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Abstract
Separation of two fluids or particles from an emulsion is a fundamental process in many applications such as creaming of 
milk in dairy sector and extraction of various oils (avocado oil, palm oil, etc.) among many others. The aim of this paper is 
to elaborate on the development of various methods and technologies employed for the separation process including gravity, 
chemical, and centrifugation as well as the newer acoustic separation technology. Influential parameters affecting the perfor-
mance, advantages, and disadvantages for each method will be discussed and compared. Various transducer configurations 
and corresponding experimental set-ups and operating parameters are also examined for acoustic separation. Accordingly, 
the future trend is proposed for introducing new transducer configurations to diminish or preferably eliminate the current 
disadvantages and barriers and to improve the separation process performance.
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Introduction

The process of separation is widely used both at laboratory 
and industrial scales for many different applications rang-
ing from food industry including various edible oil extrac-
tion and milk creaming, to crude oil recovery from water in 
oil industry and to biological cell separation applications 
in biomedical industry [1–4]. A wide range of applications 
necessitates ongoing research into the development of more 
efficient, cost-effective, and low-maintenance separation 
techniques. Currently, there are many techniques available 
in the literature and industry for separation of two mixed 
liquids or particles in liquids such as gravity separation 
[5], chemical separation [6] and centrifugation [7]. These 
will be separately reviewed in the following sections with 
examples of their specific application areas, advantages, and 
disadvantages which cause some limitations in their use. 
A relatively newer technique has also been studied called 
acoustic separation, which involves the use of acoustic waves 
to accelerate the process of coalescence and agglomeration 

of suspended particles in a stationary fluid [8]. Compared to 
previous techniques, this process decreases the processing 
time and the power consumption [2]. An advantage to this 
technique is that the particle size distribution in the fluids 
treated with acoustic waves is adjustable with the frequency 
and acoustic strength and is scalable and modular. It also has 
a low machinery and maintenance cost.

Considering all the potential, research has been concen-
trating more on acoustic separation to further develop and 
establish suitable transducers for various applications. In 
order to generate acoustic waves, one or multiple piezoelec-
tric transducers are needed depending on the nature of the 
application [9]. The use of different transducer shapes such 
as square or rectangular plates, circular plates, horn transduc-
ers and cylindrical shells for separation and its respective 
configurations such as parallel square plates, perpendicular 
plates, and interaction between plates and horn transducers, 
have been investigated. The use of cylindrical transducers 
has been associated with the increase of the strength of the 
acoustic field due to better focus and interference of the radi-
ated waves as a result of a suitable vibration mode shape 
[10–12]. Also, piezoelectric cylindrical transducers with 
geometrical variations in the form of stepped-thickness have 
shown much stronger acoustic fields at the same input power 
compared to identical non-stepped-thickness transducers 
[13–18]. To the best of the authors’ knowledge, application 
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of these cylindrical transducers has been limited to very few 
studies on ultrasonic drying of foodstuff, water particle dis-
integration for airway humidification and separation of sus-
pended microparticles in a fluid simulating blood conditions 
at a laboratory scale [10, 19, 20]. The geometry of a hollow 
cylindrical transducer makes it an attractive alternative for 
dynamic applications where a flowing fluid is required to 
pass through the transducer, and it can be fit in-line with 
the incoming flow. However, more research is required to 
develop suitable transducers for each application.

The aim of this review is to elaborate on various tech-
niques with a focus on acoustic separation in the dairy sector. 
Conventional industrial techniques and newer approaches at 
research stage will be discussed and compared to elucidate 
advantages and disadvantages. Accordingly, the future trend 
for the development of potential transducers will be pre-
sented which can be more cost-effective and require lower 
initial and maintenance costs.

Separation Methods

This section introduces various separation techniques 
employed in the food industry and discusses investigations 
into the influential parameters for each according to the 
available literature. Current methods can be classified into 
gravity separation, centrifugation, chemical separation, and 
acoustic separation.

Gravity Separation

The difference in densities between two substances in an 
emulsion makes the lighter substance rise when the emul-
sion is settled for an extended period. The use of this phe-
nomenon for separation is called gravity separation and it is 
applicable for emulsions and colloids. This technique is still 
considered a crucial step in some cheese making factories. 
The use of this separation method creates a gradient of fat 
content with the greater content at the top comprising of 
larger size fat globules. However, this method is time con-
suming. For example, the separation of fat and milk could 
take over 22 h to achieve up to 80% of fat content in the top 
layer of the milk sample. The process can be accelerated 
by changing the temperature of the milk [5]. A disadvan-
tage is the extended processing time required to achieve the 
separation in comparison with other available techniques. 
To further investigate and clarify this, an experiment was 
designed to compare the particle size distribution in separa-
tion of fat from milk by gravity separation and centrifugation 
[21]. Two temperatures were selected for gravity separa-
tion, 4 and 15 °C, finding a faster rate of separation at 15 
°C. The fat globule volume mean diameter was 2.80 µm 
for gravity separation at 4 °C after 48 h and 3.14 µm for 

centrifugation, making gravity separation technique more 
suitable for cheese making. Although the use of gravity 
separation ensures a uniform particle size distribution with 
small mean globule size, the processing time is consider-
ably higher than centrifugation. Around 24 h is required to 
achieve 25% of fat content in the top layer of the milk sam-
ple. This is unsuitable and infeasible and finding alternative 
solutions seems crucial.

Centrifugation

Separation of milk and fat using centrifugation is one of the 
most common methods currently used in the industry. The 
application of centrifugal forces in emulsions speeds up the 
natural separation of the emulsion by densities where the 
lightest substance moves towards the center of the centri-
fuge. This force can generate physical and chemical changes 
in the substances. A study was conducted to determinate the 
effects of skimming process in buttermilk and butter serum, 
and to characterize the efficiency of centrifugation for lipid 
recovery [7]. The study was conducted with 33 samples of 
buttermilk and 24 of butter serum both at industrial scale and 
pilot scale, the pilot scale with a continuous flow of 500 L/h. 
It was found that the efficiency of the skimming process is 
proportional to the fat content in the fluid. A minimum lipid 
concentration has been reported below which the centrifuga-
tion process is not effective. Regardless of the lipid content 
in the samples, total separation of lipids was not achieved. 
This is one of the limitations of centrifugation in industrial 
applications. Centrifugation method for lipid separation has 
proven incapable of removing fat globules with a diameter 
smaller than 1 µm. Results showed that centrifugation is not 
completely efficient, and the lipid recovery depends on the 
concentration of globules and the character of the sample.

Another investigation was conducted to evaluate the effi-
ciency of separation at two different conditions for 15-min 
centrifugation at 3000 rpm (at room temperature and at 2 °C) 
versus 24-h refrigerated gravity separation (at 2 °C) [22]. For 
these experiments, 31 samples of low-fat breast milk were 
used. The refrigerated gravity separation method was the 
least effective among the three cases compared in this study, 
while the refrigerated centrifuge method was the most effec-
tive one. Overall, centrifugation is faster than gravity separa-
tion. However, its efficiency depends on the concentration of 
the emulsion and complete separation is not possible.

In another study, centrifugation and microfiltration 
were compared [23]. Bovine cream was collected, stored 
at 5 °C and pasteurized at 75 °C for 20 s. Before microfil-
tration, the samples were washed in a three-step procedure 
with fluctuations in temperature, starting at 75 °C, then 
50 °C and finally 75 °C. The washing procedure included 
a dilution-concentration operation for each washing-
step. After being washed, the samples passed through a 
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microfiltration process which was under a controlled tem-
perature between 50 and 55 °C. Samples for each cycle 
were taken and stored at 8 °C before analysis. Three cycles 
were performed for both techniques, microfiltration, and 
centrifugation. The centrifugation treatment was executed 
in a disk stack centrifugal separator. On average, the pro-
cessing time was 3.5 h for centrifugation and around 5.5 
h for microfiltration. For both techniques, the results indi-
cated changes in the fat globule membrane which modified 
the milk fat globules surface charge and released compo-
nents from the milk fat membrane as a result of a decrease 
in the zeta potential in the samples after processing. Fur-
ther, both techniques were reported destructive to shear-
sensitive milk components with centrifugation being more 
detrimental [24]. Long shear exposure in microfiltration 
reduces the mean fat droplet size in cream MF [25] and 
similar decrease has been reported in different studies for 
the droplet size of an oil-in-water emulsion upon micro-
filtration [26] indicating that microfiltration can destroy 
native milk fat globules.

Chemical Separation

Chemical separation involves the use of surfactants to 
decrease the interfacial tension between fluids of differ-
ent densities. This method has become popular in several 
industrial applications. The effectiveness of this technique 
is affected by the change of temperature and becomes 
inefficient at temperatures below 30 °C and above 120 °C. 
At temperatures lower than this, surfactants would pre-
cipitate, become ineffective and drop out of the aqueous 
solution. According to most experiments in the literature, 
temperatures above 120 °C result in either degradation 
or precipitation of most of the surfactant. In addition, the 
salinity level of the emulsion is another factor to consider 
as well as the concentration of the surfactant in the emul-
sion, which must be above the critical micelle concentra-
tion [6]. A high salinity level decreases the performance 
of separation. The reported literature is not in favour of 
separation of emulsions when the concentration of the 
surfactant in the sample is very close to critical concen-
tration [27]. Co-solvents are used in order to improve the 
conditions of the separation and smooth the interface of 
the emulsion. Another disadvantage to the use of sur-
factants is that it can result in different types of pollution. 
For instance, to extract edible oil from oilseeds, hexane 
is used as the solvent which can result in the emission 
of volatile organic compounds (VOCs). These VOCs can 
react with other pollutants in the atmosphere and produce 
ozone which is hazardous and contributes to the green-
house effect [1].

Remarks on Existing Common Methods

Table 1 summarizes the advantages and disadvantages of 
the above three methods, namely gravity separation, chem-
ical separation, and centrifugation. As per this table, each 
method has numerous disadvantages and limitations which 
need careful consideration to be able to achieve efficient 
separation within a reasonable time. Hence, a relatively 
newer method, namely acoustic separation, has been intro-
duced which is discussed in the following section.

Acoustic Separation

Suspended particles in a stationary fluid medium can be 
separated based on the difference in the density and com-
pressibility of the particle and the medium. This process can 
be accelerated when an acoustic standing wave is applied to 
the fluid [2]. A standing wave is created from the interaction 
of the incident and reflected waves in a medium. Its key 
features are a region of maximum vibration called displace-
ment antinodes (pressure nodes) and a region of minimal 
vibration called displacement nodes (pressure antinodes) 
in which the particles will be aligned depending on their 
acoustic contrast factor � defined by [28],

where �p , �m , �p , and �m are the particles density, medium 
(fluid) density, particle compressibility and fluid com-
pressibility, respectively. When the particles have a posi-
tive acoustic contrast factor, they move towards a pressure 
node (Fig. 1); for example, the lipid particles suspended in a 
watery medium possess a negative acoustic contrast factor, 
consequently, they move towards pressure antinodes [29].

It has been shown that in an acoustic field, the acoustic 
pressure creates a force acting on the particles due to the 
momentum transfer from the acoustic waves to the par-
ticles [30]. Acoustic radiation forces consist of primary 
and secondary forces. The primary force is responsible 
for moving particles towards the nodes or antinodes to 
form bands of particles, while counterbalancing gravity, 
buoyancy, drag and damping forces in the field. This force 
can be expressed as [28],

where �, P, V , k, and x are the wavelength, acoustic pres-
sure amplitude, particle volume, wavenumber, and distance 
between particles and nodes, respectively. On the other hand, 
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the secondary acoustic force, or Bjerknes force, may lead 
to further aggregation of particles through balancing the 
sound waves scattered by neighboring particles. Incorpo-
rating these two acoustic forces, in the following sections, 
various effective parameters and phenomena in ultrasonic 
treatment will be elaborated on.

Turbulence and Cavitation

When a fluid medium is under the influence of an acous-
tic field, ultrasound creates cavitation bubbles by imposing 
negative pressure on nano-meter gas pockets (diluted air 
bubbles) in the fluid forming bigger bubbles. The collapse of 

these cavitation bubbles under the effect of upcoming high-
pressure incident waves generates shockwaves with conspic-
uous fluctuations in the pressure leading to turbulence in the 
fluid and changes in its temperature [31]. The presence of 
bubbles during sonication decreases the energy transmis-
sion by the acoustic standing wave. Figure 2 schematically 
illustrates acoustic energy density versus frequency con-
sidering the cavitation and acoustic streaming thresholds. 
Although high acoustic power might be suitable for large-
scale acoustic separation at short residence times, the graph 
in Fig. 2 suggests that it should be below a certain level to 
avoid acoustic streaming in particular at high frequencies 
disrupting particle alignment. However, to interact with 
small particles or particles with low acoustic contrast factor 

Table 1  Advantages and 
disadvantages of the current 
separation technologies

Technology Advantages Disadvantages

Gravity separation Smaller and more uniform particle size distribution 
than centrifugation

Temperature dependent
No mechanical cost

Long processing times ∼48 h

Centrifugation Short processing time ∼4 h
Broad particle size distribution: 1 to 100 μm
Higher concentrations at 10 μm

Changes in the composition 
of the emulsions

Destruction of the fat 
membrane

Acceleration of the 
oxidation process in diary 
industry

Complete separation is not 
possible

Incapable of removing 
globules smaller than 1 
µm

High cost for mechanical 
maintenance

Emulsion concentration 
dependent

Chemical separation High efficiency levels
Low mechanical cost

Necessary use of 
co-solvents

Temperature dependent
Salinity level dependent
Surfactant concentration 

dependent
High environmental risk
Changes the chemical 

composition of the emulsion

Fig. 1  a Particles distribu-
tion before sonication. b Fat 
globules and air bubbles move 
towards pressure antinodes 
under the influence of acoustic 
standing wave created between 
ultrasonic transducer (T) and 
reflector (R). c Fat globules 
aggregate and rise [32]
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(i.e., whenever acoustic radiation force is low), higher power 
levels are needed. Further, low frequencies give rise to cavi-
tation and should be avoided. When milk is sonicated in 
the cavitation regimen, the oxidation process is accelerated 
and there is a reduction in nutritious antioxidants. Localized 
high-temperature zones and shear stresses close to the cavi-
tation bubble affect molecules and their structure [32]. It has 
also been reported that cavitation may increase deposition 
of micro and nano sized metal particles from the transducer 
and/or vessel surface into the sample [33]. According to all 
these restrictions and requirements, a relatively narrow fre-
quency range should be considered at a high enough energy 
density generating sufficient acoustic radiation force, as the 
striped region in Fig. 2. However, cavitation and these chem-
ical changes in fluids due to sonication can be controlled by 
modifying other parameters involved in the process such 
as residence time and temperature in the system as well as 
frequency and acoustic power applied to the fluid [32, 34, 
35]. For instance, Johansson et al. evaluated the effects of 
cavitation in milk under sonication at 1 and 2 MHz in a 
1.2-L cubical vessel using one ultrasonic plate transducer 
with an active area of 100  cm2 and one reflector parallel 
to the transducer [32]. The input power for the transducer 
was configured to 0, 20, 40, 60, 80, and 100%. Luminol 
was used as the cavitation measurement method. Samples 
were preheated at 25 °C and then sonicated for 1 min and 10 
min. Sonication under a cavitation or a non-cavitation regi-
men did not significantly affect the oxidation process in the 
samples; however, there was an increase in temperature due 
to sonication; at 1 MHz got to 6 °C for 1 min and 18 °C for 
10 min, and at 2 MHz got to 4 °C for 1 min and 12 °C for 10 
min. High cavitation levels were reported for irradiation at 
1 MHz with power input levels above 40% while cavitation 
at 2 MHz with power input levels above 40% was described 
as low, as shown in Fig. 3.

The acoustic power applied during sonication changes 
with the transducer type which influences the presence of 
cavitation in the sonicated samples. Juliano et al. used three 
different set-ups including a horn transducer at 20 kHz, a 
plate/disk transducer at 400, 1000, 1600, and 2000 kHz 
as well as a horn transducer at 20 kHz in a flow-through 
chamber as in Fig. 4. The horn type transducer delivered 
three times more sound power into the sample and increased 
the production of free radicals [34]. This transducer also 
triggered the collapse of large cavitation bubbles causing 
localized high temperature zones, which may also initiate 
the oxidation processes. These might be attributed to the 
focused high intensity acoustic fields near the tip of the 
transducer. In contrast, plate and disk transducers delivered 
sound power to the system evenly. The number of bubbles 
and their collapse intensity determine the number of free 
radicals in a sample which are both frequency dependent. 
Low frequencies generate large cavitation bubbles with high 
intensity collapse. An increase in frequency results in the 
formation of numerous smaller bubbles which release less 
energy as they collapse, however, as there are a number of 
these small bubbles, an increase is observed in the number 
of free radicals. This trend has been observed to peak within 
the range 400–800 kHz and any further increase in the fre-
quency leads to a decrease in the formation of free radicals 
as the energy released from the collapse of very tiny bubbles 
is insufficient. However, formation of free radicals has been 
reported up to around 1.7 MHz. Extended ultrasonication for 
longer duration (from 5 to 20 min) has also been reported to 
increase formation of free radicals by around four times at 
400 kHz and 1000 kHz. In addition, keeping the ultrasonica-
tion time constant, the free radical formation increases with 
increased specific energy irrespective of the frequency.

In another study, the presence of free radicals in milk sam-
ples after sonication was also related to the ultrasonication 

Fig. 2  Schematic of acoustic 
energy density versus frequency 
considering cavitation and 
acoustic streaming thresholds 
[32]
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process conditions. High radical levels were reported in sam-
ples sonicated at 400 kHz and 20 kHz where three different 
set-ups were evaluated [36]: (i) A cylindrical reactor with a 
20 kHz horn transducer submerged in the middle of a cylin-
drical vessel operated with 101 kW/m2 via radial direction 
for 15 min. (ii) A 1.6-MHz nebulizer placed at the bottom 
(horizontal) of the cylinder operated for 34 min with 11 kW/
m2. (iii) A rectangular metallic vessel with dimensions 20 
× 4 × 14.5  cm3 and an ultrasonic plate transducer placed 
against one of the vertical side walls. This stainless-steel 

transducer was configured to work at 400 kHz for 17 min 
with 8.6 kW/m2. The volumes of the samples sonicated 
were 100 ml for the 20-kHz transducer, 25 ml for the 1.6 
MHz setup, and 300 ml for the 400-kHz plate transducer. 
However, all the setups worked under constant acoustic 
pressure levels and the same specific energy input of 286 
kJ/kg. Higher frequencies were reported to generate more 
but smaller active bubbles which resulted in smaller forces 
due to the implosion of cavitation bubbles. The formation 
of soluble aggregates was also found to be lower with the 

Fig. 3  Side views of thereac-
tor, original picture (upper) and 
digital processed image (lower). 
a 1MHz 100% power, b 1 MHz 
20% power, c ‘black reference’ 
1 MHz 0% power, d 2 MHz 
100% power and e 2 MHz 80%, 
f ‘black reference’ 2MHz 0% 
(and 20%,40% and 60% power) 
[32]

Fig. 4  Schematic of set-ups used by [34]: a horn transducer at 20 kHz; b plate/disk transducer at 400, 1000, 1600 and 2000 kHz; c horn trans-
ducer at 20 kHz in a flow-through chamber
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increase of frequency. The initial pH of the sample affected 
the protein structure in the milk and its effect increased 
under ultrasound processing at low frequencies. This was a 
consequence of the high levels of cavitation present at lower 
frequencies [36].

Temperature Fluctuations

Another phenomenon to consider when separating particles 
using ultrasound is the fluctuation of temperature that the 
fluid experiences while being processed. Leong et al. stud-
ied the effect of temperature when separating fat from milk 
under sonication at 600 kHz and 1 MHz operated at nominal 
power (700 and 343 W, respectively) in a steel vessel with 
dimensions 18.2 × 24.2 × 6.2  cm3 (Fig. 5) [37]. The samples 
were sonicated at 3 different temperatures 5 °C, 25 °C, and 
40 °C for 5 min. The increase in temperature due to sonica-
tion went from 5 to 18 °C, 25 to 40 °C and from 40 to 52 
°C, respectively. Those ranges of temperature did not differ 
from regular conditions of milk centrifugation in industrial 
scale. It is worth noting that the temperature increase for both 
cases is not exactly the same and slightly differs. There are 
two graphs provided in Fig. 2 of [37] where the results are 
presented for both 600 kHz and 1 MHz with statistic results 
and error bars. The temperature increase for the 600 kHz case 
is slightly more which can be justified by the fact that higher 
power for the 600 kHz case (700W versus 343W for 1 MHz) 

causes more cavitation and higher temperature increase. 
Further, lower frequencies generally cause higher cavitation 
with larger bubbles which increase temperature upon their 
collapse [37]. It was demonstrated that the primary radiation 
force increased at high temperatures, thus promoting faster 
separation and reduction in the required fluid residence time 
inside the ultrasound reactor. Even though samples preheated 
at 40 °C presented a greater separation rate than the rest of 
the samples, the difference was not outstanding in compari-
son with samples preheated at 25 °C.

In another work, aqueous extraction of residual oil from 
canola was investigated using ultrasound as an alternative to 
hexane extraction [38]. The temperature was varied from 60 to 
80 °C with frequencies of 0.4 MHz, 1 and 2 MHz, treatment 
time of 10–30 min, and solid concentration of 10–30%. It was 
demonstrated that with 10% solids, a frequency of 2 MHz and 
a sonication time of 30 min at a temperature of 80 °C was 
the most suitable condition providing approximately 50% oil 
extractability. It was also concluded that the effect of tempera-
ture on the separation performance was independent of the 
frequency and that separation increases at higher temperatures.

Generally, lower frequencies cause higher cavitation and 
localized high temperature zones and temperature fluctua-
tions due to the collapse of large high intensity bubbles. 
Increased sonication/residence time also increases turbu-
lence and cavitation and results in temperature increase. 
Transducer shape also affects temperature, for instance, 

Fig. 5  Stainless steel vessel in a 
temperature-controlled bath for 
acoustic fat-milk separation [37]
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horn type transducers deliver the power to the fluid medium 
through the tip of the transducer, hence, create large high 
intensity cavitation bubbles and localized high temperature 
zones near the tip. Higher power also creates more cavitation 
and causes temperature increase due to the high intensity 
collapse of bubbles in particular at lower frequencies.

Residence Time

Residence time affects cavitation and temperature fluctua-
tions which are present in ultrasound processing. It has been 
reported that decreasing the sonication time decreases cavi-
tation, turbulence and temperature fluctuations. Leong et al. 
reported that there is an optimal time of sonication after 
which any further processing does not have a considerable 
improvement in the separation process [9]. For a sample of 
1.8 L milk, they used two ultrasonic plate transducers under 
different operating configurations (Fig. 6): one active trans-
ducer and one reflector with 100% power at (i) 1 MHz and 
(ii) 2 MHz; dual active transducers one with 1 MHz and the 
other with 2 MHz at (iii) 50% and (iv) 100% power; dual 
active transducers at 2 MHz with (v) 50% and (vi) 100% 
power. Each transducer had an active area of 100  mm2. The 
sample was preheated to approximately 25 °C. A water cham-
ber surrounding the milk container was kept at approximately 
25 °C to decrease the temperature changes produced by soni-
cation. After every five minutes of sonication, the content of 
the vessel was divided into 5 sections to evaluate the concen-
tration of particles in each depending on the sonication time 
and the globule size distribution in the vessel. Increasing the 
duration of sonication enhanced the differentiation between 
the collected partitions, particularly when comparing those 
collected near the bottom to those at the top. Sonication for 
10 min considerably improved differentiation to the particle 
size and fat concentration across these sections compared 
with control sample at 5-min sonication. However, the 
improvement with 20 min of sonication was not significant 
compared with the case of 10 min sonication.

Luo et al. also investigated the concept of optimal pro-
cessing time [39]. They designed an experiment to separate 
water droplets from mineral oil for which the experimental 
set-up was based on an acoustic chamber that contained a 
one-dimensional acoustic field, generated by a piezoelec-
trical transducer placed at the bottom of the chamber. This 
transducer was controlled by a high-frequency power ampli-
fier which was connected to a waveform generator, config-
urated to provide a sinusoidal signal. A hydrophone was 
placed in the middle of the acoustic chamber to measure the 
acoustic pressure amplitude. After sonication, the emulsion 
was transferred to a 50-ml conical centrifuge tube over one 
hour at 50 °C. It was found that the maximum dehydration 
rate was not obtained with the longest irradiation time. There 
was an optimal irradiation time which allowed the higher 
separation rate and avoided the acoustic cavitation phenom-
enon or changes in the fluid temperature that affected the 
acoustic cavitation threshold.

Remarks on Acoustic Separation Associated 
Phenomena

Acoustic separation and associated phenomena were dis-
cussed in the above sections in detail. The summary of the 
effect of these phenomena and interrelations can be pre-
sented in Table 2. It is worth noting that the threshold values 
for cavitation and free radical release are case sensitive as 
stated before and depend on the characteristics of the sam-
ple, vessel/chamber dimensions, transducer shape, frequency 
and acoustic intensity, etc.

Ultrasound Transducers

Configurations, shapes, and operating specifications of ultra-
sound transducers play important roles in the separation 
performance as well as the occurrence of the phenomena 
explained above. This section elaborates on various shapes and 
configurations of transducers employed for separation process.

Rectangular & Circular Plate Transducers

Rectangular and circular plates are the most common types 
of ultrasonic transducers employed in various investigations. 
Dionne et al. investigated the difference between the effect 
of a square and a circular plate transducer to separate oil 
droplets from a water-in-oil emulsion [40]. A one-inch round 
PZT-8 transducer and a 1″ × 1″ PZT-8 square transducer 
both operating at 2 MHz and 20 W applied power were used 
in an acoustic chamber with a cross section of 1″ × 2″ to 
investigate the effect of the transducer shape. The square 
transducer was found to be more efficient than the round 
transducer, which was explained by the better coverage of 

Fig. 6  The vessel including the cooling and processing regions as 
well as transducer configurations [9]
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the flow channel with stronger acoustic forces when using 
the square transducer. The strong acoustic forces were only 
observed along the centerline of the acoustic field for the 
circular transducer. Although not discussed in their work, 
we envisage this might be attributed to the vibration mode 
shapes of the transducer which play an important role in the 
acoustic radiation characteristics of the transducer. This can 
be controlled through introducing some geometrical varia-
tions in the form of stepped-thickness variations [11, 13, 
14, 16, 41–45].

To evaluate the effect of ultrasound on the destabiliza-
tion and creaming process of milk, two types of trans-
ducers were investigated, one was a rectangular plate 
transducer working at 400 kHz and the other was a 1.6-
MHz nebulizer (circular plate) [46]. Two setups were also 
considered, one with a single transducer (either 400 kHz 
or 1.6 MHz) placed at the bottom of the tank/chamber 
with a reflector at the top and the other with two 400-kHz 
transducers facing each other on both sides of the chamber 
(Fig. 7). There was a gap of 1 cm between the transducers 
and the vessel containing the milk in the chamber. The 
chamber was filled with water at 35 °C, the same tem-
perature of the sample, in order to minimize the changes 
of temperature in the sample due to sonication. The time 
of sonication for each case was 5 min and the measure-
ments were taken 10 min after turning off the transduc-
ers. For both types of transducers, improved creaming was 

observed through clustering of fat particles which can be 
controlled by manipulating the sonication conditions.

In another study, the use of ultrasound was investigated 
for extracting canola oil from canola cake. A submersible 16 
× 16 × 3.2  cm3 ultrasonic plate transducer was used at 0.4, 
1, and 2 MHz in a 200-ml vessel tub placed inside a reactor 
of 40 × 21 × 20  cm3 size [38]. The temperature was kept 
constant with a cooling jacket. The samples were sonicated 
for 10, 20, and 30 min at different temperatures (60, 70, and 
80 °C). The concentration of the canola cake in the sonicated 
samples varied from 10 to 30%. The net ultrasonic extract-
ability reported at 2 MHz was three times higher than that at 
1 MHz. The highest extractability rate was 48.8% at 2 MHz 
sonicated for 30 min, which was only 5% higher than the 
extractability in samples with similar conditions sonicated 
for 20 min. The effect of the temperature on the extract-
ability of the cake was reported to be independent of the 
frequency. Higher extractability rates were seen in samples 
treated at higher temperatures (70 and 80 °C) in comparison 
with samples treated at the same frequency and time.

Cylindrical Transducers

Another type of ultrasonic transducers which has not been 
sufficiently investigated for particle separation is cylindri-
cal transducers. The hollow geometry of a cylinder makes it 

Table 2  Acoustic separation and corresponding phenomena/parameters with associated interrelations

Phenomena/parameter Interrelations

Cavitation & free radical formation Free radical formation depends on the number of cavitation bubbles and their collapse intensity which 
depend on the sample characteristics, frequency, acoustic energy density, transducer shape, chamber 
dimensions and sonication time.

Low frequencies generate large cavitation bubbles with high intensity collapse and high radical 
formation.

An increase in frequency generates numerous smaller bubbles with less collapse energy but increased 
number of radicals due to the high number of these small bubbles (in some studies this has been 
reported within 400–800 kHz).

Further increase in the frequency decreases cavitation and free radical formation due to the very low 
collapse intensity of very small bubbles (nonetheless, free radical formation has been observed in 
some studies to around 1.7 MHz).

Extended residence time increases formation of free radicals.
Keeping residence time constant, the free radical formation increases with increased specific energy 

irrespective of the frequency.
Acoustic streaming High acoustic power is required for large-scale acoustic separation and short residence times to 

interact with very small particles or particles with low acoustic contrast factor (i.e., whenever 
acoustic radiation force is low).

High acoustic power should be avoided at high frequencies to mitigate acoustic streaming disrupting 
particle alignment (the threshold value is case sensitive and depends on operating conditions).

Temperature fluctuation Higher temperatures facilitate faster separation and shorter residence time irrespective of frequency. 
However, the improvement in separation is not outstanding compared to lower temperatures.

Residence time Decreasing sonication time decreases cavitation, turbulence and temperature fluctuations.
There is an optimal sonication time after which any further processing does not have a considerable 

improvement in the separation process.
Extended residence time increases the formation of free radicals.
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suitable for particles separation in a flowing fluid medium. 
Further, the curved geometry of the cylinder allows for a 
focused stronger acoustic field inside the transducer. How-
ever, limited literature has investigated the use of ultra-
sound cylindrical transducers for particles separation. In an 
investigation, which was not for food industry, a cylindrical 
transducer (PZT-4, outer diameter 19 mm, inner diameter 
16 mm and length of 28 mm) was used to separate micro-
particles in a continuous flow system [20]. Two suspensions 
were considered in the study, a water-based and a biological 
suspension-viscous fluid which resembled human blood. 
When the transducer was operating at 202 kHz, it presented 
a flow instability and the suspension mixed instead of get-
ting separated. However, at 345 kHz, successful separation 
was achieved. This verifies that identifying the suitable fre-
quency and acoustic pressure level is important to be able 
to achieve acoustic separation. The processing time required 
to separate the suspensions was lower for the water-based 
than for the biological based fluid. The extraction of micro-
particles was achieved through a custom designed collector 
with channels in-line with the nodal circles where particles 
gathered. Even though the distribution of both biological and 
water suspension particles in the acoustic pressure field was 
the same, the velocity of particle convergence to the nodal 
circles was different.

Other Transducer Types (Horn & Ultrasonic  
Bath Transducers)

There were other types of transducers which have been 
employed and investigated for various purposes. Several 
applications for the use of ultrasonic horn transducers have 
been investigated and compared with other shapes of trans-
ducers in terms of efficiency, cavitation threshold changes, 

temperature changes during sonication, among others. As 
an example, the effect of acoustic cavitation created with 
a sonotrode and discharged plasma on water purification 
was investigated by Komarov et al. [47]. The sonotrode was 
placed in the middle of a cylindrical vessel with continuous 
flow and operated at low ultrasonic frequencies between 
19 and 21 kHz with an acoustic power up to 300 W. The 
sonotrode worked under strong cavitation conditions, so in 
addition to the plasma discharge, the water in the cavitation 
region was purified. The temperature was kept at 20 ± 2 
°C during the experiments, and the flow rate was fixed at 
either 2, 4, 6, or 8 L/min. In order to evaluate the impact of 
the flow inside the vessel, experiments in non-circulating 
conditions were run by keeping the liquid at the same level 
as with continuous flow and sonicated for 12 min in all the 
experiments. The ultrasound power applied to the samples 
was measured calorimetrically. The purification efficiency 
increased with the use of ultrasound in a combined treat-
ment. It was also shown that the direction of flow inside a 
vessel under cavitation conditions was determined by the 
acoustic streaming.

Another type of transducer is ultrasonic bath. Although the 
use of ultrasonic baths for cleaning proposes is widely known 
in the industry, new applications for laboratory samples have 
been considered. For instance, the extraction of oil form 
tobacco seeds using two chemical solvents was compared with 
and without ultrasound [48]. Samples of 100 ml at different 
solvents’ concentration were sonicated in an ultrasonic bath 
of 30 × 15 × 20  cm3 at 40 kHz for 2.5, 5, 20, 40, and 60 min. 
The experiments were reproduced at 3 different temperatures 
of 25, 40 °C and boiling temperature. The extraction of the 
oil from the solid residue was performed through a vacuum 
filtration process. A higher extraction rate was achieved in 
the samples with particle size below 0.4 mm. The optimal 

Fig. 7  a Single transducer (either rectangular plate at 400 kHz or circular plate at 1.6 MHz) placed at the bottom of the tank with a reflector at 
the top b two 400 kHz rectangular plate transducers facing each other [46]
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sonication time changed according to the particle size distri-
bution of the sample, increasing with bigger particles. The 
use of ultrasound for extraction of oil reported 1.5 to 2 times 
the efficiency of extraction than in samples treated without 
ultrasound processing. The time for oil extraction when using 
ultrasound decreased from 90 to 20 min.

Transducer Configurations

The configuration of the transducers has a direct effect on the 
sound intensity in the fluid even if the transducers are work-
ing at the same frequency or power. Juliano et al. investigated 
four configurations for stainless steel plate transducers: a sin-
gle vertical transducer with a reflector, a single horizontal 
transducer, double vertical parallel and double vertical per-
pendicular transducers with reflectors (Fig. 8) [49]. Each of 
those configurations were operated at 0.4, 1 and 2 MHz and 
8.5 ± 0.6 kJ/kg in a 5L milk emulsion containing stained fat 
globules at 35 °C and sonicated for 4 min. For the cases of 
single transducers, the vertical configuration has proven more 
effective in improving separation at 0.4 MHz followed by 1 
MHz. The vertical 2 MHz configuration proved unsuccess-
ful in separation which might be attributed to the increased 
acoustic streaming at higher frequencies. The same applies 
to double vertical configurations at 2 MHz.

The double vertical perpendicular configuration and the 
single vertical configuration at 0.4 MHz performed simi-
larly in terms of separation followed by the double vertical 
parallel configuration at 0.4 MHz. Although the specific 
energy in the chamber was higher in case of double vertical 
transducers, this did not improve the separation efficiency 
compared to the single vertical transducer at 0.4 MHz. This 
might be due to the fact that the two transducers were not 
synchronized leading to turbulence generation rather than 
acoustic standing field. However, the double vertical per-
pendicular configuration had a quicker separation.

The single horizontal transducer configuration performed 
better in terms of separation at 2 MHz compared to 0.4 and 1 
MHz. The horizontal configuration with vertical radiation gen-
erated conspicuous acoustic streaming and strong turbulence 

which was more prominent at 0.4 and 1 MHz than at 2 MHz. 
Hence, contrary to vertical configurations, it achieved a better 
separation at 2 MHz than at 0.4 and 1 MHz. To explain this, 
it is required to discuss the acoustic standing wave formation. 
In the vertical configurations, there is a reflector parallel to 
the transducer, however, for the single horizontal case, there 
exists no reflector and the waves move towards the surface and 
liquid-air interface and are scattered. Hence, reflected waves 
after the disturbance at the interface are at a lower intensity 
forming a less pronounced acoustic standing field. At higher 
frequencies, i.e., 2 MHz, with a shorter wavelength, this distur-
bance is minor at the surface leading to stronger acoustic forces 
and standing field forcing fat particles to gather at anti-nodes. 
Further, the acoustic streaming helps move the particles across 
the nodes towards the top.

Juliano et al. conducted comparison between ultrasonic 
plate and horn transducers for separation and recovery 
of palm using two set-ups as in Fig. 9 [50]. For low-
frequency ultrasound processing, two separate flowing 
fluid vessels were used, one with a focused sonotrode 
(306 kJ/kg) and the other with a long radial sonotrode 
(161 kJ/kg), both transducers run at 20 kHz. On the other 
hand, for the high-frequency ultrasound processing, a set 
of three transducers was used in a rectangular vessel, two 
400-kHz plate transducers (28 kJ/kg) in a vertical con-
figuration and one 1.6 MHz nebulizer (6 kJ/kg) in the 
middle of the vessel. For this setup, a test tube with the 
sample was placed above the nebulizer with the vessel full 
of liquid. While the samples were sonicated at low and 
high frequencies, a third set of samples was sonicated first 
at low frequency and then at high frequency to evaluate 
the effect of the two configurations. The sonication time 
was 5 min for all the experiments. The results showed that 
high-frequency ultrasound was useful to separate oil from 
non-oil solids in the samples which were in the range 
of submicron and micron. Low-frequency ultrasound can 
increase or decrease the oil recovery depending on the 
transducer being used and the feed type. Although the use 
of high frequency ultrasound increased the total oil recov-
ery by 5 to 12.6%, the total recovery of oil in the samples 

Fig. 8  Experimental set-ups for various configurations: a a single vertical transducer with a reflector; b a single horizontal transducer; c double 
vertical parallel and d double vertical perpendicular transducers with reflectors [49]
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treated with both low and high frequency ultrasound was 
not significantly different to the control sample which 
was due to the low frequency ultrasound effects. In case 
of using both low and high frequencies, re-emulsification 
of the oil occurred which reduced total recoverable oil. 
The underflow sludge has lower oil content and higher 
non-oil solids forming a more stable emulsion under low 
frequency ultrasound. The release of surface-active mate-
rials (pectins and hemicelluloses) from the non-oil solids 
increases under ultrasound-induced shear effects at 20 
kHz which stabilizes the emulsion such that the oil does 
not coalesce within the anti-nodal planes for separation. 
Overall, it was concluded that oil recovery depends on 
ultrasound treatment applied, type of transducer used and 
the feed stream.

Remarks on Ultrasound Transducer Shapes 
and Configurations

Various ultrasound transducer shapes and configurations 
were discussed in the previous sections. In order to sum 
up more conveniently, Table 3 is presented as below.

Discussion

From the above sections, particles separation has various 
applications in different areas including but not limited 
to food industry, biomedical sector, etc. Consequently, 
numerous techniques have been developed and employed 
meeting the requirements for each application. Each 

separation technique employed for food industry was dis-
cussed briefly indicating pros and cons. As a result of 
disadvantages and the need for newer and more efficient 
techniques, ultrasonic separation was considered and 
investigated as a potential alternative to other available 
techniques. An important component of ultrasonic separa-
tion is inherent in the transducers and their performance. 
Accordingly, common types of ultrasonic transducers, 
related phenomena such as cavitation and influential 
parameters such as frequency and temperature were dis-
cussed. Geometry of the transducer, vibration mode shapes 
and the corresponding frequencies play important roles in 
the acoustic radiation characteristics of the transducer and 
affect the ultrasonic separation. While different geometries 
were discussed, it was observed that the literature lacks 
investigations on cylindrical transducers for separation 
purposes. They have two features which may make them 
superior over other types of transducers. The hollow struc-
ture allows for dynamic flows so that as the fluid medium 
and floating particles are flowing along the length of the 
cylindrical transducer, they can be exposed to ultrasound 
to be separated. Further, the cylindrical geometry and the 
curved surface allow for stronger and focused acoustic 
fields inside the transducer. Despite having all these fea-
tures, they have not been investigated for separation pur-
poses. In some other investigations for levitation of water 
droplets in air, cylindrical transducers were employed. As 
mentioned above, the selection of the frequency for the 
vibration of the piezoelectric transducers is an important 
factor to generate the standing wave inside the transducer 
with pressure nodes. In order to synchronize the resonance 
frequency of the cavity inside the cylindrical shell and the 

Fig. 9  Experimental set-ups employed by [50]: a  low frequency 
ultrasound processing at 20 kHz in a flow-through chamber with two 
transducers, once with a focused sonotrode (bottom) and the other a 
long radial sonotrode (top); b  high frequency ultrasound processing 

with a set of three transducers, two 400 kHz plate transducers in a 
vertical configuration and one 1.6 MHz nebulizer in the middle of the 
vessel below the test tube
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shell itself, two methods were proposed for levitating aero-
sols at pressure nodes, a physical change of the transducer 
or a change in the resonance frequency of the cavity within 
the transducer [51]. The first method is structurally tuning 
where the structure of the cylinder was modified with an 
opening along the length to tune the resonance frequency 
of the piezoelectric transducer to match that of the cavity 
in order to have specific number of nodal circles inside the 
transducer. The second method is cavity tuning which aims 
to change the resonance frequency of the cavity inside the 
transducer to match the transducer resonance frequency. 
The cavity inside the cylinder is filled either with an ellip-
tical or circular rod. These rods placed coaxially within the 
cylindrical transducer allow for certain number of nodal 
circles or points depending on their position and dimen-
sions. For collection purposes, a tube was placed at the end 

of the cavity around the localized pressure nodes to col-
lect water droplets. Although not very relevant to particles 
separation or food industry, the designs incorporated in the 
transducer may be of interest for designing transducers for 
particle separation through applying the same mechanism.

A physical change of the transducer has an impact on the 
acoustic power achieved within the transducer. For exam-
ple, the use of stepped-thickness variations in a piezoelec-
tric cylindrical transducer to generate amplified acoustic 
field in localized areas was studied by the authors [13, 
14, 16]. While these may not be the only options, they are 
some examples on how it might be possible to design cylin-
drical transducers to generate strong acoustic fields and/or 
certain number of pressure nodes inside the transducer to 
be able to achieve the required particle separation for the 
intended application.

Table 3  The effects of various shapes and configurations of ultrasound transducers

Shape/configuration Effects

Square/circular transducers Square transducers are more efficient than the circular ones for 
separation.

Square transducers have a better coverage of the flow channel with 
stronger acoustic forces.

Circular transducers show strong acoustic forces only along the 
centerline of the acoustic field.

Horn transducers They deliver more sound power into the sample compared to plate and 
disk transducers which deliver more uniformly.

The focused high intensity acoustic fields near the tip of the horn transducer 
triggers the collapse of large cavitation bubbles causing localized high 
temperature zones which initiate the oxidation processes and increase the 
production of free radicals.

Frequency and acoustic power should be carefully considered to avoid 
the previous issues above.

Single horizontal rectangular transducer They generate conspicuous acoustic streaming and strong turbulence 
more prominent at 0.4 and 1 MHz than at 2 MHz.

At lower frequencies (0.4 and 1 MHz), the reflected waves from the 
liquid-air interface are at a lower intensity forming a less pronounced 
acoustic standing field.

The above disturbance at the interface is minor at higher frequencies (2 
MHz), with a shorter wavelength leading to stronger acoustic forces 
and a better separation compared to 0.4 and 1 MHz.

The acoustic streaming at higher frequencies (2 MHz) helps move the 
particles across the nodes towards the top.

Single vertical rectangular transducer with reflector They show more effective separation at 0.4 MHz followed by 1 MHz.
Higher frequencies (2 MHz) proved unsuccessful in separation due to 

increased acoustic streaming.
Double vertical parallel rectangular transducers with reflectors They perform well in separation at 0.4 MHz but are less efficient than 

double perpendicular and single vertical configurations.
Unsuccessful separation at higher frequencies (2 MHz) due to increased 

acoustic streaming.
Double vertical perpendicular rectangular transducers with 

reflectors
Higher specific energy in the chamber at 0.4 MHz compared to the single 

vertical configuration but no further separation improvement due to 
unsynchronized transducers and turbulence generation.

Similar separation performance at 0.4 MHz compared to the single 
vertical configuration but has a quicker separation rate.

Unsuccessful separation at higher frequencies (2 MHz) due to increased 
acoustic streaming.
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Concluding Remarks

This paper may shed light to some of the future investi-
gations in order to direct them towards (1) application of 
cylindrical ultrasound transducers and (2) design and devel-
opment of cylindrical ultrasound transducers suitable for 
various particle separation applications in food industry or 
any other field depending on the specific requirements. This 
may in turn result in identification of the associated phenom-
ena and effective operational parameters for various applica-
tions using cylindrical transducers in the food industry. Con-
sequently, the development of better transducers with more 
efficient separation and less detrimental effects is aspired.
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