonication

of already formed spherical particles result in smaller particles but has no effect on the shape

of these particles. Within the studied reactor setup and process conditions, reactants should be

present and thus simultaneous synthesis and formation of the particles should occur to allow

shaping of the particles. Shaping without the presence of these reactants does not occur within

the studied conditions. It should be noted that the reactor volume was not constant during

these tests because of the samples taken for analysis. At the end of the experiment, the liquid

height was lowered with 15mm compared to the start. The ultrasonic intensity was kept

constant by adapting the power to the volume but because of the change in this liquid height,

it cannot be excluded that the ultrasonic field changed.
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4. Conclusion 

 

The effect of the ultrasonic frequency and intensity on the particle size and shape of MnCO3 

particles was investigated over a frequency range of 94 till 1135 kHz. Low ultrasonic 

frequencies and high intensities are preferred for the production of spherical particles with 

superior tap densities. The results obtained in this research indicate that a minimum particle 

size exists, for both fine and large particles. When working above this particle size threshold, 

lower frequencies and higher intensities result in smaller particles. When this threshold is 

reached, the particle size remains unaffected regardless of the used frequency or intensity. The 

particle shape can, however, still be affected by the ultrasonic intensity or frequency. This 

threshold can explain why some authors in literature report differences in particle size among 

different frequencies where others do not. It is important to pay attention to this threshold in 

future experiments when comparing the effect of ultrasonic frequencies or intensities on the 

particle size.  

Also, it was put forward that both mechanical and ultrasound mixing are required for an 

energy efficient production of spherical particles with superior tap densities. In addition, the 

effect of the insonation time was investigated. Pulsed ultrasonic irradiation resulted in 

particles with similar sphericity and sizes compared to the ones produced by the continuous 

mode. This create opportunities to improve the efficiency of the process further. Experiments 

on the sonication of already formed spherical particles indicate that ultrasound should be 

applied during the precipitation process to affect the particle shape. 
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Figure Captions 

 

Figure 1 Reactor setup. 

 

Figure 2 Evolution of the median particle diameter (D50) for the applied frequencies in time 

(Pcal = 49 W/L). The silent and sonicated experiments were each repeated 3 and 2 times 

respectively. 

 

Figure 3 Particle size distribution after 120 min for the applied frequencies (Pcal = 49 W/L). 

 

Figure 4 SEM images of the samples after 120 min (Pcal = 49 W/L) with (a) silent, (b) 94 kHz, 

(c) 577 kHz and (d) 1135 kHz. With ρtap the measured tap density. 

 

Figure 5 Improvement in tap densities for the applied frequencies and intensities. Calculated 

as  with  the tap density under sonication (g/cm³) and  the tap density under 

silent conditions (g/cm³). 

 

Figure 6 Calorimetric power at different stirring speeds. 

 

Figure 7 PSD at different ultrasonic intensities at a ultrasonic frequencies of 94 and 1135 kHz. 

 

Figure 8 SEM images of the samples after 120 min (94 kHz) with (a) silent, (b) 4 W/L, (c) 

25 W/L and (d) 49 W/L. With ρtap the measured tap density. 

 

Figure 9 SEM images of the samples after 120 min (577 kHz) with (a) continuous and (b) 

pulsated irradiation. 

 

Figure 10 PSD before and after shaping (Pcal = 49 W/L, f = 94 kHz). 

 

Figure 11 SEM images during the shaping experiment (94 kHz, 49 W/L) with samples taken 

after (a) 1 min, (b) 5 min, (c) 10 min and (d) 15 min. 
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Highlights 

 

 Particle shape influenced by both ultrasonic frequency and intensity; 

 Low frequencies and elevated ultrasonic intensities preferred for the production of 

spherical particles with high tap densities; 

 Particle size threshold exists below which particles cannot be further reduced. 

 

 

 


