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Preface

The sonochemistry method is preferred in different application areas (biomedical, 
textile, dye, and environmental) to prepare nano-sized materials. This book, 
Sonochemical Reactions, comprises eight chapters that provide an overview to the 
definition of the sonochemical method and applications areas (biotechnolgical, 
food, environmental).

The aim of the sonochemical process is to produce high energy to uniformly 
disperse a solution. In the ultrasound-assited method, the formation, growth, and 
explosive collapse of bubbles in a liquid occurs due to acoustic cavitation. This 
method is known as green synthesis in the production of small sized materials. 

Recently, in the preparation of nanostructures, the sonochemical method has been 
preferred because it is economical, simple, and does not require high temperature 
and energy. Occupational health and safety, economy, and time are the most 
important factors in the synthesis of superior nanostructures. In the sonochemical 
method, in the case of cavitation, intense heating (5000°C) and pressure (500 atm) 
exposure of the bubbles occurs in a short time period (microseconds).

It is emphasized in this book that aqueous systems modified by ultrasonic 
irradiation behave differently according to their physical and chemical properties.

The sonochemical degradation of chemicals was investigated in various 
environmental samples (sea water, urban runoff, and domestic wastewater) as well 
as in model solutions (pure and salt water).

The synthesis of different nanostructures such as polymeric nanoparticles and 
metal oxide nanoparticles were exemplified in detail in this book. The role of 
sonochemistry in the synthesis of graphene-based nanosheets, which are a trend 
material in recent days, is explained.

With the support of the authors of this book, this book has added a new critical 
value to different fields such as ultrasonic assisted adsorption and food application.

We sincerely thank our authors who have contributed with experience and 
knowledge to this book. Especially, our thanks go to Haydar Düven, Serife Düven, 
Alpaslan Düven, and the editorial team from IntechOpen Publishing for their 
assistance in preparing this book.

Selcan Karakuş
Assistant Professor,

Istanbul University-Cerrahpaşa,
Faculty of Engineering,

Department of Chemistry,
Istanbul, Turkey





Section 1

Ultrasound-Assisted
Synthesis

1





Chapter 1

Preparation, Characterization,
and Swelling Behavior
of PEGylated Guar Gum
@Ag Nanoparticles
Selcan Karakus, Ezgi Tan, Merve Ilgar,
Ibrahim Mizan Kahyaoglu, Yeşim Müge Şahin,
Demet Sezgin Mansuroglu, Deniz Ismik, Nevin Tasaltin
and Ayben Kilislioglu

Abstract

In this study, polyethylene glycol/guar gum @ silver nanoparticles (PEG/
GG@AgNPs) were synthesized by using simple sonication method. The
nanoparticles were characterized using Fourier-transform infrared spectroscopy
(FTIR) and scanning transmission electron microscopy (STEM). The swelling
behaviors of nanoparticles were studied in different pHs (5.5 and 7.4). The experi-
mental results were calculated by Fickian diffusion and Schott kinetic models to
understand the swelling mechanism and coefficients of the nanoparticles. The
results showed that the linear equation of the Fickian diffusion kinetic model was
best fit to explain the water diffusion mechanism of the nanoparticle with high
correlation coefficient (R2 = 0.982–0.987). The results confirmed that the swelling
degree of nanoparticles were 9.71 g/g at pH 5.5. Also, the results confirmed that
PEG/GG@AgNPs can be a good candidate for drug delivery systems in pharmaceu-
tical applications.

Keywords: swelling behavior, guar gum, Ag nanoparticles

1. Introduction

Nanotechnology focuses on many fundamental disciplines such as physics,
chemistry, materials science, and biology [1]. Recently, the synthesis of the
nanostructures has gained a great attention due to superior properties (mechanical,
optical, thermal, biological, physical, and chemical) as compared to conventional
materials [2–5].These superior properties depend on the size, composition, shape,
and origin of nanostructures [6, 7]. As a general definition, nanostructures are
1–100 nanometers in size in which case they have a high surface area-to-volume
ratios and their reactivities are effected mostly depending on their different shapes
such as spherical, conical, spiral, cylindrical, tubular, and hollow [8, 9].
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Many researchers have reported that iron [10], copper [11], gold [2], and silver
[12] were used often for the preparation of stable dispersions of nanoparticles due
to their biocompatibility and biodegradability and less reactivity in the biomedical
applications. Silver nanoparticles (AgNPs) with desired morphologies, well-known
for their antimicrobial activity, are used in both ionic and metallic forms which are
incorporated inside the polymer matrix, with excellent biocompatibility [13]. It was
known that bare silver nanoparticles were prone to oxidation and tarnishing. Thus,
we used PEG/GG polymer blends to improve the dispersion stability and prevent
agglomeration of silver nanoparticles in aqueous environment [14].

During the preparation of hydrogels, mostly preferred biopolymers are alginate,
chitosan, gum arabic, agar, carrageenans, and guar gum [15–19]. Among these bio-
polymers, GG is used in the fields of food industry and pharmaceutical and cos-
metic applications [20–22]. It is not desirable to prepare silver nanoparticles by
chemical methods using toxicological chemicals such as reducing agents [23]. For
this purpose, we chose a dual biopolymer blend (GG and PEG) which will carry out
the green synthesis and improve the distribution. GG is a nonionic water-soluble
polysaccharide and consists of galactomannan which has a linear chain of (1-4)-
β-D-mannopyranosyl units interposed with (1-6)-α-D-galactopyranosyl units dis-
tributed as side branches [24]. PEG is a stabilizer effective for the control of size and
shape of nanoparticles and also has role on the reduction of silver ions [25].

The key points of the chapter were (i) the green synthesis and (ii) swelling of
nanoparticles. The aim of this study was to obtain NPs consisting of PEG/GG and
zero valent Ag by using the simple sonication method. We prepared nanoparticles
in the presence of silver nitrate in GG/PEG (2:1 mixing ratio) polymer blends. In
particular, we performed a green synthesis sonochemical process to reduce Ag ions
to form AgNPs by using ultrasonic method without the use of dangerous stabilizing
agents such as any reducing agent and surfactant [26]. The breaking of cavitation
bubbles under high temperature and pressure and the hydrogen radicals (H*) and
hydroxyl radicals (OH*) in the water formed by the ultrasonic effect play an
important role in the reduction of Ag ions and the formation of AgNPs [27].

All samples were characterized by using FTIR and STEM techniques. SEM
images revealed good compatibility and homogeneous distribution between the
PEG/GG matrix and Ag. AgNPs were found to be <500 nm in size. Moreover, we
have also demonstrated the swelling behavior of the prepared nanoparticles in
finding out the potential of the nanoparticles for drug delivery systems. The swell-
ing uptake (%) of PEG/GG@AgNPs was found to be % 670.5 at pH 5.5.We deter-
mined the swelling behavior such as the maximum swelling and gel fraction of
samples to interpret the water absorption results. All results showed that one could
control the size and the shape of zero valent Ag nanoparticles by polymer blend
under the sonication effect.

2. Materials and methods

2.1 Materials

Guar gum (99% purity, average molecular weight of 2.8 � 105 g mol�1) and
polyethylene glycol (PEG 400) were obtained from Fluka (Switzerland). Silver
nitrate (AgNO3), sodium hydroxide (NaOH), and dimethyl sulfoxide (DMSO)
were obtained from Merck (Pvt.) Ltd. Mumbai, India. Polyethylene glycol 400
(PEG) (molecular weight of 400 g/mol) was purchased from Sigma-Aldrich,
Chemie GmbH, USA.
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2.2 Preparation of nanoparticles

2.2.1 Preparation of PEG/GG@AgNPs

GG solution (0.5 g GG in 100 mL of deionized water) and PEG (5 mL) were
mixed by stirring with a magnetic stirrer at 25°C for 10 min. 5 mL of AgNO3 (0.1 M)
solution was added into GG/PEG solutions and then was sonicated for 15 min. 0.1 M
NaOH was added into the solutions until pH 8.4.

2.3 Characterization

Samples were ground with KBr powder and analyzed from 4000 to 600 cm�1

with a resolution of 4 cm�1 using eight scans by using a PerkinElmer FTIR emission
spectrometer (Spectrum Two). Samples were scanned in the dark-field area with
the wet STEM detector by using FEI QUANTA S50 (A copper grid, Ted Pella,
support films, carbon type A, 300 meshes was utilized). STEM holder was cooled to
2°C and the pressure was set between 700 and 1300 Pa.

2.4 Swelling studies

2.4.1 Measurement of the water absorbency

The swelling degree (St, g/g) was calculated from Eq. (2):

St ¼ Wt �Wd

Wd
(1)

where SW is the swelling degree per gram dried sample (g g�1), Wd is the
mass of dried samples at time t (g), and Wt is the mass of swollen samples at time
t (g) [28].

2.4.2 Calculations of the swelling behavior

The swelling behavior was explained by applying different kinetic models such
as Fickian diffusion and Schott second-order dynamic model given in Eqs. (2)–(7)
[29, 30]. To identify the swelling kinetic mechanisms of the prepared samples, the
swelling kinetic parameters were evaluated according to models:

Fickian diffusion swelling kinetic models:

St ¼ S∞x 1� e�kWt� �
(2)

When Eq. (2) was linearized

Ln
St
S∞

¼ Lnkþ nLnt (3)

where t is time (min), k is the rate constant (min�1), St is the water absorption
capacity at time t, and S∞ is the water absorption capacity at equilibrium. The plots
of LnSt=S∞ versus Ln t were drawn to calculate the parameter (k) of kinetic model
and the linear correlation coefficient.

Schott proposed the second-order kinetic model to elucidate the swelling mech-
anism of the system, and this model was related to the swelling rate at any time and
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was proportional to the quadratic of the swelling capacity before the equilibrium
state [30, 31]:

dS
dt

¼ ks St � S∞ð Þ2 (4)

When the initial condition was t = 0 and S = 0

t
S
¼ Aþ Bt (5)

A ¼ 1=ksS2∞ (6)

where t is time (min), S is the swelling capacity at time t (g g�1), A is the
reciprocal of initial swelling rate, and B is the reciprocal of S∞. The plots of t/W
versus t were drawn to calculate the parameters (A and B) of kinetic model and the
linear correlation coefficient.

To explain the water diffusion mechanism, fractional solution capacity (F: St/ S∞)
less than 0.60 was analyzed using the following equation (Eq. (7)):

St
S∞

¼ ktn or F ¼ ktn (7)

where t is time (min), Wt is the uptake capacity of the sample at time t, S∞ is
the capacity of the sample at swelling equilibrium (g), k is the gel characteristic
constant, and n is the swelling index (n < 0.5 for Fickian diffusion and 0.5 < n < 1
for non-Fickian; n = 1 for relaxation controlled transport and n > 1 for II
diffusion) [30].

The Fickian diffusion model had another expression shown as Eq. (8):

St
S∞

¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
D=πl2
� �q 1

π2
þ 2

Xx
n¼1

�1ð Þnierfc nl
2
ffiffiffiffiffiffi
Dt

p
� �& ’

(8)

Diffusion coefficient D (cm2/s) was calculated using Eq. (9). For short times,
Eq. (9) was used at the early-stage diffusion coefficient of water by

St
S∞

¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
D=πl2
� �q

(9)

where l was the diffusional distance [32, 33].

3. Results and discussions

3.1 Swelling kinetics

Swelling ability is known to be associated with free hydrophilic groups and
surface properties [34]. The sonication method, which is associated with various
factors such as ultrasound power, ultrasound frequency, modification time, and
temperature, changes the surface properties [35]. In this study, the swelling kinetics
was investigated to determine the surface properties of the novel PEG/GG@AgNPs
obtained by using sonication method. To analyze the effect of sonication on the
swelling kinetic mechanism of the synthesized nanoparticles, swelling kinetic
results were observed gravimetrically and performed in pH 5.5 and 7.4 at 25°C.
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The equilibrium swelling degrees, Fickian and Schott kinetic models of PEG/
GG@AgNPs were given in Figures 1–3, respectively and the swelling behavior
followed a similar behavior due the high surface area.

The O-H groups of the PEG/GG@AgNPs formed hydrogen bonds with water
molecules and absorbed water [36]. The equilibrium swelling degrees of PEG/
GG@AgNPs were 9.71 gg�1 (pH 5.5) and 3.82 gg�1 (pH 7.4). According to the
experimental swelling results, the swelling degree of the PEG/GG@AgNPs
increased within the first 10 minutes and then slowed down until reaching equilib-
rium after 15 min in two different pH mediums. In this case, the results showed that
the nanoparticle had shown greater interest in the water molecules and was proof

Figure 1.
Effect of two different pH mediums on the swelling kinetics of PEG/GG@AgNPs.

Figure 2.
Plots of Fickian kinetic model for PEG/GG@AgNPs.
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that it binds with O▬H groups in the structure which allowed it to swell in a short
time in pH 5.5. In order to explain swelling behavior of the nanoparticle, the
swelling parameters were calculated by using the Fickian diffusion and Schott’s
second-order kinetic models. The calculated swelling kinetic parameters and the
correlation coefficients (R2) for all the models for the nanoparticles were given
in Table 1.

The results showed that the linear equation of the Fickian diffusion kinetic
model was best fit to explain the water diffusion mechanism of the nanoparticles
with high correlation coefficient (R2 = 0.982–0.987). According to the Fickian
kinetic model, n is known to explain the diffusion mechanism of the solvent. The n
values of the nanoparticles were calculated to be in the range of 0.5–1, which
was explained by a non-Fickian diffusion behavior of the water transport
mechanism [36].

3.2 STEM analysis

To investigate the effect of ultrasonic irradiation on the surface properties of the
nanoparticle, the STEM images of PEG/GG@AgNPs were presented in Figure 4. It
could be clearly seen that the surface of PEG was a homogeneous surface in spher-
ical nanoform with the uniform dispersion of AgNPs. It was concluded that the
ultrasonic irradiation may play a role in obtaining homogeneous distribution of the
nanoparticles.

With this structural feature, nanoparticles have been used in different
applications such as sensor, drug delivery system, and pharmaceutical
applications [37–41].

Figure 3.
Plots of Schott kinetic model for PEG/GG@AgNPs.

Sample Fickian kinetic model Schott kinetic model

n k R2 S∞(exp) k2 (g/g min�1) R2

pH 5.5 0.51 2.50 0.987 1.39 1.052 0.978

pH 7.4 0.53 2.72 0.982 52.63 0.001 0.070

Table 1.
Values of various parameters associated with swelling kinetic models.

8

Sonochemical Reactions



3.3 FTIR analysis

The FTIR spectrums of pure GG and PEG/GG@AgNPs were given in Figure 5.
The FTIR spectrum of pure GG showed peaks at 3499 (▬OH stretching), 2989
(C▬H stretching), and 1030 (▬OH bending) cm�1. The FTIR spectrum of
PEG/GG@AgNPs showed peaks at 2980 (C▬H stretching), 1540 (COOH), 1470
(C▬H stretching), and 1370 (▬C=O) cm�1. The peaks recorded at 3499 cm�1 of
GG expressed in AgNPs indicated that -OH groups were utilized for the stabiliza-
tion of AgNPs. From the results of the FTIR, we found that reduction and
stabilization occurred in AgNPs. Singh et al. observed similar results [42].

4. Conclusions

In this study, PEG/GG@AgNPs were prepared by using sonochemical method.
The swelling ability of nanoparticle was investigated in two different pHs. The

Figure 4.
STEM image of PEG/GG@AgNPs.

Figure 5.
The FTIR spectrums of pure GG and PEG/GG@AgNPs.
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mechanism of swelling kinetics was explained, and it has been found that the
mechanism follows the Fickian diffusion model. In summary, this study was
focused on the green, low-cost novel method for producing Ag nanoparticles. The
NPs could be served as a promising candidate nanocarrier for drug delivery systems
due to its the swelling degrees.
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Bottom-Up and Top-Down 
Approaches for MgO
Jitendra Pal Singh, Manish Kumar, Aditya Sharma, 
Ganesh Pandey, Keun Hwa Chae and Sangsul Lee

Abstract

In this chapter, we present an overview of synthesis of MgO nanoparticles 
and thin films by using top-down and bottom-up approaches. The bottom-up 
approaches are generally utilized to grow nanoparticles by the methods that involve 
chemical reactions. Sometimes, methods based on these reactions are also able to 
grow thin films. The top-down approaches are preferred for growing thin films 
where bulk material is used for depositions. The methods, which are frequently 
used, are radio frequency sputtering, pulsed lased deposition, and molecular beam 
epitaxy and e-beam evaporation. Sometimes, methods like mechanical milling and 
high energy ball milling are used to grow nanoparticles.

Keywords: MgO, bottom-up approaches, top-down approaches

1. Introduction

Nanoparticles and thin films are very common form of materials for utili-
zation in different applications [1–4]. Synthesis approaches play vital role to 
determine characteristics of nanoparticles [5] and thin films [6]. Thus, a number 
of methods are being developed to synthesize either nanoparticles [7–9] or thin 
films [10–12]. The motive behind to explore numerous methods is to look for 
reproducibility and cost effectiveness in terms of industrial utilization [13, 14]. 
Researchers are also working to get deep insights of involved phenomena during 
growth which persists a way to optimize for particular application [15–18]. The 
factors, which are considered during nanoparticle growth, are size [19], shape 
[20, 21] and size distribution [22, 23]. In case of thin films, these factors are 
nature of growth, morphology, stress, strain developed across films substrate 
interface [24–26].

While growing nanoparticles, one need to take care annealing treatment [27, 28] 
and stoichiometry [29, 30], however, process is rather typical in case of thin film 
technology. Choice of substrate [31], annealing temperature [32, 33], base pressure 
[34], target to substrate distance [35], deposition pressure [36, 37] and nature of gas 
during growth determine the nature of film [38]. Textured of grown thin film [39], 
stoichiometry [40] and nature of surface [41, 42] are another important parameter, 
which are considered during deposition. Thus, keeping in mind the necessity and 
challenges in the synthesis, synthesis approaches for growing nanoparticles and 
thin films are discussed by taking a simple inorganic system. However, magnesium 
oxide is known from long time [43] but recent advances in application of this 
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material motivated us to discuss these approaches for MgO [44]. In Table 1, a sum-
mary of properties of MgO are depicted [45–47].

While keeping in mind the importance of this material, we attempt to give an 
overview of synthesis of MgO nanoparticle and thin film. To grow nanoparticles, 
two kinds of approaches are used: (1) bottom-up approach and (2) top-down 
approach [48, 49]. These approaches are explained on the basis of following 
schematic diagram. In general, bottom-up approach is meant by synthesis of 
nanoparticles by means of chemical reactions among the atoms/ions/molecules 
(Figure 1a). Whereas top-down involves the mechanical methods to crush/
breaking of bulk into several parts to form nanoparticles (Figure 1b). In the next 
section both kind of approaches for growth of MgO nanoparticles and thin films 
are grown.

Figure 1. 
Synthesis approaches for nanoparticles (a) bottom-up and (b) top-down approaches.

Properties/applications Bulk [43, 45] Nanoparticles [44] Thin films [45]

Crystallite structure Rocksalt Rocksalt Rocksalt

Lattice parameter (Å) 4.214 4.128 4.22

Optical band-gap (eV) 7.6 4–5 4–5

Table 1. 
Properties and applications of MgO bulk, nanoparticles and thin films.
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2. Bottom-up approaches

2.1 MgO nanoparticles

To initiate chemical reaction among the involved atoms/ions/molecules certain 
salts are taken as starting materials. These salts are mixed with each other to form 
a homogeneous solution along with a suitable chelating agent. Control of nature of 
solution also plays important role during synthesis process [50]. Thus, various meth-
ods are being developed by researchers to minimize annealing treatment, nature of 
chelating agent, pH value of solution. Some of these methods are depicted here.

Combustion synthesis is well known phenomena to synthesize nanomateri-
als of different kinds in its different variance [51, 52]. Most of the study utilizes 
solution combustion process for synthesizing nanoparticles. Typically, this method 
involves an oxidizer and fuel to initiate the reaction [53–55]. The most common 
oxidizers are metal nitrate/hydrates, ammonium nitrate and nitric acid. However, 
Urea, Glycine, Sucrose, Glucose, Citric Acid, Hydrazine based organic materials 
and Acetylacetonce are frequently used as a fuel. The water, hydrocarbons and 
alcohols works as solvent for reactions involved in this synthesis [53].

Thus, combustion synthesis is able to produce nanoparticle of various materials 
both at research purposes as well as at industrial scale [51, 53–57]. Various kind of 
nanoparticles like titanates [58], ferrites [59], carbonates [60], hydroxide [61] and 
oxides [62] are grown using this approach. Combustion synthesis is utilized for 
growing different kind of MgO nanostructures [63, 64] and its derivative [65–67].

Our group utilizes, this method to synthesize MgO nanoparticles using combus-
tion synthesis while taking magnesium nitrate as an oxidizer and citric acid as fuel 
[68]. This method shows reproducibility [69]. The following equation is expected 
during synthesis process.

  Mg   ( NO  3  )   2.4    H  2   O + Citric acid → MgO +  CO  2   + NO +  H  2   O  

Figure 2. 
Synthesis of MgO nanoparticles from magnesium nitrate Ref. [69].
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Figure 2 depicts schematic diagram of synthesis process. It is clear that synthesis 
takes place at low temperature, which reduces cost of synthesis. Figure 3 shows 
representative X-ray diffraction (XRD) pattern of the nanoparticle synthesized at 
500°C for 1 h. The method is able to produce nanoparticle with pure phase and no 
other crystalline phases are observed [70].

Green synthesis techniques utilize natural extracts [71] as fuels/oxidizer. Some 
of the natural extracts for synthesizing MgO nanoparticles are Neem leaves [72], 
Artemisia abrotanum Herba Extract [73], orange fruit [74], Aqueous Eucalyptus 
globules leaf [75] and Medicinal Plant Pisonia grandis R.Br. Leaf [76].

Microwave synthesis utilizes microwave radiation rather than furnace 
heating in order to avoid longer duration of heating to precursor [77, 78]. This 
method was successfully applied to form MgO nanoparticles by number of 
researchers [79–81].

Other methods which are effectively used to grow nanoparticles are facile 
[82, 83] and miroemulsion synthesis [84–86].

2.2 MgO thin films

Spin coating method is well known tool for growing thin films which utilizes 
chemical reaction to form materials on the given substrate [87, 88]. Sol-gel chemis-
try is helpful to synthesize thin films of MgO of desired crystallographic orientation 
using spin coater [89, 90]. Figure 4 shows schematic of sol-gel method utilizing a 
spin coater to grow thin film [91, 92].

Atomic layer deposition (ALD) method allows depositions with excellent 
uniformity and conformality, with a cost-effective methodology [93, 94]. Thickness 
and composition control are usually possible over large-area substrates. Thin films 
of MgO were deposited by atomic layer epitaxy (ALE) from bis(cyclopentadienyl)
magnesium and water using soda lime glass and Si(100) as substrates [95]. In 
another study, MgO films have been grown by atomic layer deposition in the wide 

Figure 3. 
X-ray diffraction pattern of the nanoparticle synthesized at 500°C for 1 h.



19

Bottom-Up and Top-Down Approaches for MgO
DOI: http://dx.doi.org/10.5772/intechopen.91182

deposition temperature window of 80–350°C by using bis(cyclopentadienyl)
magnesium and H2O precursors [96].

3. Top-down approaches

Top-down approaches are mostly utilized to grow thin films of inorganic materi-
als. Some of these methods are discussed here.

3.1 MgO nanoparticle

Mechanical milling/high energy ball milling is well known method which 
utilizes bulk counterpart as starting material and used for growing nanoparticles 
of different kind of materials [97, 98]. Depending upon milling process, the milling 
machines are categories as follows: tumbler ball mills, vibratory mills, planetary 
mills, and attritor mills [99, 100]. In the ball milling process, powder mixture or 
bulk powder placed in the ball mill is subjected to high-energy collision from the 
balls for nanoparticle synthesis. Figure 5 depicts the schematic of high energy 
ball milling system [101]. Though this technique is effective to synthesize oxide 
nanoparticles [102, 103], however, no report is available for synthesizing MgO.

3.2 MgO thin films

Top-down approaches for growing MgO thin films are depicted in this section.

Figure 4. 
Schematic of sol-gel spin coating method to grow MgO thin films. This schematic is based on the method 
described Ref. [91].
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e-Beam evaporation method involves the evaporation of material target with 
e-beam energy [104]. Schematic of this method is shown in Figure 6. This method 
is effectively used to grow MgO thin films on different type of substrates like NaCl 
[105], Si [106], fused quartz [107] as well as on metallic layers [108, 109].

Figure 7 shows the MgO thin films on fused quartz substrate along with MgO 
powder. Both the films of thickness around 5 and 50 nm reveal almost amorphous 

Figure 5. 
Schematic of ball-milling process. Redrawn from Ref. [101].

Figure 6. 
e-Beam evaporation for growing MgO thin films. Schematic is based on the set-up used for growing MgO thin 
films in Ref. [107].
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nature. Optical absorption spectra of MgO thin films exhibit onset of film forma-
tion (Figure 8). This method is also utilized to grow MgO thin films on Si substrate. 
Films grown on this substrate exhibits polycrystalline nature [110].

Figure 7. 
X-ray diffraction pattern of MgO thin film grown on fused quartz using e-beam evaporation method.

Figure 8. 
UV-Vis spectra of MgO thin film grown on fused quartz using e-beam evaporation method.
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Molecular beam epitaxy (MBE) utilizes e-beam for growing thin films [111]. It 
provides better control over stoichiometry ratio but also helpful in epitaxial growth 
of MgO [112, 113].

Pulsed laser deposition (PLD) as a thin film growth technique was not much 
popular until the late 1980s, when it has been used to grow superconducting 
YBa2Cu3O7-δ films [114]. Since then, the amount of research involving this technique 
has increased significantly and a number of compositions have been stabilized in 
thin film successfully [115–122]. The schematic of PLD system is shown in Figure 9. 
In PLD, a pulsed laser beam (having wavelengths in UV range) strikes the surface of 
the target material to be deposited. For a short duration of laser pulse (~20 nanosec-
onds), enormous power (~10 MW) is delivered to the target material and absorption 
of energy leads to ablation before the thermodynamic equilibrium. The energy from 

Figure 9. 
Schematic of pulsed laser deposition setup.

Figure 10. 
Schematic of radio frequency sputtering setup based on the work reported in Ref. [131].
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the laser evaporates the target’s surface and the ablated material forms the plasma 
plume which finally deposit on the substrate mounted in front of the target.

The main advantage of PLD is the stoichiometric transfer from the multicompo-
nent target to the thin film form, which otherwise is hard to achieve with any other 
thin film growth technique such as thermal evaporation or sputtering. The pulsed 
nature of PLD allows precise control on the film growth rates. Some drawbacks 
of the PLD technique are small area deposition, growth of macroscopic particles 
(particulates) during the ablation process, defects produced during growth, etc.

These advantages of this method allow researchers to grow MgO films on 
yttrium stabilized zirconia (111) substrates [123], Si (100) [124] and Al2O3 (0001) 
substrates [125].

Radio frequency sputtering method: At present most desired application 
of MgO is its utilization as a barrier for magnetic tunnel junction and rf sputter-
ing method is preferred choice [126, 127] as well as for other applications [128]. 
Figure 10 shows the rf sputtering setup for the fabrication of thin films.

MgO films on Si substrate are grown by number of researchers [129, 130] as well 
as by our group [42, 131]. Films grown on Si substrate are both amorphous [132, 133] 
and crystalline [134, 135] in nature depending upon the deposition time and anneal-
ing temperature. Figure 11 shows the XRD pattern of the MgO thin film grown at 
substrate temperature of 350°C, deposition time of 400 min and annealing tempera-
ture of 800°C for 1 h followed by 300°C and 24 h.

Apart from this, number of groups utilizes chemical deposition (CVD) 
method to grow MgO thin films on different substrates [136–138].

4. Conclusions

Thus, an overview of bottom-up and top-down approaches for synthesis of 
MgO nanoparticles and thin films is depicted in this chapter. Chemical methods 
are effective to grow nanoparticles, however, later is successful to grow thin 
films.

Figure 11. 
XRD pattern of MgO thin film grown using rf sputtering method.
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Chapter 3

Sonochemical Formation of 
Peracetic Acid in Batch Reactor: 
Process Intensification and Kinetic 
Study
Prashant D. Jolhe, Bharat A. Bhanvase, Satish P. Mardikar, 
Vilas S. Patil and Shirish H. Sonawane

Abstract

The present chapter highlights the kinetic studies for the sonochemical syn-
thesis of peracetic acid (PAA) in a batch reactor. The effect of different operating 
parameters including acetic acid to hydrogen peroxide molar ratio, temperature, 
catalyst loading, effect of ultrasound, were studied using Amberlite IR-120H as a 
catalyst. The deactivation of the Amberlite IR-120H catalyst has also been studied. 
The experimental data were further utilized for the estimation of intrinsic reac-
tion rate constants and equilibrium constants. From the experimental results; the 
optimized PAA concentration was observed for 471 mg/cm3 catalyst loading at 40°C 
with acetic acid to hydrogen peroxide molar ratio equals to 1:1 in the presence of 
ultrasound. Results also revealed that the reaction rate was found to be significantly 
enhanced in the presence of ultrasound, which can be attributed to the enhanced 
mixing and in-situ formation of H2O2. The use of ultrasound drastically reduces the 
overall reaction time to 60 min, which is very less compared to 30 h as reported for 
conventional batch reactor utilizing H2O2 only.

Keywords: peracetic acid, ultrasound, kinetics, batch reactor, kinetics

1. Introduction

Peroxycarboxylic acids are widely employed as disinfecting/antimicrobial 
agents and thus hold great industrial importance [1]. Besides these properties, these 
are also utilized as bleaching agent for wood pulp in paper industries, for Baeyer-
Villiger synthesis of fine chemicals and olefins epoxidation. Exceptional oxida-
tive properties of peroxycarboxylic acids offer green alternative to conventional 
methods employing chlorine dioxide owing to nontoxicity of their decomposition 
products [2].

Although peracetic acid and peroxy-propionic acids are widely employed 
peroxycarboxylic acids, less stability and their explosive nature often possess dif-
ficulties in their synthesis. Generally, PAA can be prepared by two ways either from 
H2O2 or by oxidation of acetaldehyde which can be carried out in liquid of vapor 
phase [3]. The former way of liquid-phase synthesis is being used for several years 
due to comparative safer operations [1]. However, it suffers from slower reaction 
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rates and thus requires involvement of catalysts. Industrial production of PAA is 
still being carried in the presence of sulfuric acid as acid catalyst [4, 5]. The utiliza-
tion of sulfuric acid brings lot of challenges in view point of corrosion, environ-
mental threats, and post-reaction catalyst recovery. Sustainability of industrial 
production is generally based on safety aspects of the production of chemicals and 
their environmental impact. The concept of green chemistry offers solution for 
prevention of waste products, suppresses the energy consumption, and provides 
safer processes with optimized productivity. Process intensification as one of the 
tool of green chemistry is any improvement made in chemical process that gives a 
considerable cleaner and more energy solving technology [6].

Several approaches have been adopted by many researchers for the process 
intensification in chemical process in industries. Recently, ultrasound has proven 
to be a promising tool for process intensification leading to enhanced reaction 
rates and mass transfer. The use of ultrasound offers various applications, which 
includes cleaning, organic synthesis, catalysis, extraction, emulsification, material 
processing, food processing, waste-water treatments, etc. [1, 7]. Ultrasonic waves 
cannot couple directly with molecular energy levels. The influence of ultrasound 
on a chemical reaction is attributed to the formation of cavitations. So, as it is 
based on the important phenomenon of cavitations which effects generation of 
extreme conditions of very high temperatures and pressures (1000 atm pressure 
and 10,000 K temperature) locally with overall ambient operating conditions. The 
formation of cavitations depends not only on ultrasonic power applied but also on 
physical properties of irradiated liquid rather than on chemical properties. Under 
ultrasound treatment, the course of chemical reaction can be influenced by two 
ways: mechanically due to streaming caused by a collapse of cavitation and by the 
formation of reactive species of volatile substances in the medium [8]. Due to this 
phenomenon, release of highly reactive free radicals, generation of turbulence and 
liquid circulation (acoustic streaming) takes place which in turn enhances the rates 
of transport processes [9]. These above mentioned effects of ultrasound have a 
several extensive applications in the areas of chemical processing that result in the 
decreased reaction time, increased reaction yield, and increase in the effectiveness 
of the catalyst [10–13].

Most common method for synthesis of peroxycarboxylic acids (PCA) is the 
oxidation of the parent aldehyde or carboxylic acid [14]. Generally, acid catalysts 
are used either in homogeneous or heterogeneous forms during the synthesis of 
peroxycarboxylic acids. Furthermore, several techniques for the preparation of 
per carboxylic acids have been reported in the literature that uses the batch process 
[3, 15, 16]. However, the formation of peroxycarboxylic acid is limited due to its 
unstable nature and reversible hydrolysis reaction. Additionally, the drawbacks of 
using sulfuric acid are corrosion of the equipment, setup of an energy-consuming 
distillation system for the catalyst separation, and threat to the environment [17]. 
Therefore, more research attention is being driven to the development of heteroge-
neous catalysts. The use of ultrasound during the preparation of peroxycarboxylic 
acids is an important issue of investigation.

Ultrasound irradiation has been proved to be environmentally benign method 
to process several chemical reactions [18, 19]. The use of ultrasound enhances the 
reaction rate which is supposed to be due to H2O2 generation and intense mixing 
which enhances the mass transfer rate [20]. Considering the above discussion 
herein present report, we are demonstrating the synthesis of PAA in presence of 
ultrasonic irradiations. The cation-exchange acid resin- Amberlite IR 120H was 
used as catalyst. The effects of several parameters such as molar ratio of acetic acid 
to hydrogen peroxide, temperature, catalyst loading, and ultrasonic irradiations 
were investigated.



37

Sonochemical Formation of Peracetic Acid in Batch Reactor: Process Intensification...
DOI: http://dx.doi.org/10.5772/intechopen.89268

2. Experimental

2.1 Materials

PAA was synthesized using anhydrous acetic acid and hydrogen peroxide 
(30 wt. %) (S.D. Fine Chem.) in presence of cation-exchange resin as a catalyst. 
Cation-exchange resin (Amberlite IR-120H, mean diameter = 0.83 mm, den-
sity = 1.28 g/cm [3]) was purchased from Rohm & Haas. Analytical grade ceric 
sulfate, potassium iodide, and sodium thiosulfate were procured from Merck and 
were used as received. Sulfuric acid solution, starch indicator solution, and ferroin 
(1, 10-phenanthroline ferrous sulfate, 0.01 molar in water) solutions were used for 
the analysis of PAA. Deionized water was used in all the experiments.

2.2 Experimental setup and procedure

The experimental setup used for the synthesis is as shown in Figure 1. A 
round bottom flask of 50 mL was used for all the experiments. The reactor was 
kept in a commercially available 1.5 L ultrasound bath (Biotechnique Laboratory, 
Model BTC Sr. No. 10242, frequency = 40 kHz, power = 150 W, amplitude = 15) 
equipped with external cryostat for maintaining a constant temperature 
(20–40°C). During the course of reaction, 50 mL round bottom flask containing 
13.4 mL of reaction mass was irradiated in ultrasound bath. The cation-exchange 
capacity of Amberlite IR-120H by dry weight (meq/g) was used to calculate the 
apparent [H+].

In a typical reaction, 4.5 ml (0.074 moles) of glacial acetic acid and 8.9 ml (0.078 
moles) of 30% H2O2 solution were thoroughly mixed in a 50 mL round bottom 
flask. To this solution, certain amount (0.75–1.5 g) of dry catalyst, that is, Amberlite 
IR-120H was added. The resultant reaction mixture was then treated for 60 min 
using ultrasound irradiation (40 kHz, 150 W). A fixed amount of reaction mixture 
(0.3 mL) was sampled at regular interval of time and analyzed for the determina-
tion of PAA concentration. Mole fractions of H2O2 and PAA were determined by the 
titration method previously reported by Greenspan and Mackellar [21]. The effect 
of different parameters, namely effect of ultrasound, PAA: H2O2 mol ratios, effect 
of temperature, effect of catalyst concentration, and catalyst deactivation were 
studied. The molar ratio of acetic acid to hydrogen peroxide was varied from 1:0.45 
to 1:2.50. All the experiments were performed in the temperature range of 20–40°C 
with an interval of 10°C and at the atmospheric pressure.

Figure 1. 
Schematics of experimental setup for the preparation PAA in batch reactor.
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3. Result and discussion

3.1 Effect of molar ratio of acetic acid: H2O2 on PAA formation

Figure 2 depicts the effect of different molar ratios of acetic acid to H2O2 on PAA 
formation. From figure, it can be observed that, as the molar ratio of acetic acid to 
H2O2 increases from 1:0.45 to 1:2.50, the PAA formation is found to be significantly 
increased in presence of ultrasound (40 kHz, 150 W). The energy input is improved 
by harnessing the power of pressurized water as transfer medium, which transfers 
the ultrasonic energy indirectly into the microstructured device. The mechani-
cal and vibrational effects of the ultrasound are the main reason of better mixing 
as it increases the interfacial area between the phases of a heterogeneous system 
rather than increase in the temperature. These factors might be responsible for the 
increased concentration of PAA (from 2.125 to 5.2 mol/L) with an increase in the 
molar ratio from 1:0.45 to 1:2.50 in the presence of ultrasound (40 kHz, 150 W). 
The increase in the concentration of H2O2 increases the probability of substrate-
active-site interaction and ultrasound further enhances the rate of reaction. The 
ultrasound increases the interfacial area between the solid and organic phases and 
hence the interactions also increase resulting in higher yield of PAA.

3.2 Effect of catalyst loading on PAA formation

Figure 3 depicts the effect of amount of catalyst loading on the formation of PAA 
in presence of ultrasound irradiation. These reactions were carried at 40°C, while 
maintaining the molar ratio of acetic acid to H2O2 as 1:1. From Figure 3, the observed 
PAA concentration for 340 mg/cm3 catalyst loading was found to be 2.875 mol/L 
after 60 min. With increase in catalyst loading amount to 707 mg/cm3, PAA con-
centration was found to increase to 3.375 mol/L. This can be attributed to additional 
acidic sites accessible at higher loading of catalyst that significantly increases the 
PAA concentration and equilibrium is reached earlier. The increase in the PAA yield 
is attributed to the synergic effect of ultrasound. Further, the concentration of PAA 
at 707 mg/cm3 catalyst loading at 40°C is established to be closer to 3.45 mol/L, 
which is closer to the PAA concentration obtained at 471 mg/cm3 catalyst loading at 
the end of 60 min. This indicates that optimum value of the catalyst loading during 

Figure 2. 
Effect of molar ratio of acetic acid to hydrogen peroxide on PAA formation (catalyst loading = 471 mg/cm3, 
temperature = 40°C) in batch reactor.
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the formation of PAA in batch reactor in the presence of ultrasound is 471 mg/cm3, 
which provided adequate numbers of acidic condition. In case of increased catalyst 
loading, although, large number of acid sites is available at 707 mg/cm3 catalyst 
loading, the presence of fixed amount of acetic acid limits the formation of PAA in 
the batch reactor. Therefore, the concentration of PAA remains unaffected. In the 
current set of the experiments, the equilibrium reaches approximately in 30 min 
against 30 h in conventional batch reactor indicating faster reaction rate and is obvi-
ously attributed to the cavitational effects of the ultrasonic irradiations, which form 
H2O2 due its chemical effect that enhances the reaction significantly.

3.3 Effect of temperature on PAA formation and kinetic study

Figure 4 depicts the effect of the temperature on PAA formation for a molar 
ratio of acetic acid to H2O2 = 1:1 and catalyst loading = 471 mg/cm3 in batch reactor 
in the presence of ultrasound irradiation (40 kHz, 150 W). It is found that that 
the concentration of PAA increases to 3.375 mol/L (at 40°C) from 2.875 mol/L (at 
20°C) at the end of 60 min. Thus, the reaction rate is enhanced with an increase in 
the temperature and also with the use of ultrasonic effect. The results are in good 

Figure 3. 
Effect of Amberlite IR-120H catalyst loading (in mg/cm3) on PAA formation (molar ratio of acetic acid to 
H2O2 = 1:1, temperature = 40°C) in batch reactor.

Figure 4. 
Effect of reaction temperature on PAA formation (molar ratio of acetic acid to H2O2 = 1:1, catalyst 
loading = 471 mg/cm3).
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agreement with those of previous results [22]. It has been reported that the rise 
in the temperature provides the activation energy to the reactant molecule [23], 
However, too high reaction temperature may lead to decomposition of the product 
(PAA) leading to low product yield; thus, the experiments were carried while 
maintaining the temperature at 40°C maximum. Additionally, at higher tempera-
tures, the vapor so formed may get trapped in the cavitating bubbles leading to 
milder collapse of cavities, which consequently result in lesser formation of H2O2 in 
the reaction medium. At lower temperature (i.e., up to 40°C), the amount of vapor 
present in cavitating bubble is less due to less vapor pressure. An intense collapse of 
cavity of the bubble brings about chemical changes, which result in the formation 
of more amount of H2O2 in the reaction medium. As a result of which, net reaction 
rate is enhanced at moderate reaction temperature (40°C).

Figure 5 depicts the plot of lnKC versus 1/T for the given experimental data 
reported in Figure 4. The obtained equilibrium constant correlation for the 
experimental conditions is  ln  K  C   =   − 2189.4 _ T   + 9.3726  for molar ratio of acetic acid to 
H2O2 = 1:1 and catalyst loading = 471 mg/cm3. Also, Figure 6 reports the plot of 
lnk1obs and lnk2obs versus 1/T for the given experimental data reported in Figure 4. 
The obtained kinetic reaction rate constant correlations are  ln  k  1obs   =   − 4887.8 _ T   + 7.2109  
and  ln  k  2obs   =   − 2698.3 _ T   − 2.1617  for molar ratio of acetic acid to H2O2 = 1:1 and catalyst 
loading = 471 mg/cm3. The estimated activation energy for forward reaction is 
40.60 kJ/mol and for reverse reaction 22.43 kJ/mol. These activation energy values 
are significantly higher than previously reported values by Zhao et al. [3], where it 
takes 30 h to attain equilibrium in batch reactor. In present study, the equilibrium 
is attained within 30 min, which can be attributed to the cavitational effects of 
ultrasound which generates excess of H2O2 that accelerates the reaction rate.

3.4 Deactivation of catalyst in batch reactor

In present investigation, the deactivation and reusability of cation-exchange 
resin, that is, Amberlite IR-120H has also been studied. For this, batch reactions 
were carried in presence of H2O2 and ultrasound irradiation (40 kHz, 150 W). The 
typical experiments were performed at a molar ratio of acetic acid to H2O2 = 1:1 
with catalyst loading of 471 mg/cm3 and at temperature 40°C. After each 

Figure 5. 
The Arrhenius plot of equilibrium constant at different temperature (in kelvin) for PAA formation (molar 
ratio of acetic acid to H2O2 = 1:1, catalyst loading = 471 mg/cm3).
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experiment, the used catalyst for the synthesis of PAA was washed with water 
thoroughly, subsequently dried in oven at 70°C for 48 h and reused for successive 
experiment. Figure 7 depicts the evaluation of the activity of fresh and reused 
catalyst and it has been observed that the activity of the catalyst decreases with 
its usage. The concentration of PAA formed in first, second, and third cycles of 
catalyst was observed to be 3.375, 2.975 and 2.145 mol/L, respectively, at the end of 
50 min of the experimental run. The possible reasons for the deactivation of the 
Amberlite IR-120H catalysts are neutralization of the sulfonic acid groups, catalyst 
shrinkage, or loss in pore sites [23–25]. In presence of ultrasonic irradiation, as all 
the catalyst particles remains suspended in the reaction media, the availability of 
active sites of catalysts can be considered as significantly enhanced. As a result of 
which the greater surface area would be available for reactions leading to enhanced 
reaction rates. Additionally, activation of the catalyst takes place in the presence 
of ultrasound as ultrasound acts as cleaning agent and adsorbed material gets 
cleaned by ultrasound. Therefore, the activity has not been decreased drastically 
with the use of catalyst.

Figure 6. 
The Arrhenius plots of the intrinsic reaction rate constants at different temperature (in Kelvin) for PAA 
formation (molar ratio of acetic acid to H2O2 = 1:1, catalyst loading = 471 mg/cm3).

Figure 7. 
Deactivation of Amberlite IR-120H catalyst during PAA formation (molar ratio of acetic acid to H2O2 = 1:1, 
catalyst loading = 471 mg/cm3, temperature = 40°C).
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3.5 Activity of Amberlite IR-120H catalyst in batch reactor

Figure 8 depicts the comparison of the activity of cation-exchange resin, that is, 
Amberlite IR-120H with H2SO4 homogeneous catalyst and ultrasound irradiation 
(40 kHz, 150 W) alone (in the presence of H2O2) in the synthesis of peracetic acid. 
These experiments were carried out under same catalyst loading, that is, 471 mg/
cm3 with molar ratio of acetic acid to H2O2 = 1:1 at temperature 40°C. It can be seen 
from the Figure 8, the concentration of PAA is 3.375 mol/L for cation-exchange 
resin, that is, Amberlite IR-120H at the end of 60 min for the same condition. 
Further, the PAA concentration was observed to be 2.55 mol/L at the end of 60 min 
for same experimental conditions at 1.1% H2SO4 catalyst loading. Without using the 
catalyst, the value PAA concentration obtained is 2.225 mol/L for same experimen-
tal conditions in the presence of H2O2. Thus, it can be inferred that the concentra-
tion of PAA obtained is higher in case of cation-exchange resin, that is, Amberlite 
IR-120H in the presence of ultrasound. When only ultrasound is used, the concen-
tration is 2.225 mol/L at the end of 60 min. It is attributed to the formation of   H   

•
   and   

OH   
•
   radicals due to cavitational effects of ultrasound (Section 2.2), which acceler-

ated the reaction rate leading to the formation of PAA.

3.6 Effect of ultrasound on PAA formation

To study the effect of ultrasound, three different sets of experiments were 
conducted: [1] without H2O2 in presence of ultrasound, [2] with H2O2 in presence of 
ultrasound, and [3] with H2O2 in absence of ultrasound at the same catalyst loading, 
that is, 471 mg/cm3 mg with molar ratio of acetic acid to H2O2 = 1:1 at temperature 
40°C. Figure 9 depicts the effect of the cavitational effects of ultrasonic irradiations 
on the formation of H2O2, that is, in turn on PAA formation. The maximum PAA 
concentration was observed to be 0.425 mol/L in the experiment carried out with-
out H2O2 in presence of ultrasound. This is recognized to the H2O2 formation due to 
the cleavage of water molecules in the presence of ultrasonic irradiations as per the 
mechanism provided in the Section 2.2. The rupture of water molecules results in 
the formation of   H   

•
   and   OH   

•
   radicals, and combination two OH˙ radicals leads to the 

formation H2O2 [19], which is one of the reactant of the PAA formation reaction. 
This formed H2O2 that accelerates the PAA formation. In case of the experiments 
conducted in absence of ultrasound with H2O2, the concentration of PAA was 
observed to be 2.00 mol/L, which is considerably higher than that of in the pres-
ence of ultrasound without H2O2. Also, in the experiments conducted in presence 

Figure 8. 
Comparative study on the activity of different catalyst during PAA formation (molar ratio of acetic acid to 
H2O2 = 1:1, catalyst loading of Amberlite IR-120H = 471 mg/cm3, temperature = 40 C).
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of ultrasound with H2O2, the PAA concentration was observed to be significantly 
increased to 3.375 mol/L. This is due to the collective outcome of H2O2 added and 
generated in presence of ultrasound. Additionally, due to this surplus H2O2, the 
reaction becomes pseudo-first order and favors the PAA formation leading to sup-
pression of reverse reaction and higher concentration of PAA in the final product.

4. Conclusions

The sonochemical synthesis of PAA in presence of Amberlite IR-120H as catalyst 
has been investigated. The optimum PAA concentration is obtained at temp. = 40°C, 
molar ratio of acetic acid to H2O2 1:1, and at catalyst loading of 471 mg/cm3. 
Cavitational effects of ultrasonic irradiations play a significant role in the forma-
tion of PAA in batch reactor as it produces H2O2, which improves the reaction rate. 
Further, the use of batch reactor in the presence of ultrasonic irradiations enhances 
reaction rate significantly and reaction gets completed within merely 60 min 
compared to 30 h in batch reactor. The deactivation of Amberlite IR-120H catalyst 
occurs due to the neutralization of the sulfonic acid groups, catalyst shrinkage, or 
loss in pore sites. The experimental data were utilized for determination of activa-
tion energies for the synthesis and hydrolysis of PAA. The estimated activation 
energy for synthesis and for hydrolysis of PAA was found to be 40.6 and 22.43 kJ/
mol, respectively. The activation energy for synthesis of PAA is significantly higher 
than the reported values in the literature. The observed effect can be attributed to 
the use of ultrasound during synthesis.

Figure 9. 
PAA formation in the presence of ultrasound without H2O2, in presence of ultrasound with H2O2 and in the 
absence of ultrasound with H2O2 (molar ratio of acetic acid to H2O2 = 1:1, catalyst loading = 471 mg/cm3, and 
temperature = 40°C).
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Abstract

In this chapter, we review on the production of graphene by ultrasonic-assisted 
cathodic plasma electrolysis approach which involves a combination process of 
conventional electrolysis and plasma at ambient pressure and moderate temperature. 
Firstly, we review on the techniques for electrochemical preparation of graphene. 
Then, we briefly describe plasma electrolysis approach for producing of graphene. The 
mechanism, advantages, and disadvantages of this technique are discussed in detail.

Keywords: ultrasonic assisted, graphene nanosheets, cathodic electrochemical 
discharge, plasma, electrolysis

1. Introduction

Over the past decades, graphene is one of the hottest topics in many research 
fields. Up to date, a numerous of possible technological applications using graphene 
has been explored for energy, storage, optoelectronics, energy conversion, solar 
cell, flexible devices, and photonics [1–3]. Graphene is currently prepared by two 
typical top-down and bottom-up approaches with their advantages and drawbacks. 
For instance, chemical vapor deposition, classified as a chemical method, is an 
outstanding method because graphene can be obtained with high quality. However, 
it needs specific substrates, high temperature and vacuum, and limited transfer 
requirement while producing fewer quantities due to the slow process [4]. In terms 
of top-down technique, the most commonly used Hummer’s method for graphite 
chemical exfoliation requires concentrated acids and strong oxidants for pretreat-
ing and is then followed by a sonication step [5]. Unfortunately, this method has a 
key bottleneck such as graphene structure containing many defects or functional 
groups, being time-consuming, and harsh oxidation condition. Furthermore, 
electrochemical exfoliation is emergently proven to be promising as a sustainable 
and green method for large-scale graphene production since it provides a single step 
and is user-friendly at moderate conditions [6].

Sonoelectrochemistry, an introduction of ultrasonic irradiation into electro-
chemical method, has become a potential approach for synthesizing nanomaterials 
owing to its simple step and being environmentally friendly [7]. Fundamentally, the 
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generation of cavitation bubbles is initiated by the propagation of pressure waves 
in a fluid [8, 9], and the collapse of cavitation bubbles is rapidly happening (<μs) to 
create local “hot spots” with high local pressure (e.g., 10,000 atm) and temperature 
(e.g., up to 10,000 K) [10]. During this process, highly reactive radicals of H and 
OH· are engendered via homolysis of water as well as other surfactants or excited 
state species [11]. Due to the fact that bulk graphite involves several graphene sheets 
which are weakly bonded through van der Waals force, there is a great possibility 
for taking the advantage of a tremendous energy to break this force in graphitic 
structure. Although the electrochemical exfoliation [12, 13] and ultrasound-assisted 
exfoliation [14, 15] are extensively employed for preparation of graphene and its 
derivative, the review of ultrasound energy and cathodic electrochemical exfolia-
tion process for high-yield graphene production has not been explored yet.

In this part, the experimental conditions and contemporary information for 
producing of graphene material are only considered, with a focus on combination 
of electrochemical exfoliation and sonochemistry approaches. In the following 
parts, we firstly present an overview of electrochemical exfoliation method, and the 
new technique consisting of cathodic exfoliation and sonochemistry will then be 
comprehensively discussed.

2. Electrochemical exfoliation

Electrochemical exfoliation is one of the top-down approaches using graphite 
electrode as graphene precursor, which can be categorized into anodic and cathodic 
methods based on the electric sign of the graphite electrode. Figure 1 displays 
the schematics of cathodic and anodic exfoliation mechanism. In both methods, 

Figure 1. 
Mechanism for exfoliation of graphite by cathodic and anodic methods [16].
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the oppositely charged intercalating ions and the co-intercalating molecules were 
attracted when a charging process was generated at the working electrode [16].

2.1 Anodic exfoliation

In this method, layered carbon material is applied with a positive voltage, 
which drives the intercalation of negative ions existing in the electrolytic solution. 
Different solvents and electrolytes were employed for the exfoliation of graphene:

2.1.1 Acidic electrolytes

Using highly oriented pyrolytic graphite (HOPG) electrode, different protonic 
acids such as HCl, HBr, and H2SO4 were used for electrochemical exfoliation of 
graphene [6]. Among the mentioned acids, H2SO4 has proven to be an appropriate 
electrolyte due to the highest efficiency; however, the graphene nanosheets were 
produced with high defects/orders in their structure. In order to reduce this effect, 
the electrolyte was prepared by adding of 98% H2SO4 solution and 20% KOH solu-
tion into 10 ml water. The system was firstly applied with low voltage of +2.5 V for 
1 min, and higher potential of switching between +10 and −10 V was then applied 
until sufficient exfoliated material is obtained. During the process, the voltage 
of +10 V activates the exfoliation and oxidizes the graphene flakes. The oxidized 
graphene is then reduced when the voltage changed back to −10 V. Figure 2 sche-
matically illustrates the experimental setup, and the source of graphene acts as the 
anode for electrochemical exfoliation.

In another work, H2SO4, H3PO4, and H2C2O4 were used as acidic electrolytes 
to synthesize graphene flakes using multiple electrochemical exfoliation (MEE) 
methods [13]. The process of synthesis graphene flakes from spent graphite rod is 

Figure 2. 
Experimental setup for exfoliation of graphite by electrochemical method.
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shown in Figure 3. In the electrochemical cell, the cathode platinum wire and the 
anode graphite rod were put at the top and the bottom, respectively. Upon apply-
ing a constant current at 0.1 A, the color of the solution changes gradually to black 
during the reaction time.

Several mild acids (i.e., phosphoric, sulfuric, oxalic, acetic, and formic acids) 
were employed as electrolytes for exfoliation of graphite [13]. Meanwhile, no 
observable exfoliation was detected in formic and acetic acids, possibly due to its 
small anions (e.g., HCOO– and H3CCOO–), which results in delicate anion protec-
tion and weak expansion of graphite flakes due to ineffective intercalation of anion. 
Oxalic acid electrolyte is finally considered as the best choice because of its fast 
exfoliation and highly dispersed graphene in DI water. Furthermore, the product 
was easily purified by heating the exfoliated material in air.

2.1.2 Base electrolytes

There has been rare publication in electrochemical exfoliation of graphite in 
alkaline medium. A facile, environmentally friendly, and highly efficient exfolia-
tion process was introduced by graphite electrolysis in a weak alkaline solution 
aqueous ammonium hydroxide (28–30 wt%) instead of acidic electrolyte or strong 
alkaline solution [17]. The graphite electrode was firstly subjected to an anodization 
treatment at 10 V for 30 min and subsequently treated by anodization at 10 or 5 V 
for 90 min. The exfoliation can be explained by the intercalation of nitrogen gas 
originating from the electrooxidation of ammonium hydroxide when electrolysis is 
performed in the alkaline electrolyte.

2.1.3 Salt electrolytes

The formation of graphite intercalation compounds (GIC) was firstly done with 
sulfuric acid [6]; however, sulfate ions were then realized to play a decisive role as 
an intercalant because all neutral salts of (NH4)2SO4, Na2SO4, and K2SO4 exhibited 

Figure 3. 
Experimental setup and mechanism for production of graphene by multiple electrochemical exfoliations [13].
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pronounced exfoliation efficiency [12]. In addition, the superior activity of sulfate 
ions can be explained by its lower reduction potential to produce SO2 (i.e., +0.20 V). 
In contrast, ClO4

− and NO3
− ions have high reduction potentials of 1.42 and 0.96 V, 

respectively, to generate Cl2 and NO gases [12]. Therefore, it is suggested that graph-
ite sheets are exerted with large and sufficient forces to isolate weakly bonded graph-
ite layers from each other by SO2 and O2 gases generated in sulfate ion oxidation.

2.2 Surfactants

Due to very excellent intercalant role of sulfate anion, the organic derivatives of 
sulfate ion-sulfonates such as poly(sodium-4-styrenesulfonate), sodium dodecyl 
sulfate (SDS), and sodium dodecyl benzene sulfonate (SDBS) were also investi-
gated for graphite exfoliation [18–20], which play a dual role of a surfactant as well 
as an intercalant. The additional advantage of using surfactants in the intercala-
tion and exfoliation process is the stable graphene suspension production because 
surfactants can adsorb on the surface of produced graphene layers and prevent its 
reassembling [20]. Figure 4 describes how SDS with a concentration of 0.1M works 

Figure 4. 
Electrochemical method for graphene/SDS suspension production [20].
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during graphene intercalation from the anode of graphite and exfoliation from 
cathode of SDS-intercalated graphite [20].

2.3 Cathodic exfoliation

The cathodic exfoliation process for graphene production has been introduced 
by several groups [21–24]. In this approach, the positive ions in electrolytes are 
intercalated into graphite interlayers by applying negative potential, which conse-
quently facilitates their exfoliation. This process is accomplished by using either 
organic or aqueous solvents.

Wang et al. [21] used cathodic electrochemical exfoliation in liquid recharge-
able lithium-ion batteries to prepare few-layer graphene flakes. They indicated 
that graphite interlayers can be intercalated by Li ions during the charging process. 
Subsequently, the complex was exfoliated to few-layer graphene flakes by sonica-
tion as shown in Figure 5A. They used a potential of −15 ± 5 V as cathodic charge 
in order to trigger off Li+ intercalation in graphite. The exfoliated graphene sheets 
had very low defects as confirmed by a small ID/IG ratio of 0.1 with of two to three 
layers of thickness and an average lateral size of 1–2 μm. Additionally, graphene 
nanosheets were directly obtained from electrochemical cathodic exfoliation 
under high negative voltages of 5–30 V using tetra-n-butylammonium (TBA) as 
organic electrolyte [22]. Yang et al. [22] have demonstrated that at the initial stage, 
the solvated TBA+ under highly negative voltage contributes to expand the layer 
spacing induced by the intercalation. The exfoliated graphene nanosheets exhibited 
high quality with the basal size of ~10 μm, three to six layers of thickness, and 
0.34 nm of lattice spacing. In another example, a continuous of few-layer graphene 
production was developed by Abdelkader group [23] with mechanism displayed 
in Figure 5B. In their report, organic solvents and the electrolyte of lithium and 
alkylammonium ions (triethylammonium, Et3NH+) in dimethyl sulfoxide (DMSO) 
were used. Interestingly, they found that not only lithium ions but also Et3NH+ ions 
can be intercalated to enhance exfoliation efficiency. Furthermore, this cathodic 
exfoliation of graphite can avoid oxidation of graphite and decrease the defects, 
where few-layer graphene with no any oxidation and lateral size of 1–20 μm was 
produced without any sonication or centrifugation step, by using other kinds of 
intercalation ion such as AlCl4− and Al2Cl7

−.
Lei et al. [24] produced graphene from graphite cathode in AlCl3/EMImCl 

(1-ethyl-3-methylimidazolium chloride) ionic liquids using Al-ion battery. With 
voltage of >2.0 V, few-layer graphene can be achieved by cathodic electrolysis. The 
estimated mechanism for cathodic electrolytic exfoliation of graphite in ionic liquid 
is displayed in Figure 5C.

With a new term of direct cathodic exfoliation of graphite by plasma electroly-
sis, Thanh and his collaborators introduced a facile and rapid method to produce 
both graphite oxide and graphene nanosheets [25, 26]. Figure 6A shows the 
schematic of the experiment for producing plasma-electrochemically exfoliated 
graphene (PEEG) sheets, where high-purity graphite (HG) is employed for both 
the cathode and anode. The cathode tip is set above the aqueous electrolyte, while 
the anode is immersed in the electrolyte of KOH and (NH4)2SO4 solution. A voltage 
of 60 V is applied to the system by using a DC power when the tip of cathode is 
immersed about 1 mm in the electrolytic solution. It is noticed that the cathode has 
much smaller surface area contacting to the electrolyte than the anode. As a result, a 
high electric field is generated at the submerged cathode tip and produces hydrogen 
gas bubbles via hydrolysis of water. A plasma phenomenon around the cathode tip 
is formed by the instant ionization of hydrogen caused by high electric field sur-
rounding the cathode tip.
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The mechanism for exfoliation of graphene sheets from graphite cathodic rod 
is displayed in Figure 6B, which attributed that the exfoliation process is cause by 
hydrolyzed hydrogen bubbles produced at the cathode. The explosion of hydrogen 
around the cathode tip expands its surface edge, which enables the insertion of 
hydrogen molecules into the interlayer of the graphite sheets to form intercalated 
graphite compounds. Simultaneously, the high temperature (e.g. ~2000°C) in 

Figure 5. 
Schematics of (A) electrochemical cell for a continuous process [23], (B) graphite exfoliation in the Al-ion 
battery [24], and (C) graphite exfoliation via intercalation [21].

Figure 6. 
(A) Experimental setup for plasma-electrochemically exfoliated graphene sheet production, (B) proposed 
PEEG formation mechanism, and (C) TEM image and Raman spectra of PEEG [26].
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instant time (e.g. nanosecond) on the cathode tip during the discharge process 
gives thermo-mechanical stresses on the graphite surface, which produces graphene 
nanosheets from graphite rod. On the other hand, graphene sheets can also be 
yielded from graphite rod by the electrochemical reaction occurring at the anode in 
a basic electrolyte medium. As a comparison, plasma-assisted electrochemical exfo-
liation process can produce graphene sheets with high efficiency of ~6 times faster 
than the conventional electrochemical method at applied voltage of 10 V. The pro-
duced material is graphene sheets with high quality as presented in the TEM image 
of Figure 6C. The structure transformation from graphite to graphene sheets can be 
confirmed by Raman spectra (Figure 6C), where the weak D band peak located at 
1353 cm−1 is more pronounced than that in the spectrum of HG. Moreover, the 2D 
band peak of PEEG at 2706 cm−1 is shifted to lower frequency, while the intensity 
of PEEG is higher than that of HG. This confirms the produced graphene structure 
with ~2.5 μm in sheet lateral size and 2.5 nm in thickness. Interestingly, they also 
produced graphite oxide by this method in 2013 [25].

3.  Ultrasonic-assisted cathodic electrochemical discharge  
exfoliation (UCEDE)

Cathodic plasma electrolysis, a combination of conventional electrolysis and 
plasma processes under ambient condition, employs a voltage that is much higher 
than that of traditional electrochemical method between two electrodes in an 
aqueous solution. Surface of one electrode, active electrode (workpiece, regardless 
of its role as anode or cathode), must be much smaller than that of the other. The 
method can be separated into anodic and cathodic plasma electrolysis (CPE) based 
on the opposition of applied voltage to the workpiece. Most of the researches have 
focused on the anodic regime of plasma electrolysis while little on the cathodic one 
[27]. CPE is principally based on the reaction or vaporization of electrolyte and the 
electrical breaking of gaseous envelope, resulting in the formation of sparks around 
the active electrode [27–29]. The comprehensive reviews of plasma electrolysis can 
be found in some excellent reviews [15, 25, 26].

The cathodic process has been applied for producing nitride, carbon, and other 
metals such as zinc, zinc-aluminum, molybdenum, and titanium-based coatings on 
the metal substrate [27–31]. The nanocrystalline graphite films on titanium sub-
strate have been deposited by the cathodic plasma electrolysis from a predominant 
ethanol liquid phase [32, 33]. In fact, each layer of graphene in the bulk graphite is 
bound by weak van der Waals interactions to other two adjacent layers of hexago-
nally close-packed C atoms. Upon the impact on the surface as thermal extension 
or ultrasonication, it is readily exfoliated into separated graphene nanosheets. As a 
result, the plasma electrolysis phenomenon for production of graphene flakes and 
its derivatives is believed to be caused by the breaking of graphene layers from its 
bulk structure with weak van der Waals force.

Typically, using a mechanical mean such as ultrasonic after electrochemical 
intercalation and expansion of graphite is essential. During ultrasonication with 
pressure oscillations, the cavitation and shear forces, as well as the collapse of the 
bubbles or voids on liquid, could activate both graphite intercalation and expansion, 
which leads to a complete exfoliation. A new ultrasonic-assisted cathodic electro-
chemical discharge approach has been developed to exfoliate graphene nanosheets 
from graphite rod by using a combination of ultrasonic energy and in situ plasma-
induced electrochemical exfoliation [15]. Without expensive ionic liquid or acidic 
media, this method revealed broad benefits such as direct production of graphene 
at ambient pressure and low temperature as well as a facile, environmentally 
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friendly, and fast process. Figure 7 displays the experimental setup and an actual 
figure for production of ultrasonic-assisted in situ plasma-induced electrochemical 
exfoliation graphene (UPEEG).

The formation of plasma at high voltage of 60 V is initiated by the reduction to 
from hydrogen gas at cathode (Eq. 1) and the oxidation to form oxygen at anode 
(Eq. 2):

  2  H   +  + 2e →  H  2    (1)

  2  H  2   O →  O  2   + 4  H   +  + 4e  (2)

At appropriate voltage, the electrolyte near graphite cathode is vaporized 
because of the high electric field created by sharp point of cathode. This releases 
vigorous hydrogen around the graphite cathode tip and forms plasma zone between 
the cathode tip and the electrolytic solution.

Results from XPS and Raman analyses (Figure 8A–C) show the successful 
production of graphene via this method. It is believed that the positive ions sur-
rounding the interface of electrolyte and HG tip could be speeded up directionally 
toward the cathode surface to implode on expanded position and to instantly 
exfoliate graphite at this point for graphene formation. In addition, the proposed 
mechanism for UPEEG formation from graphite is related to the expansion of the 
graphite tip in the plasma zone, where the graphene sheets were formed under 
the ultrasonic-assisted condition (Figure 8D). The extremely high-temperature 
outermost cathodic tip in the plasma zone leads to the expanding and cracking of 
graphite surrounding with weakening van der Waals forces. In this case, the violent 
fluctuation in the vapor plasma envelope and the cavitation from the sonication are 

Figure 7. 
Experimental setup for production of UPEEG: (1) cathode, (2) anode, (3) vapor plasma envelope,  
(4) ultrasonic cleaner; inset is image of cathodic electrochemical discharge phenomenon [15].
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the main reasons for exfoliation of expanded layers. At first, the shear and shock 
wave in ultrasonic exfoliating fluid and the thermal expanded or cracked surface 
are engendered. Subsequently, the cavitation bubbles formed during sonication 
prompted the disturbance and pulling at the expanded and cracked points in the 
exfoliating fluid media. Next, the enlarged shear forces appear between neighboring 
layers and weaken van der Waals forces between layers. Finally, the expanded posi-
tions of the adjacent layers are penetrated and intercalated by the hydrogen atoms or 
ions, which consequently causes the breaking at these points and results in graphene 
exfoliation. Due to its high porosity of graphite lattice under high diffusion temper-
ature, it can be diffused and intercalated by the hydrogen atoms. We think that this 
facile method will pioneer and create new possibilities for production of graphene 
sheets, graphite oxide, or doping graphene for a number of applications.

4. Conclusions

Sonoelectrochemical exfoliation of graphite is a potentially scalable way to achieve 
high quality and high quantity of graphene production by using simple equipment 
that is almost available in all chemistry laboratories. From the point of technology 
view, the electrochemical exfoliation with the aid of ultrasonication is dual benefited 
not only to easy-to-break van der Waals forces but also to the effective inhibition 
of the agglomeration of produced graphene nanosheets. Moreover, the presence of 
ultrasonication herein can accelerate and promote the exfoliation process.

In this chapter, we discussed on the synthesis of high-quality graphene by direct 
ultrasonic-assisted cathodic electrochemical exfoliation process. Immense works 
have been done in order to control and enhance the yield and oxidation degree 
of graphene sheets. However, the yield of graphene sheets in a single layer is still 
relatively limited and requires long periods of sonication time with massive heat 
release into the environment. In the short run, the improvement and design optimi-
zation on reproducible protocol should be devoted to define the best condition for 
sonoelectrochemical exfoliation method. Besides, one might seem very presumably 
that the unreasonable reaction should be existed that taking into account for the 

Figure 8. 
XPS C1s spectra of (A) HG and (B) UPEEG; (C) Raman spectra of HG and UPEEG; (D) proposed 
mechanism for the formation of graphene sheets [15].
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formation and exfoliation of graphene nanosheets and their functional groups 
containing oxygen on the surface. The mechanism is still in its infancy and should 
be unveiled in the near future to pave the way for controlling of graphene produc-
tion and its derivatives. Therefore, we hope this chapter will contribute critical 
insights for understanding the graphene synthesis and hence can open an alterna-
tive approach toward 2D materials in general and graphene material in specific.
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and B.M. Aishwarya

Abstract

Sonochemistry is a branch dealing with effects of chemical as well as sound 
wave as the name suggest. The sound waves are ultrasonic, i.e., high frequency 
waves (20 kHz can extent to 10 MHz and above) beyond the range of a human ear 
(20–20 kHz). Sonochemistry technology is incorporated into both mechanistic and 
synthetic studies. An important event called acoustic cavitation take place where 
microbubbles grow and under the influence of ultrasonic waves they collapse. 
Sonoluminescence is one of the outcomes of cavitation which leads to homogeneous 
sonochemistry. Sonochemistry has also entered one of the major developing field 
biotechnology from basic activation of enzyme to preparation of catalyst. It is also 
used for the fabrication of nanomaterial which comes under the liquid phase method. 
One disadvantage of nanomaterial preparation is the amount of time it consumes to 
show results. This can be eliminated when biotechnological research is conducted in 
conjunction with sonochemical application. Latest research results have proved that 
ultrasound irradiation is both time and cost-effective approach for any bio-processes 
like enhancement of emulsification and trans-esterification of fatty acids for bio-fuel 
products. Bio-process monitoring and dewatering of sludge have also been acceler-
ated. This chapter contains introductory information on sonochemistry.

Keywords: sonochemistry, acoustic cavitation, nanoparticles, collides, medicine, 
water treatment, sonocatalyst

1. Introduction to sonochemistry

1.1 About sonochemistry

We are all familiar with the terms chemistry and sound when these two terms 
are put together into practice, a new field is developed called sonochemistry. This 
is quite new to us and is still a developing area of science. In simple words this 
field involves the study of effect of sound in chemical reactions in a given solution 
caused by acoustic cavitation [1, 2]. The basis of sonochemistry is use of lower 
range of ultrasound with higher power that causes significant physical and chemi-
cal changes. First commercial use of ultrasound dates back into 1917 by Langevin 
to measure the depth of water [1]. In 1927, Robert Williams Wood (1868–1955) and 
Alfred Lee Loomis (1887–1975) conducted an experiment to demonstrate effect 
of ultrasound in water [3]. Later in 1960s use of ultrasound entered industries 
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Figure 2. 
Chemical and physical effects of ultrasound [4].

and soon became a means to accomplish advancement using technology. These 
methods were used in many chemical processes to either initiate or enhance the 
on-going reactions.

Figure 1. 
Acoustic cavitation caused by ultrasound.
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Now that we are familiar with the topic next question is how sound effects the 
chemical reaction in a solution they are introduced into. Acoustic cavitation is 
responsible for the enhancement of these processes. When sound waves (ultra-
sound) are passed into solutions they generate mechanical vibrations along with 
acoustic streaming. These solutions in normal conditions contain dissolved gasses 
nuclei, which collapse under ultrasound field. This cavitation (oscillation and col-
lapse) results in many physical changes like shockwaves, shear forces, turbulence, 
etc., along with physical changes it is an adiabatic process and generates very high 
temperature inside the bubbles for a short interval (Figure 1) [1, 2, 4].

1.2 Effects of sonochemistry

These are both chemical and physical effects in which chemical falls under 
homogeneous sonochemistry of liquids, heterogeneous sonochemistry of liquid-
liquid or liquid-solid systems, and sonocatalysis. Based on earlier studies, effects of 
ultrasound on slurries of inorganic solids are shown (Figure 2).

2. Application of sonochemistry

2.1 Nanostructured inorganic materials

Over the past few years sonochemical reactions have been chosen for a general 
approach towards the synthesis of nanophase materials. Due to distinct behaviour 
of nanosized material compared to the bulkier ones [5]. These small clusters have 
electronic structures with high density. Both gas phase and liquid phase techniques 
are used to synthesis them. With these different phase techniques and also their 
combination, the sonochemical approach is included [4, 5]. Various forms of 
nanophase material are generated by simply changing the reaction medium as 
shown (Figure 3).

Figure 3. 
Different forms of nanomaterial generated by changing reaction medium of the phase.
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2.1.1 Different types of nano products obtained

Nanomaterials obtained using sonochemistry are of various forms. Different 
forms exist based on their usage. As an matter of interest, nano-sized particles 
serve as great source for action. This is the reason they are so popular. In Figure 3 
most common nano-product are listed. These materials are formed using differ-
ent techniques and processes. Sometimes combinations of techniques are used in 
conjunction with sonochemistry. Also due to their diverse nature they consume 
different interval of time to become fully functional. Based on these categories 
the options are narrowed for their usage. Some of these materials are listed in 
Figure 4 [4, 6].

2.1.1.1 Amorphous metals

A dull black powder was obtained by sonication of iron pentacarbonyl in decane 
at 0°C under continuous flow of argon. Amorphous nature was verified by different 
techniques like SEM, different scanning calorimetry, electron micro-diffraction, 
X-ray powder diffraction and neutron diffractions were used. EMD revealed a 
diffuse ring pattern (amorphous characteristic). The amorphous metals are formed 
as a result of extremely high cooling rate during acoustic cavitation. This was shown 
by DSC (noted transition temperature is 308°C). The size of the particles were in 
the range of 4–6 nm [4].

2.1.1.2 Alloys

The compositions of Fe/Co alloy can be controlled by changing the ratio of 
solution concentrations of both the individuals. They are readily available and are 
thermally stable at adequate bulk solution temperature. The solid-solution nature 
is determined by energy dispersive X-ray measurements. The products are homo-
geneous on a nano-scale. They are initially amorphous and after heat treatment at 
400°C under H2 gas for 2 h (Figure 5).

Figure 4. 
Most common nanophase materials produced using sonochemical reactions.
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2.1.1.3 Colloids

Colloids of ferromagnetic materials are made by exhaustive grinding of magne-
tite (Fe3O4) in ball or vibratory mills for many weeks. Wide range of particles (based 
on size) is produces due to presence of surfactants. A new method is developed using 
high intensity ultrasound to produce stable colloids of iron. In this method volatile 
organo-metallic compounds are decomposed sonochemically. In presence of polyvi-
nylpyrrolidone, the size of colloidal iron particles are in range of 3–8 nm whereas in 
presence of oleic acid they are in uniformly distributed at 8 nm [4] (Figure 6).

2.1.1.4 Molybdenum carbide

Sonochemical decomposition of molybdenum hexacarbonyl in hexadecane by 
ultrasound irradiation produces a black powder. When this powder is heated for 

Figure 5. 
Bulk and EDX analysis of Fe/Co alloy prepared sonochemically from respective precursors [4].

Figure 6. 
Transmission electronic micro-graphic view of sonochemically prepared iron colloid (stabilized by oleic acid) [7].



Sonochemical Reactions

68

12 h under He flow at 450°C. SEM revealed the extremely porous surface and TEM 
confirmed the size of particles of the porous aggregate, i.e., 3 nm diameter [4].

2.1.1.5 Molybdenum sulfide

Due to its layered structure, MoS2 is also called as the standard automotive 
lubricant. It is prepared by high intensity ultrasound irradiation of molybdenum 
hexacarbonyl and sulfur in 1,2,3,5-tetramethylbenzene. Under the flow of He the 
amorphous product was heated at 450°C to get crystallized MoS2. The sonochemi-
cally prepared MoS2 has much greater edge and defect content than conventionally 
prepared ones as the layers must bend, break or otherwise distort to fit outer surface 
of the 15 nm particle size [4] (Figure 7).

2.1.1.6 Supportive “egg shells”

When eggshells with uniform-sized nanoparticles of metals are deposited on the 
outer surface of supports, potential advantages for catalyst preparation increases 
greatly compared to non-uniform particles. Ultrasonic irradiation of decane solu-
tions of iron pentacarbonyl, Fe(CO)5, in the presence of silica gel produces a silica-
supported amorphous nanostructured iron-iron particles on the outer surface of are 
formed during cavitation. By changing the initial composition of iron precursor, its 
loading on SiO2 can be verified. TEM confirmed the high dispersion of iron particles 
(3–8 nm) produced by sonolysis of Fe(CO)5 on the SiO2 surface [4].

2.2 Synthesis of bio-materials

Protein micro-spheres are one of the most notable bio-materials. The develop-
ment of aqueous sonochemistry for bio-materials synthesis is still an on-going 

Figure 7. 
Conventionally prepared MoS2 (left) and sonochemically prepared MoS2 (right) [8].
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research area particularly of micro-encapsulation. High intensity ultrasound is 
used on simple protein solutions to make both air-filled micro bubbles and non-
aqueous liquid-filled micro-capsules. Micro-spheres are stable for months and can 
be intravenously injected to pass unimpeded through the circulatory system due to 
their smaller size compared to erythrocyte scan. The particle size can be determined 
as a function of sonication time, suggesting the disintegration of the aggregates on 
longer exposure to ultrasound radiation [4, 9] (Figures 8–10).

Figure 8. 
The variation of surface area of micro-spheres with time is represented in the above graph [4, 9].

Figure 9. 
TEM micro-graphs of (a) as-prepared Stober’s silica in the size range of 150–200 nm and (b) the silica micro-
spheres irradiated with ultrasound for 2 h in decalin medium [9].
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Protein micro-spheres have a wide range of biomedical applications. They 
are also used as a echo contrast agents for sonography [11], magnetic resonance 
imaging contrast enhancement [12–14], oxygen or drug delivery [15] sono-
chemically produced hemoglobin micro-bubbles, hollow and solid spheres and 
micro-spheres.

2.3 Modification of inorganic materials

Ultrasound is widely used to accelerate chemical reactions in liquid-solid 
heterogeneous systems. This sonochemical enhancement has become a synthetic 
technique for heterogeneous organic as well as organo-metallic reactions [4, 16, 17]. 
These reactions mostly include metals like such as Mg, Li and Zn and also apply to 

Figure 10. 
SEM images of micro-spheres prepared by sonication of bovine serum albumin [10].



71

Sonochemistry: Applications in Biotechnology
DOI: http://dx.doi.org/10.5772/intechopen.88973

reactive inorganic salts and to main group reagents. Less work has been done with 
unreactive metals.

2.3.1 Surface cavitation

Cavitation near extended liquid-solid interfaces and cavitation in pure liquids, 
both are very different [4, 17]. Micro-jet impact and shockwave damage are respon-
sible for effects caused by cavitation near surfaces. The special symmetry of the 
liquid particle in motion during cavity collapse often induces a deformation within 
the cavity. The potential energy of the expanded bubble is converted into kinetic 
energy of a liquid jet that extends through the bubble’s interior and penetrates the 
opposite bubble wall. As most of the energy is converted to accelerate jet, the veloc-
ity attained is in hundreds of m/s. Such energy concentration can caused extreme 
damage to the boundary surface (Figure 11).

The later one, i.e., cavitation in pure liquid, mechanism of cavitation-induced 
surface damage invokes shockwaves created by cavity collapse in the liquid [4]. 
Micro-jets and shockwaves on the surface, creates the localized erosion responsible 
for ultrasonic cleaning and. These effects can generate newly exposed highly heated 
surfaces and even eject metal from the surface [18].

2.3.2 Inter-particle collision

For ultrasonic frequencies greater than 20 kHz, damage associated with micro-
jet formation cannot occur for solid particles smaller than 200 mm. This takes on 
a special importance for sonochemistry [19]. This is the reason, they are preferred 
as catalysts. Passing shock waves over particles in close proximity to one another 
results in high-velocity inter-particle collisions. Right angled collision can drive 
metal particles at sufficiently high velocities to cause melting effect at the collision 
point [4]. Energy generated is determined by the volume of melted region under the 

Figure 11. 
It shows the collapse of a bubble later expanded to a liquid jet (cavitation near surface).
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impact of collision. A lower estimate of the velocity of impact was several hundred 
m/s, or roughly one half the speed of sound! [4] (Figures 12 and 13).

2.3.3 Ultrasound on heterogeneous catalysts

These kinds of catalysts are rare and expensive. Using ultrasound activation of 
less reactive is less costly. The effect occur in three distinct stages

1. During formation of supported catalysts.

2. Activation of performed catalysts.

3. Enhancement of catalytic behavior during its reaction

Increases in turnover rates were usually observed upon ultrasonic irradiation 
even though they were rarely more than 10 folds but were appropriate. The hydro-
genation of alkenes by Ni powder is enormously enhanced by ultrasonic irradiation 
[4]. At a macroscopic scale, the initially crystalline surface are agglomerated into 
small particles by ultrasound irradiation. This effects is due to inter-particle col-
lisions caused by cavitation-induced shockwaves, revealed that there is a striking 
decrease in the thickness of the oxide coat after ultrasonic irradiation. It is the 
removal of this passivating layer [4, 7] (Figure 14).

2.4 Lignocellulosic biomass

Lignocellulosic biomass is a natural renewable chemical feedstock that is used 
to produce high value-added chemicals and platform molecules. There is variety of 
aspects concerning the valorization of lignocellulosic biomass into desirable products. 
For biomass conversion, few of the existing technologies require high temperatures 

Figure 12. 
Cavitation effect on surface morphology (left), inter-particle collision (right).
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and pressures. To fulfill the extreme conditional requirement, key technological 
innovations based on more economical and environmental methodologies are being 
explored both in academic laboratories and in industry. Sonocatalyst constitutes a 
substitute means offering innovative strategies to improve biomass (Figure 15).

Heterogeneous sonocatalysis as an emerging advanced oxidation process (AOP), 
is a potential treatment method for water and has removed persistent organic 
compounds in the in past few decades [21].

Figure 13. 
The effect of ultrasonic irradiation of Cu powder slurries on the surface composition. 50 min. Sputter time is 
roughly 1 mm depth [4].

Figure 14. 
Sonochemical activation of Ni powder.
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2.5 Sonoluminescence

Sonoluminescence is a phenomenon that occurs when a small gas bubble is 
acoustically suspended and periodically driven in a liquid solution at ultrasonic 
frequencies, resulting in bubble collapse, cavitation, and light emission.

Sound waves are aimed at an air bubble trapped in a flask. The sound waves 
cause the bubble to oscillate furiously

• The bubble starts out at a size around 5 μm.

• It expands to itself up to 50 μm (roughly). At this large size there is a near-
vacuum inside the bubble because of the relatively few air molecules present. 
This low-pressure near-vacuum region is surrounded outside the bubble by a 
much higher-pressure region.

• A catastrophic collapse of the bubble to between 0.1 and 1 microns occurs.

• During this compression phase a flash of light emerges from the bubble.

The conversion of low energy density sound waves into light requires a concen-
tration of energy by a factor of 1 trillion (Figure 16).

2.6 Sludge treatment

Sludge treatment in waste-water treatment plants are one of the most difficult 
challenges. This new technology of treating water with ultrasound is quite helpful. 
Ultrasound treatment promote hydrolysis during sludge treatment.

The basic principal is based on the destruction of bacterial cells and organics. 
Bacterial cells release their contents, which are then available for consumption by 

Figure 15. 
Biomass valorization [20].
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other species. The organics are broken down into smaller fractions which can be 
readily biodegradable.

When an ultrasonic field is applied to a liquid medium, microbubbles are pro-
duced during the cavitation process. These cavitation bubbles implode under extreme 
high temperature and pressure. The force of the bubble implosions breaks up sludge 
particles when applied in sewage sludge treatment. The extent of the intended effects 
depends on the high or low intensity of the applied ultrasonic field [22].

3. Sonochemistry in market

3.1 Industrial level

When it comes to an industrial level of production, cost efficient and avoiding 
wasteful reactions is considered primary when we talk about catalysts, maximum 
efficiency is the main concern and it can vary depending upon the metals or any 
other precursors used. Heterogeneous catalysts containing two metals often show 
unusual activity or selectivity for a wide range of industrially important reac-
tions. Due to these reasons, catalytic studies of alloys, e.g., Fe/Co (as mentioned 
in the applications), was made using sonochemistry. Dehydrogenation of hydro-
carbons is the important and desirable reaction, and hydrogenolysis (to methane 
generally) is a wasteful side-reaction in industries because of its high activity 
(more than required) as hydrogenolysis catalysts for commercial usage [4].

3.1.1 Preparation of nanostructured alloys

All catalysts were treated under H2 gas flow at 400°C for 2 h which causes crystal-
lization before the catalytic studies. The catalytic selectivity is shown in Figure 1. 
Two different products were formed in the cyclohexane reaction. The first one is 
benzene from the dehydrogenation reaction and other one is aliphatic hydrocarbons 
from the hydrogenolysis. Fe/Co alloys are all active catalysts for cyclohexane conver-
sion the activity is higher for Co and decreases with increase in Fe content. Compared 

Figure 16. 
A setup similar to the following is required to create a bubble that can sonoluminescence.
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to pure metals, alloys generated much more dehydrogenation products. When 1:1 
ratio of alloys was used, it had the highest selectivity along with higher dehydrogena-
tion activity. The sonochemical preparations inevitably produce catalysts with small 
amounts of surface carbon and hence with high dehydrogenation selectivity com-
pared to less selectivity of conventionally prepared ones [4] (Figures 15 and 16).

3.1.2 Preparation of nanostructured molybdenum carbide

To compare the activity, dehydrogenation versus hydrogenolysis of cyclohexane 
served as the standard reaction using a flow catalytic micro-reactor. Commercial 
ultrafine powders of platinum and ruthenium were also used remove surface con-
taminants under identical conditions, after heating at 400°C for 3 h under H2 flow 
to. At all reaction temperatures examined, benzene was the only product formed for 
both samples and their activities were comparable and no hydrogenolysis product 
was detected. Results showed that for dehydrogenation of alkanes, sonochemically 
prepared nanostructured molybdenum carbide has electivity similar to Pt rather 
than to Ru [4, 23] (Figures 17 and 18).

3.2 Biofuel production

Ultrasonication has recently received attention as a novel bio-processing tool for 
process intensification in many areas of downstream processing. Ultrasonic intensi-
fication (periodic ultrasonic treatment during the fermentation process) can result 
in a more effective homogenization of biomass and faster energy and mass transfer 
to biomass over short time periods which can result in enhanced microbial growth. 
Ultrasonic intensification can allow the rapid selective extraction of specific bio-
mass components and can enhance product yields which can be of economic benefit 
[24]. During lipid extraction from biomass, the physical effects of ultrasonication 

Figure 17. 
Catalytic dehydrogenation versus hydrogenolysis.
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can significantly enhance the lipid yield. Micro-turbulence can lead to a more effi-
cient mixing of the biomass and solvent (without induction of shear stress), while 
shock waves can cause rupture of the cell wall. Ultrasound can also generate intense 
local turbulence in the medium, pushing the extracted lipids away from the surface 
of the microbial cells, and thus, maintaining a constant concentration gradient for 
continuous diffusion of lipids from the cells [24] (Figure 19).

4. Conclusion

A diverse set of applications of ultrasound to enhancing chemical reactivity has 
been explored, with important applications in mixed phase synthesis, materials 
chemistry, and biomedical uses. Bubble collapse in liquids results in an enormous 

Figure 18. 
Selectivity for cyclohexane dehydrogenation (to benzene) over hydrogenolysis (to methane) by sonochemically 
prepared Fe/Co alloy.

Figure 19. 
Catalytic activity of sonochemically prepared Mo2C compared to Pt.
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concentration of energy from the conversion of the kinetic energy of liquid motion 
into heating of the contents of the bubble. The enormous local temperatures and 
pressures so created provide a unique means for fundamental studies of chemistry 
and physics under extreme conditions. For example, the sonochemical decomposi-
tion of volatile organo-metallic precursors in high boiling solvents produces nano-
structured materials in various forms with high catalytic activities. Nanostructured 
metals, alloys, carbides and sulfides, nanometer colloids, and nanostructured 
supported catalysts can all be prepared by this general route.
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Chapter 6

Ultrasound Technology 
Integration into Drinking Water 
Treatment Train
Raed A. Al-Juboori and Les Bowtell

Abstract

Fresh water is one of the main sources for drinking water production. Due to 
increasing contamination caused by extreme weather events such as flood and 
drought as well as urbanization activities, the quality of this source continues 
to deteriorate. In order to maintain producing high-quality water from heavily 
contaminated sources, more chemicals are added to water in conventional treat-
ment plants. This practice generates serious health problems such as the formation 
of disinfection by-products (DBPs) and the increase of coagulants residues (e.g., 
Al) in the treated water. Combining chemical-free techniques with conventional 
treatment processes can be a potential solution for such problems. When evaluat-
ing various techniques, ultrasound appears to be a sensible choice for improving 
contaminants removal from surface water. This chapter sheds light on the exacer-
bating problem of fresh water contamination and succinctly reviews chemical-free 
techniques’ options for water treatment. The focus of this chapter is directed 
toward providing critical and insightful discussion of fundamentals, mechanisms, 
and reaction pathways of ultrasound technology for water treatment applica-
tion. Recommendations for the best location and operating settings of ultrasound 
application in conventional water treatment train will be provided based on energy 
saving and minimal downstream impact criteria.

Keywords: ultrasound technology, pulse mode, square wave,  
dissolved organic carbon, coagulation, filtration and disinfection

1.  Common challenges in conventional drinking water treatment 
systems

Water is an essential element for living systems. It facilitates the transport of 
nutrients and waste products within the body of living creatures [1]. Surface water 
is one of the important supplies for drinking water production [2]. Recently, surface 
water has been increasingly contaminated by microorganisms, organic matter, 
particles, and solids due to the developing effects of human activities and climate 
change as is depicted in Figure 1 [3–5]. This increase in the concentration of surface 
water contaminants has led to the increase in the cost associated with the treat-
ment of water. The quality of the produced water has also deteriorated as a result of 
increased contamination. According to the World Health Organization (WHO), 5 
million death cases per year worldwide are caused by poor quality drinking water 
[6]. These problems have made the enhancement of surface water treatment to 
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cope with the increasing levels of contamination, an ultimate goal for the current 
research activities.

Technically, the performance of surface water treatment systems depends 
on the efficiency of individual treatment processes in removing contaminants. 
Conventional surface water treatment systems consist of coagulation/flocculation, 
filtration, and disinfection [1]. A number of operational and health problems arise 
in the surface water treatment process as a result of increasing contamination. The 
most common problems are high level of dangerous residual metal coagulants such 
as aluminum (Al) [7], fouling of filtration media [8], and the formation of hazard-
ous disinfection by-products (DBPs) [9].

Residual metals can cause operational and health problems. Increasing the Al 
concentration in water increases turbidity, causes filtration fouling, and interferes 
with disinfectants [10–12]. In addition to the technical problems, the residual Al 
in treated water can cause neuropathologic disorders, neurological diseases (e.g., 
Alzheimer’s and presenile dementia), and kidney diseases [10, 13].

Fouling of filtration/adsorption media is another challenge that is commonly 
encountered in potable water treatment processes. Fouling can occur as a result of 
the deposition of various foulants, such as solid particles, organic contaminants, 
inorganic contaminants, and microorganisms, onto various filter surfaces [14]. 
Fouling of filters results in extra cost and delay on the filtration process as well as 
reducing the quality of the water produced [15]. The deeply embedded microorgan-
isms in filtration media do not only act as a hidden source of pathogens but also 
release toxic metabolic products into water treatment systems [16].

The formation of DBPs is a result disinfectants (e.g., chlorine and ozone) reaction 
with the organic matter [17, 18]. DBPs include a wide spectrum of carcinogenic and 
mutagenic chemical complexes that pose a threat to both humans and the environ-
ment. The two most prevalent classes of DBPs in drinking water are trihalomethanes 

Figure 1. 
Sources of surface water contamination.
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(THMs) and haloacetic acids (HAAs) [19]. Total THMs (TTHMs) is the sum of four 
compounds: chloroform, bromodichloromethane, dibromochloromethane, and 
bromoform [20]. HAAs include nine compounds which encompass derivatives of 
HAAs (i.e., mono-, di-, and trihaloacetic acid) and iodine and bromine containing 
HAAs [19]. The most common HAAs are di- and trihaloacetic acid. Epidemiological 
and toxicological studies indicated that the human exposure to chlorinated water 
containing DBPs may lead to bladder cancer [21], deterioration in liver function-
alities, kidney and nervous system [22], and congenital diseases [17]. Therefore, a 
maximum contamination level (MCL) of DBPs has been set for different countries 
around the world. For instance, the MCL of THMs in Australia is 250 μg L−1, while 
the MCL of monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), and 
trichloroacetic acid (TCAA) are 150, 100, and 100 μg L−1, respectively [22, 23].

2. Physical methods for drinking water treatment

Research efforts have been directed toward minimizing the challenges encoun-
tered in surface water treatment systems. It is obvious that the increasing levels of 
contamination and the conventional chemicals used for treatment are the main 
reasons behind these challenges. Hence, the quantities of chemicals added to water 
should be minimized without compromising the quality of the treated water. To 
this end, chemical-free (henceforth referred to as physical) treatment methods are 
recommended to be applied in surface water treatment schemes. It should be men-
tioned here that this study focuses on organic and microbial contamination; hence, 
the discussion in the following sections will be confined to aspects pertaining to the 
removal of such contaminants.

The common physical treatment methods include pulsed-electric field and 
plasma discharge [24, 25], magnetic field [26], hydrodynamic cavitation [27], ultra-
violet (UV) light [28], and ultrasound [29]. The combinations of physical-physical 
treatments such as UV light and ultrasound and physical-chemical treatments such 
as ultrasound and chlorine dioxide, ultrasound and ozone, and UV and ozone are 
also recommended [30].

2.1 Organic contamination

The organic contamination of natural surface water is represented by the exis-
tence of natural organic matter (NOM) in water sources. NOM can be categorized 
based on size into particulate organic carbon (POC) and dissolved organic carbon 
(DOC). NOM fraction that passes through 0.45 μm filter is termed as DOC, while 
the retained fraction is termed as POC. The latter only forms 10% of NOM and can 
easily be removed from water [31]. Therefore, attention should be given to improv-
ing DOC removal from natural water.

2.1.1 DOC structure

DOC encompasses a vast array of organic materials that varies in their character-
istics spatiotemporally [32]. DOC can be classified into groups based on origin and 
structure. Origin-based classification categorizes DOC into three groups: alloch-
thonous, autochthonous, and anthropogenic [33]. Allochthonous is derived from 
natural decomposition of soil and plants, while autochthonous DOC is originated 
from algal and microbial activities. The anthropogenic DOC in surface water is 
emanated from human activities and wastewater treatment processes [33]. Potable 
water sources contain mainly allochthonous and autochthonous carbon [34]. 
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The concentration of autochthonous DOC in surface water depends strongly on the 
hydraulic residence time of water in reservoirs and this would naturally reduce its 
contribution to overall organic contamination. Hence, improving allochthonous 
DOC removal would be of more importance to drinking water treatment practices.

The structural classification mainly divides DOC into hydrophobic and hydro-
philic fractions [35]. The proportion of these fractions in natural water catchments 
depends on the carbon source and other factors such as microbial activities and 
natural photo-degradation. The hydrophobic fraction is comprised mainly of humic 
and fulvic acids, phenolic DOC, and double bond structures [36]. The hydrophilic 
fraction mainly contains aliphatic and nitrogenous compounds [35]. DOC structure 
is important from water treatment perspective as these fractions are associated with 
certain health and operational problems [37]. For instance, hydrophobic DOC is 
known to have a tendency to react with chlorine forming DBPs [38].

2.1.2 DOC removal mechanisms

The main DOC removal mechanisms of physical treatments are (i) chemical 
reactions (e.g., radicals attack), (ii) physical effects (e.g., shear forces, pyrolysis), 
and (iii) alteration of physical properties (absorptivity). A wide range of radicals 
are produced when exposing water to physical treatments such UV and ultrasound. 
The most important radical species is the hydroxyl (•OH) as it possesses a high oxi-
dation potential (2.8 V) that exceeds the oxidation potentials of common oxidants 
such as atomic oxygen (2.42 V), ozone (2.07 V), and hydrogen peroxide (1.78 V) 
[39]. The •OH pathway reactions with NOM include addition to double bonds and 
hydrogen and electron abstraction [35]. Chemical mechanisms are prominent in 
electrical and UV techniques, while the combination of both chemical and physical 
mechanisms is generated with techniques such as ultrasound and hydrodynamic 
cavitation [40]. Physical treatments that utilize magnetic fields can alter physical 
properties of DOC, making it more susceptible to removal via adsorption [6, 26]. 
It is worth mentioning that physical methods that produce •OH are also capable of 
altering the nature of remnant DOC [41].

2.1.3 DOC removal with physical methods

Generally, DOC removal levels are low with the physical treatments as stand-
alone technologies; however, combining these methods with chemicals addition 
can significantly boost DOC removal [35]. Chemical addition to some treatment 
methods such as UV and electrical methods can be problematic. For instance, the 
addition of TiO2 in photo-catalysis (UV/semi-conductors) requires an additional 
treatment to remove TiO2 particles from the treated water, and this in turn intro-
duces extra cost [42]. The addition of electrolytes such as NaCl [35], or KCl [43] 
in electrochemical oxidation can also cause some technical problems such as the 
conformational change of DOC [44] resulting in a compact fouling layer. Electrodes 
and UV lamps are also prone to fouling problems that require frequent maintenance 
[45]. Furthermore, the use of UV method, particularly vacuum UV (VUV), was 
found to produce undesired nitrite by-products [35]. Similarly, magnetic field 
technique can potentially cause some health problems. It was reported that the use 
of magnetically treated water negatively affects the functionality of rats’ kidneys 
suggesting that magnetic treatment can cause unstable changes to bio-mechanisms 
of tissue fluid [46]. Generally, electrical, magnetic, and UV treatments require mix-
ing to ensure uniform effective treatments which adds to energy requirements of 
these techniques. By way of contrast, mixing is not required for dynamic treatments 
such as ultrasound and hydrodynamic cavitation. These treatments were also found 
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to have benign environmental effects [47]. However, hydrodynamic cavitation has 
some disadvantages such as the unclear effect of operating parameters on cavitation 
events [48], the requirement of long treatment time to achieve perceptible change, 
and mechanical erosion of equipment [47]. The main disadvantage of ultrasound 
is high operational energy demand [49], nevertheless the installation and mainte-
nance cost is low due to its simple configuration [50]. Recent studies have reported 
that ultrasound is more energy efficient compared to hydrodynamic cavitation and 
UV in removing organic materials [25].

2.2 Microbial contamination

Various species of microbes are present in surface water. However, microbial 
contamination of water is normally evaluated through indicators such as total 
coliform and E. coli [51]. The mechanisms of microbial removal/inactivation using 
physical treatment methods are similar to those of NOM removal. The produced 
highly oxidative agents attach the structure of microbes weakening their resistance 
to the surrounding environmental conditions. Similar microbial structural damage 
can be induced by the strong mechanical effects such as powerful turbulences and 
shockwaves. Generally, UV and electrical disinfection techniques rely on chemical 
effects; with ultrasound and hydrodynamic cavitation, the mechanical effects have 
a more prominent role as opposed to thermal and chemical effects [52].

As far as the performance is concerned, UV and electrical techniques have the 
disadvantages of producing mutagenic activities and low performance with turbid 
water [14, 53]. Hydrodynamic cavitation has some shortcomings as mentioned in 
Section 2.1.3. In contrast, ultrasound technology has advantages of being envi-
ronmentally friendly and easy to implement and control, which outweighs the 
disadvantage of high energy demand. Even the high energy demand reputation for 
ultrasound technology may be attributed to the inefficient utilization of energy in 
this technology which will be discussed further in the coming sections.

Given the potential of ultrasound technology in solving the emerging problems 
in drinking water treatment process, this chapter will provide critical review on this 
matter.

3. Ultrasound technology

3.1 Fundamentals of ultrasound

Ultrasound is a longitudinal wave with frequency ranges between 16 kHz and 
500 MHz [54]. The propagation of ultrasound waves through water produces 
alternating cycles of positive and negative pressure. When the magnitude of the 
ultrasonic pressure exceeds the tensile strength of the liquid, cavitational bubbles are 
created. The formed cavitational bubbles and existing gas bubbles in the liquid grow 
to a size larger than their original size during the negative cycle of the ultrasonic 
pressure. Some bubbles grow to a very large size due to gas transfer across bubble 
skin (rectified diffusion) or coalescence with other bubbles, and eventually float 
to water surface. Other bubbles collapse during the positive cycle of the ultrasonic 
wave. In terms of collapse intensity, there are two kinds of bubbles; bubbles with 
gentle collapse “stable bubbles” and bubbles with severe collapse “transit bubbles” 
[55]. There are two sources for bubbles generated in ultrasonically excited water: dis-
solved gas and gas entrapped in crevices of solid surfaces. The formation of bubbles 
from dissolved gas is normally termed as homogeneous cavitation, while bubbles 
formation on liquid-solid interface is termed as heterogeneous cavitation [56].



Sonochemical Reactions

86

The physics and chemistry of transit bubbles are of interest from water treat-
ment perspective owing to the powerful effects produced from such bubbles 
collapse. These effects are represented by the generation of localized areas of high 
temperature and pressure of around 5000 K and 500 atm, respectively, usually 
referred to as hot spots [40]. There is a variation in the temperature profile within 
the localized areas of hot spots which determines the nature of reactions occurring 
in each area. The three recognized zones of the hot spots are [40, 57]:

A. Thermolytic center represents the center of the cavitational bubble. During bubble 
collapse, the temperature and the pressure of this zone reach approximately 5000 K and 
500 atm, respectively. The materials phase in this region is gaseous, so it can be 
inferred that the high temperatures in this region can lead to the thermolysis of 
the volatile DOC and water vapor exist in the region [58]. The thermolysis of 
water vapor produces free radicals that can further decompose volatile DOC.

B. Interfacial zone is present between bubble skin and the bulk solution. The 
thickness of this region is around 200 nm, and the life time of this region is 
about 2 μs [57]. The temperature in this region reaches to approximately 2000 K 
at the final collapse of the bubble [59]. The material phase in this region is a 
supercritical fluid. The high temperature in the interfacial zone facilitates the 
thermolysis and the oxidation of nonvolatile DOC.

C. Bulk solution region: the pressure in this region is equal to the ambient pres-
sure; whereas, the temperature is variable depending on ultrasound operating 
parameters. The hydroxyl radicals recombine in the bulk solution region producing 
hydrogen peroxide, which in turn can oxidize nonvolatile DOC.

Bubble’s oscillation and collapse generate acoustic streaming, microstreaming, 
microjetting, turbulence, shock wave, and shear stress [60]. Acoustic streaming 
is defined as the convective liquid motion due to the passage of ultrasound waves. 
Microstreaming is the liquid motion in the adjacent area to oscillating bubbles. 
Microjetting is the resulting liquid motion from bubble symmetrical collapse close 
to the solid/liquid interface [61]. The physical and chemical effects of ultrasound 
can be harnessed for organic and microbial contamination removal.

3.2 Effects of acoustic cavitation events on water contaminants

Figure 2 illustrates the physical and chemical effects of ultrasound on water con-
taminants. The physical effects such as the powerful turbulences and shock waves can 
disintegrate organic and microbial structures, as reported by several studies [49, 60].

Chemical effects of ultrasound are evident through the liberation of highly reac-
tive species that have the capacity to cleave chemical bonds. The reactive species are 
short lived intermediates [62]; therefore, their effect is expected to occur only dur-
ing the short time of the bubble’s collapse. As explained earlier, volatile compounds 
are likely to decompose in the thermolytic center due to the effects of free radicals.

The nonvolatile compounds in water are divided into two groups: hydrophobic 
and hydrophilic compounds. The repulsive nature of hydrophobic compounds 
to water forces these compounds to accumulate in the area adjacent to collapsing 
bubbles, which in turn facilitates the ultrasonic-induced chemical decomposition of 
these compounds by free radicals, as demonstrated in Figure 2. The case is different 
for nonvolatile hydrophilic compounds, as the concentration of such compounds 
in the sheath around the bubble is similar to that in the bulk solution region. So the 
hydrophilic compounds are either chemically disintegrated by free radicals and their 
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recombination products or mechanically destructed via the mechanical shear and 
shock waves resulting from bubble oscillations and collapse [63]. The shear stresses’ 
and shock waves’ degradation of organic materials is attributed to the slight phase dif-
ference, especially for humic polymeric structures. Many researchers have reported 
the capacity of shear stresses and shockwaves on breaking the chain structure of 
polymeric organic materials or opening the ring structure of cyclic organic materials 
[57]. Additionally, the extreme conditions in the collapsing bubble’s center and the 
surrounding areas can lead to the formation of acids [64], which can reduce the solu-
bility of humic acid and consequently increases its degradation by the physical effects.

Although inorganic contaminants are outside the scope of this study, it is 
worth mentioning that microstreaming and generated oxidative species instigated 
by bubble collapse are the main ultrasonic removal mechanisms for these con-
taminants [65].

Figure 2. 
Mechanisms of acoustic cavitation in degrading water pollutants.
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3.3 Methods of producing ultrasound waves

Ultrasound waves are commonly generated by converting electrical power into 
vibration using transducers. There are two types of transducers: piezoelectric and 
magnetostrictive [66]. A graphical representation of these transducers is shown 
in Figure 3. For piezoelectric transducers, the vibration is created via exciting 
the piezoelectric crystal with electrical current, as demonstrated in Figure 3a. In 
the case of magnetostrictive transducers, the electrical current is passed through 
coils inducing a magnetic field that causes contraction and expansion of the fer-
romagnetic core (Terfenol-D of Nickel in most cases), as shown in Figure 3b. 
Comprehensive comparison between the characteristics of magnetostrictive and 
piezoelectric transducers is provided in [67]. Although the performance of magne-
tostrictive transducers outstrips that of piezoelectric transducers [68, 69], there is 
limited number of studies concerning the use of these transducers for water treat-
ment applications.

3.4 Modes of operation

Ultrasound irradiation can be applied in two modes: continuous and pulsed. 
Continuous mode is more commonly used for water treatment application com-
pared to the pulsed mode. In pulsed mode, the operation is interrupted for a preset 
amount of time. The period during which ultrasound operates is known as pulse; 
whereas, the interruption time is normally termed as interval. The pulse and inter-
val are denoted, respectively, as On and Off periods. The On:Off ratio is commonly 
denoted as R. Operating ultrasound in a pulsed mode is more energy-efficient due 

Figure 3. 
Common ultrasonic wave generation techniques: (a) piezoelectric and (b) magnetostrictive.
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to minimizing bubble’s cloud size that occurs near the irradiating surface especially 
at high-power levels (reduction of shielding effects) [57]. During the Off period, 
the ineffective cloud bubbles dissolve and/or float to the surface leaving less number 
of ineffective bubbles close to the irradiating surface, which means less energy 
is absorbed/scattered by bubbles [70], as illustrated in Figure 4. Other positive 
aspects of applying pulsed mode ultrasound include improvement of pollutants 
transport to reaction sites of collapsing bubbles, spatial enlargement of the active 
zone, and utilization of acoustic residual energy during the Off period. Operating 
ultrasound in pulsed mode also reduces temperature rise that can be undesirable for 
some water treatment applications such as filtration [14].

Operating ultrasound in pulsed mode does not always result in improved 
performance [71]; it depends on applying a suitable power level for the chosen R 
ratio. Hence, optimizing pulse ratios and power levels are of utmost importance for 
pulsed ultrasound applications. Using pulsed ultrasound for water contaminants 
removal was investigated by a limited number of studies, such as the studies con-
ducted by [72, 73]. These studies dealt only with synthetic water samples. Recent 
studies proved the capability of pulsed ultrasound in removing natural water 
contaminants [74].

3.5 Parameters affecting ultrasound effectiveness

Like other treatment technologies, the performance of ultrasound is influenced 
by several factors. These factors can be broken down into three groups: system 
operating conditions, medium characteristics, and design-related aspects. The 
operating parameters of ultrasonic equipment include power, frequency, treatment 
time, mode of operation, and shape of the exciting waves (i.e., sine, triangle, etc.). It 
is known that increasing the power results in more intense ultrasonic effects; how-
ever, power impact normally follows a logarithmic growth trend, where increasing 
beyond a certain limit can only results in little improvement. Frequency has a direct 

Figure 4. 
Illustration of pulsed mode alleviation of shielding effects.
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relationship with cavitation threshold; therefore, the higher the frequency, the more 
the power required to generate cavitation bubbles [75]. As discussed in the previous 
section, pulsed mode is more energy-efficient than the continuous mode. Among the 
common exciting waves’ shapes, square wave has the highest ultrasonic effects [67].

Medium characteristics such as viscosity, pressure, temperature, and contents of 
solid and gas impurities can affect the intensity of ultrasound effects. Viscosity has a 
negative effect on the generation and collapse of cavitating bubbles. It is difficult for 
ultrasonic waves to propagate through a viscous medium due to high cohesion forces; 
hence, less effective acoustic events would be achieved [76]. In the case of typical 
surface water treatment system, change in water viscosity is not expected to occur, 
and hence the effect of this factor can be ignored. The effect of the ambient pres-
sure on ultrasound comes into play only when dealing with closed system treatment 
chambers. Increasing the ambient pressure has two conflicting effects: decreases the 
vapor content in the collapsing bubble leading to more effective bubble collapse [54] 
and at the same time negatively affects bubble growth leading to less violent collapse 
[77]. The ambient temperature impacts ultrasound performance in a similar fashion. 
Increasing the temperature facilitates bubbles formation due to reduction in medium 
viscosity; however, the vapor content in the formed bubbles would be high leading to 
a less violent collapse (cushioning effects) [77]. It should be mentioned that increas-
ing the ambient temperature can accelerate both microbial disruption and chemical 
reactions under the effect of ultrasound [54, 77]. This means that the net tempera-
ture effect on ultrasound performance is positive.

The impact of solid particles and dissolved gas bubbles depends on their nature 
and the treatment purpose. Bubbles formed from gases with high specific heat ratio 
produce better cavitation effects (higher temperature and larger number of radi-
cals) compared to those generated from gases with low specific heat ratio [78]. The 
presence of solid particles in water can be beneficial if the treatment is targeting 
microbes’ removal [79, 80], or adverse if the treatment goal is DOC removal [81]. In 
the case of surface water treatment, the dissolved gas would mostly be air resulting 
in relatively high acoustic effects compared to other gases such as O2 and Ar [82]. 
The presence of solids in surface water is inevitable, and they would be a mixture of 
soil aggregates that release DOC upon ultrasound exposure [81] and solid particles 
that promote heterogeneous cavitation [80].

The aspects of ultrasonic reactor design such as reactor shape and liquid height 
play crucial roles in the homogeneity of acoustic energy distribution and the uni-
formity of treatment across the treated volume. Generally, reactors with curva-
tures (e.g., conical or cylindrical) are more effective in utilizing ultrasound power 
compared to the standard rectangular-shaped reactors [83, 84]. This is attributed 
to the reflection of the waves back from the curved walls to the water in different 
directions resulting in more acoustic events. However, reactors with flat surfaces 
are easier to design and modify to accommodate monitoring and measurements 
equipment [57]. An example of such a design is the hexagonal reactor proposed 
by Gogate et al. [85], where waves can still be reflected from the walls. The liquid 
height has a negative effect on ultrasound performance; the further away the 
contaminants are from ultrasonic source, the less effective the treatment is [57]. 
Interestingly though, in a study conducted by Asakura et al. [86] on the effect of 
liquid height on ultrasound chemical activity at different frequencies showed that 
at largest height investigated (500 mm), low frequency ultrasound resulted in the 
highest chemical throughput compared to other tested frequencies (>100 kHz). 
In the same manner, Sharma and Sanghi [87] reported that low frequency results 
in better distribution of acoustic energy in large-scale volumes. This suggests that 
low frequency ultrasound operation has the potential to be successfully scaled up 
to industrial levels.
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3.6 Ultrasound scalability in surface water treatment

The scalability of ultrasound technology for drinking water treatment purposes 
requires multi-disciplinary expertise such as chemistry, electrical engineering, 
chemical engineering, material sciences, etc. One essential step toward scalability is 
applying an accurate energy characterization technique. The use of an inappropri-
ate characterization method would produce discouraging energy figures that would 
be disincentive for industries interested in adopting ultrasound technology.

There are many techniques for determining the capacity of ultrasound equip-
ment in converting electrical power to useful acoustic energy. Among all the 
reported energy characterization techniques, calorimetric technique is the most 
commonly used owing to its simplicity and cost-effectiveness [88]. However, this 
technique must be carefully applied. The use of a single location for temperature 
measurements as being representative for the whole irradiated volume is not 
appropriate, especially for low power levels where standing wave effects are evident 
[89]. The other aspect that needs to be carefully considered is the heat loss via 
convection during the time of temperature recording. Convective heat loss would 
be more noticeable in the cases of high-power application and pulsed operation. At 
high ultrasonic power, the temperature rise is rapid which would accelerate thermal 
energy dissipation through the walls of the containing vessel to the atmosphere. In 
the case of pulsed ultrasound, long irradiation time is required to obtain tangible 
temperature rise and this would allow enough time for the generated heat to escape 
to the atmosphere. This explains why some studies have reported efficiency as low 
as 30% for ultrasonic horn [90], while others reported efficiency as high as 60–70% 
[91] for the same reactor type, as the latter used a sophisticated adiabatic reaction 
vessel that prevents convective heat loss.

Many scale-up attempts of ultrasonic reactors were reported in the literature 
[92]. The prominent approaches were: multistage reactors [49], flow-cells [93], 
sonitube [89], super-positioning multiple transducers of similar or different fre-
quencies [57], and the use of reflectors [94, 95]. The approach of combined multi-
transducers and reflectors seems to be a promising strategy for ultrasonic reactor 
scale-up as the interaction of waves emitted from transducers and the reflected 
waves from reflectors would enlarge the active zone in the reactor. However, it is 
worth mentioning that most of these scale-up attempts utilized the commercially 
available piezoelectric transducers that operate largely on sine wave excitation. 
Recent studies have shown that some waveforms other than the sine wave can result 
in better excitation of transducers [96]. Thus, exploring the use of other transducer 
types and waveforms in large-scale applications is imperative to provide broader 
and may be more efficient options to industry.

3.7 Ultrasound application in water treatment processes

3.7.1 Coagulation/flocculation

The common use of ultrasound in coagulation process is as a pre-treatment for 
the process to improve blue-green algae removal [97]. The presence of blue-green 
algae in the water treatment system has been associated with many problems such 
as clogging membrane pores, undesirable taste and odor, production of DBPs, and 
the release of toxic compounds such as Microcystin [98]. Ultrasonic mechanism 
for algae removal is ascribed to the destruction of gas vacuoles that are responsible 
of algae buoyancy [97]. There is also a recent study that has utilized ultrasound as 
a mean of mixing for algae removal using chitosan [99]. Removing algae requires 
applying low frequency, moderate input power, and short treatment time.
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The application of low power ultrasound for a short treatment time in algae 
removal applications can solve the seasonal problem of algal bloom, but it does not 
tackle the problems of other forms of contamination that occur all year around. 
For better implementation of ultrasound in water treatment, the use of moderate 
to high ultrasonic power and long treatment should be applied for such applica-
tions. There is a very limited work conducted on the use of high-power ultrasound 
in combination with coagulation such as the work performed by Ziylan and Ince 
[100]. However, this work only focused on DOC removal levels, while DOC struc-
tural change and downstream effects of the treatment were not investigated. These 
factors were explored in [74], and it was found that ultrasound is not only capable 
of removing contaminants, but it also alters the structure of remnant contaminants 
making them more amenable to downstream treatment processes. It was also 
observed that ultrasound application eliminated scum formation and resulted in 
more compact coagulation/flocculation sludge.

3.7.2 Filtration

Ultrasound technology has been harnessed by many investigations for alleviat-
ing fouling problems in membrane filtration. Ultrasound-assisted membrane tech-
nology can be applied in two ways: cleaning or pre-treatment techniques. Ultrasonic 
cleaning of membrane filtration can be performed directly or indirectly. In direct 
ultrasonic-membrane cleaning, there is no barrier that isolates the membrane 
from ultrasound irradiation [57]. In an indirect ultrasonic-membrane cleaning, 
the membrane is isolated from ultrasonic irradiation by the membrane cell body. 
Most of the reports regarding ultrasound-cleaning membranes dealt with flat sheet 
membranes; however, in a few cases, ultrasound was also used for cleaning hollow 
fiber membrane modules [101] and capillary membrane fibers [102].

Although ultrasonic cleaning has been recognized by many studies as an effective 
alternative to chemical cleaning, there are still some shortcomings that limit its applica-
tion in membrane fouling control such as dependence of cleaning effectiveness on the 
distance between the effective cavitational region and membrane and the detrimental 
effect on membrane construction materials, as shown in Figure 5. Deteriorating the 

Figure 5. 
Illustration of negative effects of direct high-power ultrasound on membrane structure.
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structure of the membrane filter could potentially lead to a failure in filtration. Thus, 
the direct interaction between ultrasonic irradiation and membrane should be avoided, 
especially for high-power applications (up to and beyond cavitation).

As a pre-filtration process, it was found that ultrasound is capable of reduc-
ing bio-fouling formation in membrane systems [103]. Ultrasound can also 
remove other contaminants, as indicated in Figure 2. In spite of the advantages 
of ultrasound as a filtration pre-treatment, there are some concerns related to the 
disintegration of the contaminants into smaller sizes, which may then lead to a 
pore-plugging type of fouling [104]. For this reason, distancing ultrasound from 
the filtration process is recommended.

3.7.3 Disinfection

Ultrasound is recognized as the most effective disinfection technique for all 
forms of microbial contamination even for recalcitrant microbes and spores [47, 49, 
77, 105–107]. As explained in Section 3.2, the powerful biocidal effects of ultra-
sound are attributed to the strong chemical and mechanical effects produced from 
cavitational bubble’s collapse. Disinfection is typically applied after filtration at 
the end of the surface water treatment process. The purpose of disinfection is to dis-
infect water onsite and prevent microbial growth in the water while moving within 
the distribution network. However, as ultrasound has no residual effect, it would be 
more beneficial to apply ultrasound in the earlier stages of surface water treatment.

4. Conclusions and recommendations

The recent challenges in drinking water treatment industry emanating from the 
ever-increasing contamination sources and the application of traditional chemical treat-
ment methods have been highlighted in this chapter. Integrating physical techniques 
into the conventional drinking water treatment scheme has been proposed as a potential 
solution for these challenges. Among the common physical techniques, ultrasound 
technology appears to be the most promising option. Ultrasound can produce powerful 
effects associated with the generation and collapse of unstable bubbles. These effects are 
capable of destructing microbes and mineralize organic contaminants through the pro-
duction of highly oxidant species and strong mechanical effects. Appropriate utilization 
of ultrasound effects can only be achieved through understanding the relationship 
between ultrasonic parameters and the properties of the water being treated. The effect 
of some ultrasonic parameters such as power and frequency are extensively investigated 
for different treatment goals; however, this chapter attempts to draw the attention to 
other equally important parameters such as techniques of ultrasonic wave generation, 
mode of operation, and the shape of the generated waves. It appears that the best 
ultrasonic settings for water treatment application are moderate to high power for long 
treatment time, low frequency, pulsed mode, and square wave generated using magne-
tostrictive transducer. After critical evaluation of the possible combination scenarios of 
ultrasound with main drinking water treatment processes, it was concluded that apply-
ing ultrasound prior to coagulation is the most beneficial option as other combinations 
may create adverse downstream effects. Hence, further in-depth investigation for the 
suggested combination is recommended for future research work.
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Abstract

The purpose of this chapter is to summarize potential applications of the high-
power ultrasound technology (5 W/cm2; 20–100 kHz) in the food industry. Those 
applications are mainly related to the improvement in mass and energy transfer in 
different processes when ultrasound is applied in water or through air, e.g., reduc-
tion in dehydration; thawing and freezing times and energy costs of plant-, meat-, 
or fish-based products; increase the extraction yields of intracellular compounds 
with biological activity; reduction of chemical health risks such as cadmium or 
acrylamide; etc. The influence of some physical parameters like temperature and 
pressure in cavitation intensity and the potential of this technology to even inac-
tivate microorganisms in food products and surfaces in contact with food will be 
discussed. Several examples of these applications will be presented, with reference 
to some of the industrial or pilot plant systems available in the market to be imple-
mented in the food industry.

Keywords: mass transfer, heat transfer, cavitation, food preservation, food quality

1. Introduction

Ultrasound is considered an emerging technology in the food industry that 
is gaining interest due to its potential to improve several process including mass 
and energy transfer processes among others. It also enables to obtain safer and 
higher quality products than with traditional procedures. Furthermore, it should 
be remarked that it is also considered a safe, nonpolluting and environmentally 
friendly technology [1].

Ultrasonic technology consists of the application of mechanical waves with 
frequency over the threshold of human hearing (>16 kHz) [2]. Depending on  
its frequency and intensity, the ultrasonic spectrum can be further divided into low-
frequency (20–100 kHz) high-power (>1 W/cm2) ultrasound and high-frequency 
(>100 kHz) low-power (<1 W/cm2) ultrasound. Low-power ultrasound is applied for 
noninvasive and nondestructive analyses, and it is mainly used in other areas such as 
medicine and cosmetics. In the food industry, this type of ultrasonic waves is basically 
used for process and quality control (e.g., fluid flow and container filling control, 
location of foreign bodies, or evaluation of the homogenization and/or emulsifica-
tion efficiency). In contrast, high-power ultrasound is able to produce changes in 
the material or process to which they are applied, and it is used in a large variety of 
processes in the food industry (e.g., surface cleaning and decontamination, microbial 
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and enzymatic inactivation, degassing, defoaming, and improvement of mass 
transfer, among others). Therefore, high-power ultrasound is the one of great interest 
in the food industry, and in this chapter, it will be discussed in more detail.

2. Effects of ultrasound in food matrices mechanism of action

Ultrasonic sound waves propagate through air, water, and solid media, generating 
pressure variations that cause the vibration of particles in the medium. The effects of 
the application of high-power ultrasound in food products are therefore dependent 
on the medium of propagation (liquid, solid or gas) and also on the parameters of 
the process such as frequency, intensity, pressure, and temperature, among others. 
Applying ultrasound in liquid medium is the simplest and the most common process in 
the food industry. Cavitation is the main phenomenon responsible of ultrasound effects 
when applied to a liquid. Basically, cavitation occurs when the microbubbles present in 
the liquid increase in size as a result of the cycles of high and low pressure generated by 
the ultrasonic waves until they become unstable and collapse releasing a large amount 
of energy (theoretically up to 5000 K and 1000 atm) [1]. As a consequence, different 
effects are generated. These can be divided into physical and chemical effects. Within 
the physical effects, microjets and microstreaming phenomena are the most relevant 
ones. Microjets are high-pressure water streams projected to the surface of solids that 
lead to the formation of pores and surface erosion, causing the release of material into 
the medium depending on the intensity of the jets. By contrast, microstreaming occurs 
in the middle of the surrounding liquid, and when its speed is high enough, it can break 
membrane cells, release intracellular enzymes, etc. [3]. These physical effects are more 
likely to occur at low frequencies (20–40 kHz) when the number of cavitation spots is 
low but the energy associated to them is higher. At higher frequencies (80–100 kHz), 
the number of spots is higher, but bubble size is smaller, so the energy released is 
lower and the prevalent effects are mainly chemical [4]. The primary radicals that are 
generated by ultrasound are H• and •OH, which can be then recombined to form other 
reactive species (H2, H2O2) [5]. Therefore, depending on both the ultrasound intensity 
and, mainly, frequency, different effects, physical or chemical, are produced.

On the other hand, when an ultrasonic wave passes through a solid medium, it 
produces a series of alternating contractions and expansions, a phenomenon known 
as the “sponge effect,” which facilitates the transfer of matter with the medium 
surrounding the solid [6]. Moreover, this mechanical stress can cause the formation 
of microchannels in the interior of the solid, also favoring mass transfer processes. 
In this case, it is unlikely that the cavitation phenomenon would occur in the liquid 
phase of the solid matrix [7].

Finally, although the application of high-intensity ultrasound is more com-
plicated in gas medium, its effects on the solid/gas interface are particularly 
interesting, including pressure variation, oscillating flow, and microstreams [8]. 
The development of efficient ultrasonic systems to be applied in for gas medium 
is highly limited by the power loss that occurs when sound waves are propagating 
through air and by the mismatch between acoustic impedances of gases and solids 
or liquids [9]. As it will be discussed below, its main application is the improvement 
of food dehydration processes and defoaming.

3. Factors affecting cavitation

In the food industry, ultrasound is applied trough a liquid media in most appli-
cations, becoming cavitation the main mechanisms of action in these processes, as 
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pointed out above. However, in order to apply ultrasound effectively to these food 
matrices, it is necessary to consider a group of factors influencing the cavitation 
phenomenon, including the characteristics of the ultrasound source (frequency, 
amplitude, ultrasonic supplier), characteristics of the treatment medium (solid 
particles, gas bubbles, viscosity), and treatment conditions (pressure and tem-
perature) [2]. Regarding the characteristics of ultrasound source, the frequency 
and amplitude are the most important parameters that condition the effects of the 
treatment. As stated above, frequency determines the size of the bubbles and, thus, 
the intensity of the implosion. Amplitude is directly related to the amount of energy 
supplied to the system and the ultrasonic intensity [3]. At high amplitudes, the 
oscillation of the bubbles is higher, being the implosion more powerful and lead-
ing to further effects derived from cavitation. However, depending on the desired 
effects, this may not always be of interest, and therefore it is essential to optimize 
the treatment parameters. For example, for hydrating thawed cod fillets, the highest 
weight gain (18%) of fillets after 48 hours of hydration was observed when apply-
ing the 10% of the power of an ultrasound system of 35 kHz and 200 W. When 
ultrasound was working at the maximum amplitude of the system (100%), 12% 
of weight gain was observed, which was a lower value than that of the control 
process without using ultrasound (14%) [10]. As it will be discussed later on, both 
frequency and amplitude condition the ultrasonic supplier which defines the way of 
application of ultrasound to the product and its effects.

Besides the state of the treatment medium (solid, liquid or gas), solid 
particles, gas bubbles, and viscosity also influence cavitation. The presence 
of solid particles and gas bubbles act as nucleation points which enhance the 
formation of bubbles reducing the effects of cavitation. Regarding the viscosity 
of the medium, bubble formation is more difficult the higher the viscosity of 
the medium is, but the implosion is more powerful. Moreover, ultrasound has 
interesting effects in viscous products in order to improve energy transfer as it 
will be discussed below.

Finally, temperature and static pressure are key factors conditioning cavita-
tion which are modified depending on the application. Thus, the increment of 
temperature reduces the viscosity of the medium and raises the vapor pressure 
enabling bubble formation. However, the amount of vapor inside the bubbles 
increases with temperature, producing the cushioning of the collapse and 
leading to a lower intensity of cavitation. Therefore, it is considered that there 
is an optimal temperature at which acoustic cavitation is maximum [11]. On the 
contrary, when pressure increases, cavitation is hindered, but when the implo-
sion happens, the energy released is considerably higher. Based on these effects 
of temperature and pressure, two processes have been defined: manosonication 
(MS) and manothermosonication (MTS) which have been shown to offer new 
possibilities of ultrasound at temperatures near or even above 100°C as it will be 
commented later on.

In summary, many factors have to be considered when designing ultrasound 
equipment and processes in the food industry in order to secure an efficient 
application.

4. Basic ultrasound systems used in the food industry

Since the application of ultrasound in the food industry is very dependent on the 
ultrasound supplier, it is worthy to consider this point.

There are different ultrasound systems for food applications depending on the 
treatment medium and the desired effect. It is essential to achieve a successful fit 
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between application system and treatment medium in order to be able to transfer 
the maximum amount of acoustic energy to the medium. As indicated, the appli-
cation of ultrasound through liquid medium is the most used in the food industry. 
For this application, commercial equipment can be divided into two types: 
ultrasound water baths (indirect application) and probes or horns (direct applica-
tion). Ultrasonic water baths are widely used due to their lower price and easy 
maintenance. They consist of a tank to which one or more piezoelectric transduc-
ers (40–130 kHz) are connected at the bottom or at the sides and the generated 
sound waves are propagated through the water or other liquid medium in which 
the food product is immersed (Figure 1(a)) [12]. The ultrasonic intensity is low 
(0.1–1 W/cm2), and the treatment is less homogeneous throughout the volume 
due to the formation of nodes [11]. In the food industry, this type of equipment 
has been used for surface cleaning, degassing, enzymatic and microbial inactiva-
tion, improvement of mass transfer, etc. [13]. On the other hand, horn or probe is 
a direct system in which the food product is in contact to the ultrasound supplier. 
These equipment allow to apply higher intensities (>5 W/cm2) than water baths, 
but they are more expensive. In these systems, three parts can be differenced 
(Figure 1(b)): the transducer, the amplifier of the ultrasonic signal, and the 
horn. The tip of the horn has to be introduced into the sonication medium, so 
this design is mainly used for treating liquid foods, but application in solids has 
also been described [14, 15]. Depending on the shape of the horn, its application 
will be determined and used for cell disruption, homogenization, cutting of soft 
products, etc. [16].

The equipment developed for the application of ultrasound through the air 
(called airborne) is less common due to the difficulty of its design. The type of 
transducer used for this application differs depending on the application: stepped 
plate, ribbed plate, stepped-ribbed plate, and cylindrical radiator [1, 13, 17]. The 
basic structure is a piezoelectric transducer in sandwich configuration and an 
amplifier or horn (Figure 1(c)). The horn is attached to a radiator which vibrates, 
and due to its surface, the resistance increases, and the differences in impedance 
between the transducer and medium are reduced. This kind of systems is very well 
described in the works of Gallego-Juárez et al. [1] and Charoux et al. [17], among 
other publications.

5. Applications of high-power ultrasound in the food industry

In recent years, numerous applications of high-power ultrasound have been 
developed in food processing, including product quality control, emulsification, 
food preservation, and improvement of mass and energy transfer processes. Some 
of these applications are summarized in this part of the chapter.

Figure 1. 
Ultrasound generation systems: (a) ultrasonic bath, (b) probe or horn, and (c) airborne transducer.
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5.1 Emulsion formation

The use of ultrasound for obtaining emulsions was one of the first applications 
in the food industry. An emulsion is a heterogeneous system formed by two immis-
cible liquids in which one of them is dispersed in the other in the form of small 
droplets with a diameter—in general—lower than 1 mm.

Li and Fogler [18, 19] originally proposed a mechanism for explaining the emul-
sifying capacity of ultrasound that was later confirmed by high-speed photography 
[20], consisting of two steps. First, the acoustic waves generate instability at the 
interface of the two liquids, causing large drops of oil to propel them into the aque-
ous phase. Second, cavitation produces microcurrents and shear forces that reduce 
the droplet size needed to form the emulsion [21].

There are many studies on ultrasound-assisted emulsion preparation [20, 
22–24]. In general, these studies conclude that it was possible to obtain emulsions 
that have smaller particle size, are less polydisperse, and are more stable than by 
agitation by using ultrasound. For example, in a study comparing the use of ultra-
sound with traditional agitation [25], the application of ultrasound allowed the 
elaboration of a nanoemulsion of mustard oil in water with an interfacial area of 
67-fold greater than that obtained mechanically. In addition, the sonicated emul-
sions had a narrower particle size distribution (0.82–44.6 μm) than the control 
emulsions (8.1–610 μm).

Due to the emulsifying capacity of ultrasounds, they are recently being used 
as encapsulation systems in the food industry [26]. Some high-value nutrients are 
encapsulated in the food matrix to avoid functional losses, organoleptic losses, 
undesirable reactions with other compounds, etc. Ghasemi and Abbasi [27] com-
bined the alkalization of pH with the application of ultrasound (25 kHz, 600 W) to 
encapsulate oils with a high content of polyunsaturated acids in skimmed milk.

5.2 Food preservation

5.2.1 Microbial and enzyme inactivation

The main agents responsible for food spoilage are enzymes and microorganisms. 
Moreover, pathogenic microorganisms are responsible of food poisoning and food 
outbreaks, requiring therefore their control or inactivation. There are several strate-
gies to limit their action (i.e., reducing temperature, controlling water activity, etc., 
of foods) and to inactivate them, mainly by heat treatments. Thermal pasteuriza-
tion and sterilization are the most common technologies used for enzyme and 
microbial inactivation in order to obtain safe and stable food products. However, 
the intensity of these treatments can lead to loss of nutrients and deterioration of 
sensory characteristics and functional properties of food [16, 28]. Due to this, tech-
nologies which enable to inactivate those agents at lower temperatures are under 
evaluation being ultrasound a possibility.

Bacterial inactivation with ultrasound has been widely studied and even 
suggested as a possible food preservation method [29–31]. Microbial inactiva-
tion is mainly induced by the physical effects of cavitation such as shear forces, 
shock waves, and microcurrents that can damage cell integrity by weakening 
or breaking cell envelopes [32, 33]. However, its lethal effect is reduced and 
requires prolonged periods of time [34, 35], limiting its application as a food 
preservation system. Due to its low bactericidal efficacy and in order to increase 
its lethality, ultrasound is applied over atmospheric pressure (manosonica-
tion, MS), combined with heat (manothermosonication, MTS) and with other 
nonthermal technologies (pulsed electric fields, high hydrostatic pressures, 
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UV light) [36, 37]. From all these combinations, MS and MTS showed the 
most promising results since vegetative cells and even bacterial spores can be 
inactivated at low temperatures (40°C) [32, 33, 38], as summarized in Figure 2. 
The possibility of inactivating vegetative cells and spores opens the way to 
design alternative processes to thermal pasteurization and sterilization by using 
MTS treatments at lower temperatures than those used in traditional thermal 
treatments [32–33, 38]. However, the required ultrasound intensities to achieve 
several log10 cycles of microbial inactivation are still far away for its industrial 
application due to technical limitations.

Likewise, ultrasound is also effective for inactivating enzymes, but very long 
processing times are required. However, when combined with heat (thermo-sonica-
tion, TS), pressure (MS), or heat and pressure (MTS), processing times can also be 
reduced. For example, the application of MTS is able to reduce the heat resistance 
of enzymes by 2–400-fold such as alkaline phosphatase, polyphenol oxidase, 
peroxidase, lipase, lipoxygenase, pectin methylesterase, and polygalacturonase 
compared to heat treatments applied at the same temperature [32, 39–45]. As an 
example, Figure 3 shows the activity reduction of pectin methylesterase of tomato 
juice treated by heat, MS, and MTS treatments at 62.5°C and 1 minute. As can be 
observed, the MTS treatment led to a complete inactivation of the enzyme, being 
this effect higher than the addition of the heat and MS inactivation effects when 
applied separately (synergistic effect).

5.2.2 Microbial decontamination and surface cleaning

Cleaning and decontamination of food equipment and/or surfaces in contact 
with food are among the first applications of ultrasound in the food industry 
besides emulsification. The main phenomena responsible for its effect are cavita-
tion and microstreaming formed in the washing liquid. The collapse of the bubbles 
generates high-pressure microjets that impact the surface which favor the dissolu-
tion of compounds and the release of the particles (including microorganisms) 
adhered to the solid. The surfaces of the solids have irregularities and pores limiting 
the cleaning effectivity of traditional systems. However, ultrasounds are able to get 
access and get a deeper cleaning enhancing also the effectiveness of chemical clean-
ing by favoring the release of contaminants such as oils, proteins, and even micro-
bial biofilms, making them more accessible to chemicals [12, 46]. Nevertheless, 
it is important to notice that as the ultrasonic field is not uniform throughout 

Figure 2. 
Log10 cycles of inactivation of Aeromonas hydrophila (ah), Listeria monocytogenes (lm), Staphylococcus 
aureus (Sa), Enterococcus faecium (Ef), Bacillus circulans (Bc) (spore), and Bacillus subtilis (Bs) (spore) 
treated in McIlvaine buffer pH 7.0 with MS (0.2 MPa, 40°C, 450 W and 4 minutes, for spores 15 minutes*). 
Adapted from [31, 45].
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the treatment medium, the same levels of decontamination may not be achieved 
throughout the whole material or surface [47].

In the food industry, ultrasonic baths can also be used to clean and decontami-
nate surfaces of products such as vegetables, fruit, eggs, fish, etc., but always bear 
in mind that in the best scenario, a microbial inactivation of 1 Log10 cycle (90% 
reduction of the microbial population) could be achieved. Based on this, in meat 
industry, water-steam-based-systems combined with ultrasound have been recently 
proposed for poultry carcasses decontamination [48]. Thus, Boysen and Rosenquist 
[49] studied the inactivation of Campylobacter from broiler skins after applying dif-
ferent physical decontamination methods. They observed that steam-ultrasound was 
the most effective method achieving an inactivation of 2.5 Log10 reductions, 1 Log10 
extra-reduction compared with other systems. However, the carcasses appeared to 
be slightly boiled after the treatment. Musavian et al. [50] decontaminated broiler 
carcasses with ultrasound (30–40 kHz) and steam (90–94°C) combination and 
observed additional reduction of 1–1.4 Log10 cycles of Campylobacter after applying 
10 s of treatment. An example of this application is the SonoSteam system [51].

Regarding the cleaning of equipment surfaces, a widely known example in the 
food industry is the application of ultrasound for cleaning wine-aging barrels. It 
allows an effective cleaning even within the wood pores where spoilage microor-
ganisms such as Brettanomyces are located, since ultrasound can remove part of 
the layers created by the precipitation of crystallized tartrates [52]. The additional 
advantage of this effect is that the aroma of the oak is maintained, reducing mainte-
nance costs and the need to replace the barrels [53].

Finally, one of the most recent applications in terms of cleaning has been the 
use of ultrasound for the disintegration of bacterial biofilms generated on working 
surfaces of the food industry that can lead to cross-contaminant phenomena. Thus, 
the use of ultrasound would allow to reduce the formation or even to eliminate these 
biofilms, for example, in conveyor belts used for the transportation of foods inside 
the industry [54]. An industrial example of this application has been developed by 
Lubing systems [55].

Besides the ultrasound-assisted microbial decontamination, a recent study has 
demonstrated the potential of ultrasound for reducing the heavy metal load from 
foods. Condón-Abanto et al. [56] observed that the cadmium content of edible 
crabs (Cancer pagurus) was reduced by 23% after their immersion in water at 50°C 
for 40 minutes applying ultrasound (35 kHz, 200 W). The same treatment without 
ultrasound scarcely reduced the Cd content of 2%. These results open the possibil-
ity of reducing chemical contaminants or other chemical risks present in foods by 
using ultrasound as it will be discussed later on.

Figure 3. 
Activity reduction of pectin methylesterase of tomato juice treated by heat, MS, and MTS treatments at 62.5°C 
and 1 minute (ultrasonic conditions: 20 kHz, 750 W, 0.2 MPa). Adapted from [40].
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Figure 4. 
Total chlorophylls concentration (μg/ml) extracted from spinach leaves treated (filled bars) or not (white bars) 
with ultrasound (20 kHz). Adapted from [57].

5.3 Mass transfer

The processes of mass transfer between two phases consist of the transfer of a 
certain component from one phase to another as a result of the difference in con-
centration between both phases. In the food industry, mass transfer occurs in many 
processes, such as the extraction of compounds of interest from inside the cells of 
a food product (sucrose, colorants, etc.), the elimination of water in processes like 
drying/dehydration, or the incorporation of solids as it happens when marinating 
and/or pickling.

5.3.1 Extraction

The traditional method for the extraction of intracellular compounds of interest 
for the food industry (sugar, colorants, bioactive substances such as polyphenols, 
etc.) consists on using an adequate solvent combined with other systems such as 
heat, agitation, etc. However, this technique has some disadvantages such as the 
high electrical consumption—becoming up to 70% of the required energy to extract 
a certain compound—high water requirements, and the use of toxic or contaminant 
solvents. For this reason, the food industry has struggled to find more profitable 
and eco-friendly methods for the extraction of compounds [16, 57], such as ultra-
sound, which improves the extraction efficiency by applying lower temperatures 
and shorter processing times than traditional extracting methods [58].

The extraction of aromatic compounds, antioxidants, pigments, and other organic 
or inorganic substances from tissues, mostly vegetal, has been widely investigated and 
successfully carried out by applying high-power ultrasound [59–63]. The application 
of ultrasound to a vegetable product immersed in a liquid medium can induce rapid 
fragmentation of the material, increasing the surface area of the solid in contact with 
the solvent and accelerating the mass transfer and, therefore, the extraction rate and 
yield [64]. Several advantages have been pointed out for the ultrasound-assisted extrac-
tion including the reduction of extraction time, energy, and the amount of solvent used 
and of unit operations and also a rapid return of investment [57]. As a way of example, 
Figure 4 shows the extraction yield of chlorophyll from spinach leaves by using or not 
ultrasound (20 kHz) [57]. As observed, the amount of chlorophyll extracted was four-
fold higher than in the control process after 20 minutes of maceration using ultrasound 
and more than double than the control after 80 minutes of extraction.



111

Application of High-Power Ultrasound in the Food Industry
DOI: http://dx.doi.org/10.5772/intechopen.90444

Besides the recovery of compounds of interest, also the extraction of potential 
risky compounds for human health is under investigation like oligosaccharides from 
pulses or Cd from edible crabs [65, 56]. In the same direction, the use of ultrasound 
has been recently evaluated for reducing the acrylamide content of fried potatoes 
which is a carcinogenic compound. By applying a pre-frying treatment of 30 min-
utes by immersing potatoes in an ultrasound water bath at 35 kHz, 92.5 W/kg, and 
42°C, Antunes-Rohling et al. [66] obtained a 90% reduction in acrylamide com-
pared to potatoes directly fried and a 50% reduction compared to potatoes soaked 
in water but with no ultrasound applied.

Based on the showed possibilities of ultrasound for extracting compounds of 
interest, different semi-industrial systems have been developed which are detailed 
in the revision of Chemat et al. [16]. More recently, and based on the works done in 
the winery industry, a continuous ultrasound system has been constructed in order 
to improve the extraction of polyphenolic compounds from grapes [67]. Wine is 
a product highly appreciated for its organoleptic properties such as color, aroma, 
and flavor. The application of ultrasound has been studied in the wine maceration 
process to favor the extraction of polyphenols responsible for color [68] and in the 
lees (aging on lees) for the extraction of polysaccharides responsible for color stabil-
ity, mouthfeel, and reduction of wine’s astringency [69].

5.3.2 Drying and dehydration

In the food industry, drying and dehydration of foods are important preserv-
ing processes where mass and energy transfer phenomena occur. They consist of 
removing a large part of the water from the food in order to improve the stabil-
ity of the product, reducing its volume and weight and facilitating the handling 
and transport of the products [70, 71]. Currently, one of the most widespread 
techniques in the food industry is air convection dehydration. However, it is an 
energetically costly operation and, in some cases, requires long periods of time. In 
order to reduce drying times, some industrial strategies exist, such as increasing the 
temperature of the air, which can cause alterations in the composition and structure 
of foods, or increasing the air speed that might lead to the formation of a dry and 
impermeable layer that can inhibit the exit of humidity from the interior of the 
product [70].

Ultrasound has been evaluated as an alternative to traditional dehydration 
systems. In this case, the water removal process is improved mainly by the phe-
nomenon known as “sponge effect” which enhances the diffusion of water from 
the interior of the product to the surface [72]. Nonetheless, cavitation of intracel-
lular and extracellular water may also occur, forming new microchannels [73]. In 
addition, the application of ultrasound through the air generates turbulence that 
produces an important microstreaming at the interface between food and air which 
help remove surface moisture [74].

Ultrasound-assisted dehydration in food has been researched since the 1950s 
and 1960s, but it has been in recent years when major advances have been made 
since new family of piezoelectric transducers with extensive radiating surface have 
been developed [75]. There are two types of ultrasound application systems in food 
dehydration processes: by direct contact between the transducer and the food and 
by indirect contact through the air (airborne ultrasound systems). Contact systems, 
even though they are more efficient, can cause product damage, equipment develop-
ment is complicated, and specific hygiene requirements are necessary. In any case, 
very promising results were obtained by De la Fuente-Blanco et al. [72], drying 
carrot cylinders achieving a faster loss of water than the usual dehydration by forced 
air process and obtaining a final moisture content in the product of less than 1%.
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More studies have been carried out with airborne ultrasound systems, reduc-
ing drying times by 20–30% when applied at low temperatures and low air 
velocities [70]. For example, García-Pérez et al. [76] developed a convection dry-
ing equipment applying ultrasound to the air, in which the treatment chamber 
consisted of a vibratory aluminum cylinder coupled to a transducer (21.8 kHz, 
75 W). In this study, they achieved a reduction of 26.7% in drying time of carrot 
skin samples when dried at 40°C and 0.6 m/s. The effect of air temperature 
(30–70°C) on the speed of drying with ultrasound was demonstrated by the 
same authors [77]. They obtained an increase in diffusion coefficient of 23.6% 
at 30°C, while at 70°C only 1.3%. These studies indicate that at either high air 
velocities or high temperatures, the effects of these parameters predominate over 
ultrasound.

In addition to improving convection drying processes, studies have also been 
carried out on the application of ultrasound in vacuum drying [78, 79] or in freeze-
drying [80, 81] obtaining higher drying rates than the traditional process.

As it can be appreciated, the obtained results are promising; however, at present, 
pilot or industrial systems are scarce. The main technological challenges to address 
are basically reducing the overheating produced by the transducers and adapting 
the frequency and ultrasonic power to the working conditions, taking into account 
the acoustic impedance, attenuation, and absorption of the product to be dehy-
drated [73].

5.3.3 Marinating and pickling

Marinating and pickling are food preservation techniques used in vegetables, 
meat, and fish products. Brine, vinegar, or other organic acids; oil; and spices are 
usually used. In general, long processes are required, which involves the immobi-
lization of the product resulting in economic costs and also potentially leading to 
structural damage, softening, and swelling, which might affect the quality of the 
product [16]. The application of high-power ultrasound between frequencies of 20 
and 50 kHz has made possible to shorten pickling or brine contact times. Besides, 
in the case of meat such as pork loin, the water and salt content of the samples was 
increased (63–65% and 7–50%, respectively) when ultrasound (20 kHz, >39 W/
cm2) was applied compared to brining in static mode and with mechanical agita-
tion. With an intensity higher than 64 W/cm2, the water content of the samples 
after the process was even higher than that of fresh meat [82]. Improvement of 
water intake has been observed also in fish. Thus, a 6% higher water intake of 
thawed cod fillets after 48 hours of hydration than the standard process when 
applying ultrasound (40 kHz, 3.9 W/kg) was observed [10].

5.4 Energy transfer

Energy transfer (e.g., heating or freezing) together with mass transfer are 
common unit operations in the food industry. Both direct and indirect applications 
of ultrasound have been used to increase the energy transfer rates of traditional 
heating/freezing systems. Ultrasonic waves produce a direct heating of the prod-
uct/medium due to the great energy released in the medium, as well as an intense 
agitation favoring a faster and more uniform heating of the product. On the other 
hand, the vibration caused by the indirect application of ultrasound accelerates the 
transfer of heat from traditional systems, both to release it in cooling processes and 
to provide it when heating.
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5.4.1 Heating

The use of ultrasound to improve heating of liquid and solid foods is known 
since the 1960s [83]. However, scarce scientific information has been published till 
recent years. It has been described that ultrasound (20 kHz, 75 W) can increase 
the conductive heat transfer when applied in metals by 2.3- and 5.5-folds [83], 
becoming this effect the basis of the design of heat exchangers including ultrasound 
systems [83, 84]. In the case of liquid foods, the application of ultrasound of 20 kHz 
also improved the convection heat transfer in this case up to 25-fold in water [85]. 
In the case of viscous liquids such as puree, creams or soups, ultrasound not only 
improved the energy transfer but also the uniformity of the heating. Thus, an 
increase in energy transfer of 33 and 43% when heating tomato soup assisted with 
45 and 450 W of ultrasound (20 kHz), respectively, was observed (Figure 5).

Finally, the application of ultrasound in hot water to heat solid products resulted 
in a faster heat transfer, reducing the time to apply pasteurization treatments or 
even to cook food products and therefore getting higher quality products [16].

Some authors have studied the improvement of heating for food cooking by using 
ultrasound. One of the first studies was conducted by Pohlman et al. [86] who evalu-
ated the effects of ultrasound for cooking different pieces of beef. An ultrasonic field 
of 22 W/cm2 was applied and compared to the traditional cooking of beef in a convec-
tion oven up to 70°C in the center. Ultrasonic cooking reduced the cooking time by 
54% and the energy consumption of the process by 42%. In addition, samples cooked 
with ultrasound were cooked more uniformly and showed higher water retention, 
lower cooking losses, and lower hardness. In recent years, more studies have been 
conducted on this topic. More specifically, ultrasound has been used to accelerate heat 
transfer in the pasteurization of packaged sausages [87] and of ready-to-eat whole 
brown crab [88], to evaluate the frying-assisted ultrasound process of meatballs [89] 
and for the cooking of mortadella [90]. Even more, improvements in heat transfer 
have been observed at boiling water temperatures and over atmospherically pressure. 
Thus, 20% and up to 32% reduction in the cooking times were observed when boiling 
macaroni at 100°C or chickpeas at 120°C and 0.09 MPa, respectively, in an ultrasonic 
field of 40 kHz and 25 W/kg by using a new patented ultrasound system [91, 92].

Figure 5. 
Evolution of the temperature during the heating of tomato soup at different ultrasound (20 kHz) intensities: 0 
(▲), 45 (◯), and 450 W (●).
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In summary, the application of ultrasound allows to reduce the heating times by 
enhancing the energy transfer in liquid, viscous, and solid products and applying 
more uniform thermal treatments reducing the number of cold spots.

5.4.2 Freezing

Freezing is one of the oldest methods for food preservation. It involves subject-
ing food to temperatures lower than that of the freezing point causing the conver-
sion of food water into ice and thereby limiting microbial growth and chemical 
and enzymatic reactions. When freezing speed is slow, large crystals with edges are 
formed in the extracellular liquid, causing the loss of water from inside the cells. 
This leads to dehydration, cell contraction, and partial plasmolysis; these phe-
nomena, together with the damage caused by ice crystals that cause injuries in cell 
membranes, lead to water leakage after defrosting, producing the loss of food qual-
ity. On the other hand, quick freezing produces small ice crystals in the intracellular 
and extracellular space, resulting in less cell damage and in higher quality products 
[93]. Ultrasound-assisted freezing reduces treatment time by favoring both nucle-
ation and controlled crystal growth [16]. These effects have been mainly attributed 
to acoustic cavitation and the microstreaming generated in the liquid as well as the 
microbubbles that act as nuclei of crystallization [94]. Figure 6 shows the freezing 
curves of 2 cm × 2 cm cylinders of meat sausages frozen in an ultrasound bath at 
−22°C applying or not ultrasound (40 kHz, 50 W). As can be observed, application 
of ultrasound reduced the freezing time and even eliminated the water-ice crystal 
transition phase.

Several studies have been carried out on the application of ultrasound during 
the freezing process of foods. In most of these studies, ultrasound has been applied 
using ultrasound baths with the product immersed in an aqueous medium, e.g., 
panaria dough [95], potatoes [96], broccoli [97], apples [98], mushrooms [99], and 
pork loin [100]. For example, Sun et al. [101] studied the influence of ultrasound-
assisted immersion freezing on the process and on the quality of common carp 
(Cyprinus carpio). The application of ultrasound at 30 kHz and 175 W reduced the 
freezing time of 37.2%, being this ultrasound intensity the optimal, since below it 
the effect of ultrasound was undetectable and above it overheating was observed 
due to the high ultrasound intensities applied. This increase in the freezing rate 

Figure 6. 
Temperature of sausages (thin lines) and media (thick lines) when applying (continuous lines) or not 
ultrasound (40 kHz, 50 W/kg) when freezing.
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resulted in an improvement in the product quality since the cooking loss (% of loss 
water after cooking the product) values determined were similar to those of fresh 
product: 7.9% in fresh product vs 8.3% when ultrasound was applied.

5.4.3 Thawing

Thawing is as important as freezing in the food industry, since a large proportion 
of frozen foods require thawing prior to their consumption. This process must be 
carried out as quick as possible to avoid affecting the hygienic quality of the prod-
uct, but bearing in mind that the higher the speed, the worse will be the sensory 
characteristics of the final product because time is required for the cells to reabsorb 
the released water during freezing. As it has been explained, the application of 
ultrasound would help to improve the transfer of energy due to the cavitation and 
the microstreaming generated in the liquid [96]. Some studies have been carried 
out in beef, pork, and codfish [102]; pork Longissimus dorsi muscle [103]; and tuna 
[104]. In a study carried out by Gambuteanu and Alexe [103], thawing assisted by 
ultrasound in samples of pork Longissimus dorsi muscle was evaluated. Experiments 
were performed at intensities of 0.2, 0.4, and 0.6 W/cm2 in a water bath at 15°C, 
and they were compared with thawing in air at 15°C and thawing by immersion on 
water at 15°C. The thawing rate was influenced by the intensity of ultrasound treat-
ment: the higher the ultrasonic intensity, the shorter the thawing time. Thus, the 
thawing rates for air and water immersion were 0.16 and 0.29°C/min, respectively, 
whereas, for ultrasound intensities of 0.2, 0.4, and 0.6 W/cm2, the values were 0.62, 
0.73, and 1°C/min. Therefore, the thawing time of pork samples could be reduced 
applying ultrasound technology. Similar conclusions were obtained by our research 
group in cod fillets thawed in an ultrasound water bath at 2°C (25 kHz, 14.7 W/
kg), reducing 65% the time to achieve 0°C, maintaining the water holding capacity 
and cook loss of the fresh product, and with a better sensorial quality than the air 
defrosted product (Figure 7).

5.5 Other applications of ultrasound in the food industry

In addition to the applications already described, ultrasound technology has 
been evaluated and applied in the food industry to improve other processes whose 
result is based mainly on mechanical effects.

Figure 7. 
Temperature of cod fillets (thin lines) and water (think lines) when applying (continuous lines) or not 
ultrasound (25 kHz, 14.7 W/kg) when thawing.
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5.5.1 Foaming and degassing capacity

Foam is a dispersion of gas in a liquid medium that is often formed during the 
manufacture of many products, as a result of aeration or agitation of liquids, during 
vaporization of liquids, or due to chemical or biological reactions [105]. Mechanical 
methods are the most effective at removing unwanted foams during food process-
ing, compared to antifoaming chemical agents. The use of ultrasound can be 
considered a mechanical method of foam removal, since it is based on the propaga-
tion of the sound waves through the foam, without affecting the liquid [106]. For 
this application, airborne transducers are mainly used [107].

Another increasingly widespread application of ultrasound is degassing. 
Liquids contain dissolved gases such as oxygen, carbon dioxide, or nitrogen. 
Conventionally, to degas a liquid, it is boiled or subjected to vacuum, reducing the 
solubility of the gases. Ultrasonic degassing has the advantage of not substantially 
increasing the temperature of the liquid. In the presence of an ultrasonic field, the 
gas bubbles begin to vibrate, coalesce, and grow, reaching a sufficient size to ascend 
to the liquid surface, being thus removed from the aqueous medium [16].

In a study that covers both applications, foam removal and degassing, Villamiel 
et al. [108] used 1-second ultrasonic pulses (20 kHz) in milk. At 20°C with 3 min-
utes of treatment, they managed to reduce foam by 80% with an energy consump-
tion of 40 kJ/l. In order to eliminate the oxygen dissolved in milk, a more energetic 
treatment was necessary (240 kJ/l).

5.5.2 Filtration

High-power ultrasound has been applied to promote diffusion through mem-
branes and porous materials. This improvement is attributed to the formation of 
microstreams generated within the liquid in the presence of high-energy ultrasonic 
fields. That is how it would facilitate the processes of filtration, ultrafiltration, 
dialysis, and reverse osmosis [109]. During membrane filtration, the flow progres-
sively decays to a stationary state due to the polarization of the concentration, and 
the saturation of the filter. Ultrasound acts by increasing the flow and preventing 
saturation if applied during filtration or by breaking the deposit layer of solutes or 
cake on the filters, acting in this case as a cleaning method [16].

5.5.3 Texture modification

Texture plays a crucial role in influencing consumers’ liking and preference 
of meat products. This sensation is influenced by various factors including 
muscle type, age and cut, its water holding capacity, and the degree of matura-
tion, among others [110]. The application of ultrasound might help to improve 
meat tenderness, thus obtaining better quality products. However, the effect 
of high-power ultrasound on meat tenderization is not entirely clear, and this 
is likely because there are many factors that influence its effect, such as the 
characteristics of the ultrasonic field, the time of exposure, the animal species, 
and the type of muscle, among others. Some authors state that those studies in 
which ultrasound application had no effect would be due to the low ultrasonic 
densities (0.29–1.55 W/cm2) or short treatment times (15 s) applied [111–113]. 
In any case, there are systems already in the market for tendering meat based on 
ultrasound [114].

In the case of meat products, ultrasound can improve cohesiveness between dif-
ferent pieces of meat [109] by promoting the release of myofibrillar proteins and gel 
formation. This effect is important in processes such as the production of cooked 
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ham or cured meat products in which an adhesive protein exudate is required in 
order to act as a glue between the different parts during molding or stuffing [110].

5.5.4 Food cutting

Most processed foods are prepared in large quantities, often in blocks or in large 
sheets. For marketing and consumption, it is necessary to reduce their size, in many 
cases by cutting the product. For this propose, ultrasonic probes in the shape of a 
blade are used which vibrate at a certain ultrasonic frequency longitudinally or as a 
piston. When it comes into contact with food, it cuts it due to both the vibration and 
the sharp edge of the blade. These types of probes have been used successfully in the 
cutting of fragile, heterogeneous, and sticky products such as cream cakes, bread, 
pastries, biscuits, and cheese [16, 115].

6. Conclusions

Although ultrasound is a well-known technology that is commonly used in 
several fields such as medicine or in the automobile industry, its use in the food 
industry is still scarce especially in the case of high-power ultrasound. However, 
due to its capacity to improve mass and energy transfer phenomena—which occur 
in numerous processes in the food industry—it might be very helpful for producing 
safer and higher quality products than those obtained by traditional procedures. 
In addition, ultrasound is considered a safe, nonpolluting, and environmentally 
friendly technology, which has also contributed to attract the interest of the food 
industry. Finally, the lower implementation cost—up to the industrial scale—of 
some applications compared to other nonthermal technologies such as pulsed 
electric fields or high hydrostatic pressures will facilitate its industrialization in 
some food sectors. In any case, further research is still necessary for some applica-
tions since many factors have to be considered when designing equipment and 
applying ultrasound treatments in the food industry in order to achieve an efficient 
application.
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Chapter 8

Application of Ultrasonics on
Preparation of Magnesium Alloys
Xingrui Chen and Qichi Le

Abstract

This chapter mainly describes the application of ultrasonic on preparation of
magnesium alloys, which includes all of the interesting and novel research results of
authors in the past decade. The chapter includes the following topics to readers: the
ultrasonic cavitation behavior in magnesium alloys; the effect of ultrasonic treat-
ment on melt structure; ultrasonic degassing of magnesium alloys; effect of ultra-
sonic melt treatment on microstructure of magnesium alloys; dual-frequency
ultrasonic treatment on solidification of magnesium alloys; and ultrasonic direct-
chill (DC) casting process of magnesium alloys billets, including the novel variable-
frequency ultrasonic technology. The chapter almost covers all the aspects of ultra-
sonic application on preparation of magnesium alloys and can help readers have a
systematic understanding of ultrasonic melt treatment on magnesium alloys.

Keywords: ultrasonics, magnesium alloy, melt treatment, casting, degassing

1. Introduction

Magnesium alloy is the lightest metal structure material until now. It has caught
a lot of attentions from industrial manufacturers all over the world. It is used in
many fields such as vehicles, aircrafts, and military industry, due to its great
advantages including low density, high strength/weight ratio, etc. [1, 2], while the
unique crystal structure, the existence of microporosity, and coarse microstructure
limit its application and development. To solve these problems, researchers have
developed some technologies. For example, the semisolid process technology [3]
and rapid solidification technology [4] can refine the Mg grain, and the argon
degassing technology can remove the hydrogen from the melt. However, the
ultrasonic melt treatment technology is a best choice considering its environmental
friendly and easy realized characteristics.

After decades of development, this technology has been employed in many
aspects for preparation of magnesium alloy. This chapter is aimed at introducing the
role of ultrasound on metallurgy process of magnesium alloys. We hope people who
are interested in this field may be inspired by this chapter.

2. Ultrasonic cavitation in magnesium alloy

The reason why ultrasonic melt treatment technology attracts many researchers
is that it has excellent ability to refine the microstructure of alloys. This
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improvement is identified as the contribution of ultrasonic cavitation. In other
words, the cavitation holes the key to ultrasonic refinement. Therefore, it is of great
importance to investigate the cavitation behavior in magnesium alloy. However,
because of the fact that the characteristics of magnesium melt such as high temper-
ature and opacity, the numerical simulation is a viable method to reflect the cavita-
tion behavior.

The cavitation behavior in magnesium melt is calculated the Rayleigh–Plesset
Equation [5]:
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where R is the radius of cavitation bubble, R0 is the initial radius of bubble, P0 is
the initial pressure, Pv is the vapor pressure, p is the external acoustic pressure, σ is
the surface tension, μ is the fluid viscosity, and κ is the polytropic exponent. This
simulation does not consider the variation of the ultrasonic intensity and the liquid
temperature. The gas and vapor are incompressible. The motion of cavitation
bubble wall is set as spherical symmetric movement.

To calculate the cavitation behavior under single-frequency ultrasonic vibration,
the p in Eq. (1) is defined as p ¼ Pmsin 2πfð Þ, where Pm is the acoustic pressure
amplitude and f is the frequency of ultrasound. Table 1 lists the parameters used in
this calculation.

Figure 1 shows the effect of ultrasonic frequency on cavitation bubble’s behavior
in magnesium alloy. It notes that frequency has strong effect on bubble’s behavior.
Ultrasound with lower frequency generally has larger-sized cavitation bubbles. The
22 kHz is an important frequency, which can be defined as the threshold frequency
of instantaneous cavitation for magnesium alloy. When the frequency is larger than
22 kHz, bubbles usually suffer several shrinkages and expansions before collapse. It
also notes that ultrasound with higher frequency is not beneficial to the melt
treatment of magnesium alloy. The initial radius of bubble is another key to cavita-
tion. Figure 2 shows the effect of bubble’s radius on cavitation behavior of magne-
sium alloy. Small initial bubble changes regularly under single-frequency ultrasonic
vibration. When bubble’s radius is close to resonance frequency, cavitation bubble’s
radius changes rapidly in a short time. It should be pointed out that the initial
bubble in magnesium melt is provided by hydrogen bubble, suggesting that they
cannot be controlled.

Name Value Description

R0 0.1–100 μm Initial radius of cavitation bubble

P0 1.013�105 Pa Initial pressure outside cavitation bubble

Pv 1000 Pa Vapor pressure within cavitation bubble

σ 0.564 Surface tension

μ 1.12�10–3 Fluid viscosity

κ 1.34 Polytropic exponent

f 20 KHz Initial frequency of another wave

Pm 1.01�106 Pa Acoustic pressure amplitude

Table 1.
Parameters and initial values for Eq. (1).
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When dual-frequency ultrasonic field (DUF) is introduced to magnesium melt,
the cavitation behavior becomes completely different, as shown in Figure 3. Small
bubble’s radius becomes irregular. It is worth to note that bubble becomes larger
under dual-frequency ultrasonic field. The bubble cannot collapse within 250 μs
when the initial radius is over 15 μm under single-frequency ultrasonic field, but

Figure 2.
Cavitation bubbling behavior with different initial bubble radii under single-frequency ultrasonic field: (a) 0.1
µm and 0.2 µm; (b) 0.3-100 µm.

Figure 3.
Cavitation bubbling behavior with different initial bubble radii under dual-frequency ultrasonic field: (a) 0.1
µm and 0.2 µm; (b) 0.3-100 µm.

Figure 1.
Cavitation bubbling behavior with different ultrasonic frequencies.
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this limitation is expanded to 20 μm under dual-frequency ultrasonic field. Thus,
the dual-frequency ultrasonic field has great potential to enhance the cavitation in
magnesium alloy, and the experimental results are shown in Section 6 of this
chapter.

3. Effect of ultrasonic treatment on melt structure

The ultrasonic vibration is a mechanical wave. When the wave propagates in the
magnesium melt, molecules suffer regular vibration, which can change the melt
structure. To investigate this issue, we employ the electrical resistivity to character
the melt structure. The experimental setup is shown in Figure 4. The four-electrode
method is used. The tested melt is Pb–Sn liquid metal. The electrical resistivity ρ is
calculated by

ρ ¼ R� Re þ Rw þ Rcð Þ½ �S=L (2)

where R is the total electrical resistance, Re is the resistance of electrodes, Rw is
the resistance of wire, Rc is the contact resistance, S is the cross area of melt, and L is
the length of melt. In order to avoid the interference of ultrasonic horn during
measurement, the horn is coated by ZrO2–CaO.

Figure 5 displays the variation of electrical resistivity for the Pb–80 wt.%Sn melt
at 553 K and the relevant microstructure evolution. Four stages for the electrical
resistivity ρ are observed. The resistance keeps stable at ρ0 before ultrasonic vibra-
tion. The resistance reduces to ρ0 immediately when the ultrasound is introduced to
the melt. The drop is defined as Δρ. The resistance rises to ρ″ instantaneously once
the ultrasound disappeared. In addition, the Δρ0 is defined to describe the difference
between ρ0 and ρ. It is also found that the ρ stays at ρ″ for Δt1 (Δρ0 ¼ ρ0 � ρ″). After
the holding time Δt2, the ρ returns to the initial value (ρ0). The microstructure
evolution is shown in Figure 5 as well. Without ultrasonic treatment, developed
dendrites and large columnar crystals are observed with some branch length of
�400 μm, as shown in Figure 5(a). Microstructure is dramatically refined with
ultrasonic vibration 5 min after treatment. With the increase of holding time, the
microstructure also recovers to the initial status gradually.

In this work, the modified band theory is employed to understand the electrical
properties of melt. Thus, the dimensionless parameter δ is introduced to show the
disorder degree of electrons:

Figure 4.
Schematic of the experimental setup for electrical resistivity tests.
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δ ¼ W=B (3)

where W and B represent the width of electron energy’ distribution and energy
band, respectively. There is a strong relativity between the degrees of system
disorder and localization of electron [6]. The number of localized electrons
increases with the rise of disorder degree of the system. In addition, the localized
electrons are adverse to the electrical conductivity, while the extended electrons are
beneficial to the conductivity. Therefore, the electrical conductivity (σ) associated
with the energy band theory is shown as follows:

σ ¼ ne2τ EFð Þ=m ∗ (4)

where n represents the number density of extended electrons in the investigated
liquid, τ represents the electron’s free time, m ∗ represents the effective mass, and
EF is the Fermi energy. Thus, the number density of extended electrons holds the
key to the electrical conductivity of melt, based on Eq. (4).

When ultrasound is introduced into the Pb–Sn melt, the atoms are forced to
vibrate due to the characteristics of sound wave. Then the disordered atoms become
“well-organized” under ultrasonic field, which means that the disorder degree of
the melt is reduced. Thus, with the decrease of disorder degree, the W is reduced,
and consequently, the number density of extended electrons is increased, resulting
in the improvement of electrical conductivity.

The forced vibration disappears when the ultrasonic vibration is stopped. “Well-
organized” atoms recover their disorder degree, increasing the number density of
localized electron. It is worth to notice that a long time is required to recover the
initial value of resistivity, suggesting that the ultrasonic treatment can change the
short-ordered structures (SROs) of melt [7].

4. Ultrasonic degassing of magnesium alloy

Degassing is always a significant process during the melting of magnesium alloys
[8–10]. At the end of solidification process, micropores are formed because of the

Figure 5.
Electrical resistivity ρ vs. the holding time t for the Pb–80 wt.%Sn melt at 553 K and microstructure evolution.
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pressure decrease of interdendritic flow or existence of dissolved gaseous elements
in the liquid alloy. To degas and purify the melt, researchers have developed some
technologies such as gaseous chlorine, hexachlorethane (C2Cl6), rotating impeller
degasser with argon, and ultrasonic degassing. Among these methods, the ultrasonic
degassing is the most convenient way without polluting the melt. The flux and
argon are employed to help ultrasonic degassing reach the best efficiency. Figure 6
shows the experimental equipment. A channel is set inside the ultrasonic horn as the
path for argon and flux powders.

Figure 7 shows the hydrogen content with the increase of holding time by
different degassing technologies. The initial value of hydrogen content is 22.5 ppm,
which reduces dramatically after degassing process. It notes that the ultrasonic
argon degassing technology has the highest efficiency, displaying the lowest level of
hydrogen content in the same time. It is interesting to note that the degassing
efficiency of ultrasonic degassing technology is lower than the argon degassing
technology. The hollow ultrasonic horn should be responsible for this drop, which
reduce the propagation efficiency of ultrasound.

For magnesium alloy, the hydrogen is removed by the tiny and dispersed argon
gas bubbles. The hydrogen starts accumulating in argon gas due to the balance with

Figure 6.
The schematic of the experimental equipment for ultrasonic degassing.

Figure 7.
Hydrogen content as a function of holding time in different degassing processes.
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the dissolved concentration in the melt. The hydrogen transports from the melt to
the bubble boundary firstly. The hydrogen reacts and become the hydrogen gas.
Finally, the hydrogen is transported away as the gas forms.

According to the results above, the hydrogen concentration has functional rela-
tion with time of purification t [11]:

H½ �= H½ �0 ¼ exp � kρS=Mð Þ � t½ � (5)

where k is the mass transfer coefficient; ρ is the density of magnesium melt; S is
the bubble’s surface area; [H]0 is the initial hydrogen content; and M is the weight
of magnesium melt.

Obviously, the hydrogen content deceases with the increase of degassing time
while the point is improving the degassing efficiency. Based on Eq. (5), the
degassing efficiency is determined by the mass transfer coefficient k and the total
surface area of the bubbles S in the same time. Thus, to promote the degassing
efficiency, increasing the k and S is feasible. The bubble’s surface area is driven by

S ¼ 3 _Gh=vr ¼ 3 _Gτ=r (6)

where h is the bath height; v is the velocity of bubble; r is the radius of bubble;
and τ is the residual time in the melt. The velocity of bubble has a strongly positive
relation with its radius [12], suggesting that larger bubble usually has higher veloc-
ity. However, the mass transfer coefficient k has negative relation with the bubble’s
diameter, implying small bubble has higher k value. Thus, to raise the degassing
efficiency, employing the small sized bubble is critical.

The cavitation and rectified mass diffusion are two mechanisms for ultrasonic
degassing process. Cavitation bubble is formed when the acoustic pressure sur-
passes the cavitation threshold. Generally, there are two nucleating mechanisms for
cavitation, namely, the microscopy gas cavities and non-wettable particles. In case
of magnesium melt, both of two mechanisms are applicable, due to the large con-
tent of oxides and high level of hydrogen solubility. The cavitation bubble starts
expanding and shrinking under the alternating pressure. The dissolved hydrogen
can diffuse into the cavitation bubble during the shrinkage process, so-called recti-
fied mass diffusion. In this way, hydrogen is accumulated to form large gas bubble
which can escape form the melt.

It is noticed that the argon-ultrasonic degassing has best efficiency. Interaction
between argon and ultrasound should respond to this result. Firstly, the argon gas is
purified through the center of ultrasonic horn. The purified argon bubbles start
expanding and shrinking because of the propagation of ultrasound. These bubbles
can be broken into dense small bubbles under high-intensity acoustic pressure,
increasing the surface area of bubble. Besides, the rectified mass diffusion effect
brought by ultrasonic vibration can encourage hydrogen diffusing to the argon
bubbles. In addition, the acoustic streaming can carry the refined argon bubble to
the whole melt. What is more, the argon bubbles can also improve the forming of
cavitation and make bubbles easily to ascend to the melt surface. Therefore, these
mechanisms work together and promote the degassing efficiency.

5. Effect of ultrasonic melt treatment on microstructure
of magnesium alloy

Magnesium alloys have a unique structure, namely, the HCP structure, which
has limited slip system. In addition, magnesium alloy has a large Hall–Petch slope,
k, according to the relationship σ ¼ σ0 þ kd�1=2. These two characteristics make the

133

Application of Ultrasonics on Preparation of Magnesium Alloys
DOI: http://dx.doi.org/10.5772/intechopen.89879



grain refinement become one of the important methods to improve the mechanical
properties and the workability of magnesium alloy. Ultrasonic melt treatment has
proved its ability to control and refine the solidification structure for many alloys.
We investigated the ultrasonic treatment on microstructure evolution of magne-
sium alloys [13, 14].

The experimental setup for this study is shown in Figure 8. The treatment
system includes a resistance furnace, an iron crucible, a water tank, and an ultra-
sonic vibration system with the maximum power of 2000 W. The ultrasonic vibra-
tion system is composed by an ultrasonic generator, a magnetostrictive transducer,
and a mild steel-made acoustic horn.

One of the widely used commercial magnesium alloys, AZ80 alloy, was chosen
in this work. Its chemical composition (wt.%) was as follows: Al 8.0, Zn 0.6, Mn
0.15, and Mg balance. The prepared materials were melted in the crucible with
heating by the resistance furnace and protection of CO2 + 0.5% SF6 atmosphere.
The temperature of melt maintained at 650°C for 600 s. The preheated ultrasonic
horn (650°C) was inserted 0.02 m under the surface of melt. After treatment, the
melt was quenched in the water tank immediately.

The microstructures of as-cast AZ80 alloy without and with ultrasonic treatment
are shown in Figure 9(a) and (b), respectively. Coarse dendrites and large-sized

Figure 8.
(a) Schematic image of experimental apparatus and (b) structures of ultrasonic transducer and ultrasonic
radiator.

Figure 9.
Microstructure of the AZ80 alloy casted (a) without ultrasonic and (b) with 600 W ultrasonic treatment
(φ0.02 m ultrasonic emitter used).
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primary grains are observed with the grain size of about 387 μm, suggesting the
typical dendrite growth mode. With ultrasonic treatment, the grain size is rapidly
reduced to 147 μm with the observation of globular and even primary grains. In
addition, the homogeneity is improved as well. Figure 10 shows the effect of
ultrasonic power on grain refinement efficiency of AZ80 alloy in the same treat-
ment time and the relation between acoustic pressure and ultrasonic power. When
the ultrasonic power rises from 0 to 600 W, the acoustic pressure increases, but the
grain size shows adverse trend, suggesting better grain refinement efficiency. With
the further increment of ultrasonic power, the acoustic pressure continues to rise,
while grain size stops reducing. In this case, the best grain refinement efficiency
appears at 600 W.

The grain refinement of AZ80 magnesium alloy of the ultrasonic treatment can
be attributed to the ultrasonic cavitation. The ultrasonic cavitation can bring two
influences which can affect the nucleation and growth of grains, so-called
cavitation-enhanced nucleation and cavitation-induced (shock waves) dendrite
fragmentation [15, 16]. In this work, the treatment temperature is 40°C higher than
the liquidus temperature of treated alloy, which means that the cavitation-induced
dendrite fragmentation does not work and has no contribution on the grain refine-
ment. Therefore, the cavitation-enhanced nucleation is the main reason that caused
the grain refinement. The ultrasonic cavitation can clean the surfaces of the poorly
wetted particles in the melt, and consequently, these particles become the nucle-
ation points, increasing the number of primary magnesium grains. With the help of
acoustic streaming, these effective nucleation sites are carried to the whole melt.
Note the ultrasonic cavitation works when ultrasonic pressure exceeds the cavita-
tion threshold. Thus, strong acoustic pressure can enlarge and enhance the cavita-
tion effect. With the increase of ultrasonic power, the acoustic pressure is increased,
which brings better efficiency of grain refinement. However, the results reflect that
higher ultrasonic power, e.g., 950 W or even 1400 W, cannot further enhance the
grain refinement efficiency but weaken it. When the cavitation bubble collapses,
high temperature and pressure are released in melt, so-called thermal effect. The
higher ultrasonic power may also increase the thermal effect. Therefore, the cooling
rate is reduced, which is beneficial to the growth of grain but has adverse effect on
grain refinement caused by ultrasonic treatment.

Figure 10.
Influence of ultrasonic power on the grain size of the AZ80 ingot and the relevant acoustic pressure associated
with treated sample (solid mark, φ0.02 m ultrasonic emitter used; hollow mark, φ0.04 m ultrasonic emitter
used).
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6. Dual-frequency ultrasonic treatment on solidification behavior of
magnesium alloy

In Section 1, we discussed about the effect of dual-frequency ultrasound on
cavitation bubble’s behavior in magnesium melt. In this section, we will show the
experimental results. In recent decades, dual-frequency acoustic vibration has been
employed in sonochemistry, medical diagnostics, and fluid engineering. For exam-
ple, the dual-frequency ultrasonic wave can enhance the extraction rates of leaching
process and improve the enzymolysis of corn gluten meal [17]. The dual-frequency
ultrasonic vibration mode is also used to detect the fluid pressure and the bubble
density in liquid [18, 19]. Also, dual-frequency ultrasound can help increase the
accuracy of biomedical diagnosis. We firstly employed the dual-frequency ultra-
sonic field (DUF) to treat the magnesium alloy and investigated its solidification
behavior [20].

Figure 11 shows the experimental apparatus used in this work. Two self-
governed ultrasonic systems were used simultaneously. The frequency of two sys-
tems is 15 and 20 kHz, respectively. Each ultrasonic vibration system is made up by
an ultrasonic power supply, an ultrasonic transducer, an acoustical waveguide, and
a Ti6Al4V acoustic horn. A vortex tube cooler was used to ensure the comfortable
working environment of transducer. The commercial ZK60 was chosen as the
treated magnesium alloy.

Figure 12(a)–(f) displays the optical images of as-cast ZK60 alloys with and
without different ultrasonic treatments. Without ultrasonic treatment, developed
dendrites and coarse grains are observed with large size. Similar with the results in
Section 5, the SUF can refine the α-Mg grains in some degree with the disappear-
ance of dendrites. The DUF can considerably refine the α-Mg grains, and the
refinement efficiency is different according to electric power. The morphology of
α-Mg grains also changes a lot, showing the fine and globular form. The grain size of

Figure 11.
Schematic image of the experimental apparatus: (1) ultrasonic power supply, (2) ultrasonic transducer,
(3) acoustical waveguide, (4) acoustic radiator/horn, (5) vortex tube cooler, (6) resistance furnace, (7) iron
crucible, (8) magnesium melt, (9) thermocouple, (10) positioning device.
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untreated and SUF-treated ZK60 alloys is 183 � 8 μm and 125 � 6 μm, respectively.
In the same total electric power, the DUF makes the grain size reduce to 72 � 6 μm.
Increasing the electric power, the grain size reduces to 59 � 4 μm (1000 W) and
50� 3 μm (1400W), while further increment of electric power cannot decrease the
grain size but rise to 58 � 3 μm after 1800 W DUF treatment, which has the same
results in Section 5.

Now it is clear that the DUF has the higher refinement efficiency than SUF in the
same total electric power. To better explain the mechanism of ultrasonic treatment
on grain refinement of the investigated alloy, a schematic image is given based on
the microstructure observation, as shown in Figure 13. The ZK60 melt suffered
cyclic alternating acoustic field, when the ultrasonic vibration is introduced. The
liquid molecules are pulled to form the cavitation bubbles in negative acoustic
period. The enlargement and formation of cavitation bubble can absorb heat from
the melt, resulting in the local supercooling on the surface of bubbles, as shown in
Figure 13(a). Consequently, nucleation can easily occur on bubble’s surface,

Figure 12.
Optical images of as-cast ZK60 alloys with different ultrasonic treatments: (a) without ultrasonic treatment;
(b) SUF treatment with 1200 W; and DUF treatment with (c) 600 W; (d) 1000 W; (e) 1400 W; and (f)
1800 W electric power.

Figure 13.
Schematic image of mechanisms of ultrasonic grain refinement: (a) cavitation-enhanced heterogeneous
nucleation; (b) formation, growth, and collapse of the cavitation bubble; and (c) dendrite fragmentation
caused by impact force.
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increasing the number of primary nuclei. In the positive acoustic pressure period,
the cavitation bubble collapsed, releasing the high temperature and strong impact
force (seen in Figure 13(b)). This impact force fragments dendrites and primary
Mg nuclei (as shown in Figure 13(c)), by which the number of nuclei is also raised.
Finally, the acoustic streaming, a liquid flow due to acoustic pressure gradient,
transports the increased nuclei through the whole magnesium alloy melt.

In Section 1, the numerical results show that the DUF can produce larger cavita-
tion bubbles and increase the number of instantaneous bubbles. Thus, these two
improvements enhance the grain refinement efficiency. Larger cavitation bubble can
absorb more heat from melt during its growth process, by which the heterogeneous
nucleation caused by ultrasonic treatment is improved (as shown in Figure 13(a)). In
addition, stronger impact force is released by larger cavitation bubble, which
enhances the fragmentation of primary grains.

Besides α-Mg grain, the ultrasonic treatment also has ability to change the
morphology of β-phase in ZK60, as shown in Figure 14. A large number of lamellar
β-phases are observed in untreated sample. There are few dot-like β-phase in the α-
Mg matrix. The SUF makes some lamellar β-phase become the strip-like form. The
number of dot-like β-phase increases. A lot of tiny dot-like β-phases with dispersed
distribution can be observed after DUF treatment. The energy-dispersive spectros-
copy (EDS) results reflect these three aerial Mg-Zn phases.

To further confirm the type of these phases, XRD tests are carried out, as
shown in Figure 15. Thus, in combination with the XRD patterns and EDS results
(Table 2), three β-phases observed from SEM images are laves phases (MgZn2). It
also notes that the ultrasonic treatment cannot change the phase constitutions mag-
nesium alloy, while it is interesting to find that the orientation of α-Mg is changed.
According to partial enlarged drawing of Figure 15, the ultrasonic treatment reduces
the intensities of diffraction peaks corresponding to (021) and (004) crystal surface
of α-Mg but increases the diffraction peak intensity of (112) crystal surface.

Such changes associated with the evolution of β-phase are ascribed to the acous-
tic streaming. During the solidification process, the Zn element is enriched on the
grain boundaries usually, which makes the laminar MgZn2 phase to form easily.
When ultrasonic vibration is introduced in the melt, acoustic streaming accelerates

Positions Element (at%)

Mg Zn Total

A 61.11 38.89 100

B 70.96 29.04 100

C 65.36 34.64 100

Table 2.
EDS results of positions in Figure 14.

Figure 14.
SEM images of the β-phase in as-cast ZK60 alloys (a) without ultrasonic treatment; (b) with 1200 W SUF
treatment; and (c) with 600 W DUF treatment.
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the heat and mass transfer and then relieves the enrichment of Zn element. Thus,
tiny and dot-like MgZn2 phases are produced with dispersed distribution.

7. Ultrasonic melt treatment on DC casting process of magnesium billet

In the above sections, the ultrasonic treatment is employed to treat the magne-
sium melt in laboratory scale with small volume of melt. This section displays the
application of ultrasonic treatment in direct-chill (DC) casting of magnesium billet.
The DC casting method is the most popular way to produce large-sized magnesium
billet [21]. However, due to the unique features of magnesium alloys, coarse grains,
developed dendrites, wide columnar crystal area, and inhomogeneous structure
appear in billet usually, which have adverse effect in subsequent processing. The
traditional ultrasonic treatment technology generally has limited action area and
then cannot satisfy the requirement of the treatment for large volume melt. There-
fore, to overcome this weakness, we apply a unique ultrasonic treatment technol-
ogy, namely, the variable-frequency ultrasonic treatment technology. In addition,
the electromagnetic field is also a helpful external field for DC casting of magne-
sium alloys. In this section, we will show you the comparison of traditional fixed-
frequency field (SUF), variable-frequency ultrasonic field (VUF), and low-
frequency electromagnetic field (LEF) on DC casting of magnesium alloy. The
interaction between LEF and VUF is also discussed [22–24].

Figure 16 demonstrates the experimental apparatus for ultrasonic DC casting.
Three synergistic systems constitute the whole experimental setup, namely, the
casting system, the low-frequency electromagnetic system, and the ultrasonic
vibration system. The ultrasonic wave was provided by a self-designed ultrasonic
vibration system, which comprised an ultrasonic generator, an ultrasonic trans-
ducer, a waveguide, and a 35 mm diameter stainless steel acoustic horn. The ultra-
sonic generator could produce two kinds of ultrasonic vibration fields, namely, the
fixed-frequency ultrasonic field (FUF) and variable-frequency ultrasonic field
(VUF). The frequency of FUF was fixed at 20 kHz, while the VUF had a 20 kHz
center frequency and a 200 Hz changing frequency. The electromagnetic control
unit and the induction coil provided the low-frequency electromagnetic field (LEF).
The frequency of LEF was 20 Hz and the alternating current was 150 A. A resistance

Figure 15.
XRD patterns of as-cast ZK60 alloys treated by different ultrasonic conditions.
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furnace, a crystallizer with the Ø255 mm aluminum ring, a tundish, and a casting
control unit compose the casting system.

At first, the commercial pure magnesium, pure aluminum, pure zinc, and anhy-
drous MnCl2 were melted in a resistance furnace at 740°C with the protection of
CO2 + 0.5% SF6 (1:2) atmosphere. As shown in Figure 16, the melt was transferred
to the crystallizer at the temperature of 670°C from the crucible. With the down-
ward movement of the casting machine, the AZ80 billets (Ø255 mm) were made.
During the casting process, the preheated ultrasonic horn was inserted 50 mm
under the interface of the melting liquid in order to introduce the ultrasonic vibra-
tion into the melt. In the same time, the LEF worked together to input the electro-
magnetic field. Samples for microstructure characterization were ground by the
different grades of SiC papers and then polished and etched using a solution of 4.2 g
picric acid to reveal their microstructures. The characterizations of microstructure
were obtained using an optical microscopy (OM) and a scanning electron micros-
copy (SEM) with energy-dispersive spectroscopy (EDS).

Figure 17 displays the microstructure of as-cast AZ80 billet casted with different
external field treatments. Obviously, a wide columnar crystal zone is observed in
the center of billet with approximate 22.2 mm length. The α-Mg grains are coarse
with large grain size and high degree of inhomogeneity. The FUF treatment refines
the grains located in the center area but has little effect on the edge of billet. The
grain refinement efficiency decreases from center to edge of billet. It is interesting
to find that the columnar crystal area disappears. The LEF also has ability to refine
α-Mg grains, while its refinement tendency is different from the FUF, showing
increase trend from center to edge of billet. The LEF can only reduce the width of
columnar crystal area to columnar crystal area to 12.8 mm. The VUF treatment
shows the best grain refinement capacity. All the grains along center to edge
become very small with global form. In addition, grains have homogeneous distri-
bution in whole billet. With VUF and LEF treatment, the grain is also refined
dramatically with the enhancement of homogeneity as well. It notes that the
LEF + VUF may further promote the refinement efficiency.

Figure 16.
Schematic image of the experimental apparatus: (1) ultrasonic power supply, (2) electromagnetic field control
unit, (3) ultrasonic transducer, (4) acoustic waveguide, (5) acoustic radiator/horn, (6) magnesium alloy melt,
(7) crystallizer, (8) billet, (9) magnetic coil, (10) dummy bar, (11) tundish, and (12) smelting furnace.
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Figure 18 reflects the statistic of grain size and its distribution of as-cast AZ80
treated by different external fields. The grain size of untreated billet is 679–1454 μm
which reduces to 752–916 μm with FUF treatment. The value associated with the
LEF treatment is lower than FUF showing a figure of 732–1027 μm. The VUF
displays the excellent refinement efficiency, with the grain size of 150–241 μm. This
value is further reduced to 116–141 μm after VUF + LEF treatment.

The homogeneity of grain size is also very important particularly for large-sized
billet. Therefore, to evaluate this item, the linear fitting and standard deviation
(SD) of grain size distribution are employed. The slope of fitted line reflects the

Figure 17.
Microstructure from center to edge of as-cast AZ80 billet with different external field treatments: (a)–(c)
without external field; (d)–(f) with FUF treatment; (g)–(i) with LEF treatment; (j)–(l) with VUF treatment;
(p)–(r) with VUF + LEF treatment; (m)–(o) and (s)–(u) are partial enlarged picture.
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characteristics of grain distribution, and the SD value shows the homogeneity. In
case of untreated billet, a negative slope (�5.314) is obtained with the large SD
value (250.183), suggesting that the grain size reduces from center to edge and bad
homogeneity. After FUF treatment, the slope becomes positive to 1.878, and the SD
decreases to 87.399. These results agree with the microstructure observation in
Figure 17, implying the better refinement caused by FUF in the center part of billet
and improvement of homogeneity. The LEF has negative slope and relatively small
SD value of �0.761 and 99.392, respectively, which means better grain refinement
efficiency in the edge area of billet. The VUF-treated billet has the negative slope
similar with the FUF, while the slope is rapidly reduced to 0.403, with the small SD
value of 33.598 as well, suggesting the good homogeneity. As for the VUF + LEF-
treated billet, the slope and SD are further reduced to �0.028 and 9.5, respectively.
Thus, the LEF can help promote the homogeneity.

To better explain and reflect the mechanisms of external field treatment on
microstructure evolution of AZ80 alloy, schematic diagrams are given in in
Figure 19. As mentioned above, the cavitation-enhanced heterogeneous nucleation
and dendrite fragmentation are two main reasons to refine Mg grains. As shown in
Figure 19(b), the ultrasonic cavitation bubble is produced and enlarged because of
the negative acoustic pressure, which absorbs heat from melt and generates the local
super cooling on the bubble’s surface, leading to heterogeneous nucleation on the
surface of bubble. The enlarged bubble shrinks and collapses due to the positive
acoustic pressure and releases huge impact force to melt, which can fragment the
initial crystal nuclei and dendrites. This process is also an effective method to increase
the number of nuclei in melt. What is more, it can remove the columnar crystals, and
that is why the columnar crystal area disappears in Figure 17(d). These two simulta-
neously worked mechanisms considerably increase the number of nuclei of α-Mg.
Then in the acoustic streaming, the return circulated macroscopic flow in melt
(shown in Figure 19(b)) carries the nuclei to wider areas, showing the decrease of
absolute value of slope and SD compared with the untreated billet. The linear fitting
results note that FUF-treated billet has the positive slope of grain size distribution.
The sound attenuation should respond for this phenomenon. The acoustic intensity I
is inversely related to the propagation distance x, as shown in Eq. (7):

I ¼ I0e�2αx (7)

Figure 18.
Grain size distribution of as-cast AZ80 under different external field treatments.
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where α the attenuation coefficient in melt and x the propagation distance.
Because of the high attenuation coefficient α value in magnesium melt, the acoustic
intensity becomes weak in the edge area of billet, reducing the grain refinement
efficiency.

According to the experimental results, the VUF has the better grain refinement
ability than FUF. To understand the reason behind this phenomenon, a simple
numerical simulation for acoustic pressure distribution in melt is calculated by
finite element method. The acoustic pressure distribution is calculated by Eq. (8):

1
ρ0c20

∂
2p
∂t2

� ∇ � 1
ρ0

∇pð Þ
� �

¼ 0 (8)

where p is the solved acoustic pressure, t is the time, and ρ0 and c0 are the melt’s
density and sound speed in magnesium melt. In this simulation, the solidified Mg
billet is not considered. Thus, the physical model only shows the Mg melt during the
casting process based on the experimental data. Four boundary conditions are as
follows. The melt-air surface is set as the soft wall condition where P = 0. The side
wall of ultrasonic horn is set as the hard wall condition, where the acoustic wave is
totally reflected. The tip surface of ultrasonic horn is set as the acoustic pressure
condition, where p ¼ p0sin 2πt f 0 þ sin 2π f 1t

� �� �� �
represents the variable-

frequency ultrasonic vibration mode, and the p0, f 0, and f 1 are the amplitude of
acoustic pressure, center frequency, and the changing frequency, respectively. The
surface of ring and mushy zone are set as the acoustic impedance where the acoustic
wave can be absorbed. Table 3 lists the parameters used in this simulation.

Figure 20 displays the acoustic pressure distribution and corresponding cavitation
area. In case of FUF, the maximum negative acoustic pressure is located on the
surface of ultrasonic horn with the value of �2.88 MPa. As for VUF, the maximum
negative acoustic pressure appears in the area below the tip of horn with the value of
�4.58 MPa. Based on the research results of Eskin, the cavitation threshold of light
materials is about 1.1 MPa. The results show that the cavitation area of FUF is mainly
located in a small area close to the ultrasonic horn but the VUF has larger and wider
cavitation area. Therefore, the VUF treatment can both improve the maximum
acoustic pressure and the cavitation area. On the one hand, the wider cavitation area
can produce more cavitation bubble. On the other hand, higher ultrasonic pressure
can bring larger cavitation bubble and promote the acoustic streaming effect. Bigger
cavitation bubble means that there is more heat absorbed from the melt which then
generates greater degree of supercooling, resulting in increase of number of nuclei, as
shown in Figure 19(c). Larger cavitation bubble can also promote the destructive
power of impact force released by the collapse of cavitation bubble, improving the
dendrite fragmentation effect. The impact force (Fimpact) is given as [25].

Parameter Description Value

p0 Amplitude acoustic pressure 3.22 �106

f 0 Center frequency 20 kHz

f 1 Changing frequency 200 Hz

c Sound speed 4000 m/s

ρ Density of melt 1780 kg/m3

Z Acoustic impedance 4.2�107 Pa∙s/m

Table 3.
Parameters used in numerical simulation.
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Fimpact ¼ Iin � S � e�2αx � e1
c

(9)

where Iin is the input acoustic intensity outside the bubble; S is the surface of
cavitation bubble; α is the attenuation coefficient; x is the transmitted position; e1 is
a unit vector ultrasonic wave associated with the propagation direction; and c is the
speed of ultrasound in the magnesium melt. Therefore, the impact force (Fimpact)
has strong relation with the S and Iin. On the one hand, the Iin is positively relative
with the acoustic pressure, according to Iin ¼ p2=2ρc. Thus, the higher acoustic
pressure, the larger is Iin, suggesting that the VUF can enhance the impact force. On
the other hand, higher acoustic pressure also produces the large-sized cavitation
bubble, namely, the enlargement of S, leading to the enhancement of impact force
(Fimpact). It is also noticed that the VUF makes the grains more uniform. The
improved acoustic streaming effect is responsible for this phenomenon. Due to the
fact that the acoustic pressure gradient holds the key to the intensity of acoustic
streaming, the higher maximum ultrasonic pressure of VUF can dramatically
improve the action sphere of acoustic streaming. Stronger acoustic has better trans-
portation capability and can carry nuclei to further place, promising the homoge-
neity of billet.

Figure 19.
Schematic images of grain refinement associated with different external fields: (a) traditional casting; (b) FUF
treatment; (c) VUF treatment; and (d) VUF + LEF treatment.
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According to the experimental results, the LEF can also refine the microstruc-
ture of AZ80 alloy and improve its homogeneity. In this case, the Lorentz force
produced by the electromagnetic field introduces the stirring effect to the melt,
which enforces the melt moving from center to edge along the transverse direction.
Consequently, the melt with high temperature in center part of melt is carried to the
cold mold wall, accelerating the heat and mass transfer. The temperature field
becomes uniform, and temperature gradient is reduced as well, which helps in
maintaining the nuclei. In addition, the vibrating forces can also break the initial
solidified grains formed on the mold wall and then refine the grain.

Now, it is worth to discuss the mechanisms of combination application of VUF
and LEF, because it shows the best grain refinement efficiency, with the grain size
of 116–141 μm, slope of �0.028, and SD of 9.5. These two fields have interaction, as
show in Figure 19(d). According to the discussion above, the main effect of two
fields is different. As for the VUF, increasing the number of nuclei in melt is its
uppermost mission. The acoustic streaming is its secondary effect. In case of LEF,
accelerating the mass and het transportation is the main effect because it can create
a comfortable environment for nuclei. Thus, the VUF generates the large number of
nuclei and LEF charge to transport them and make sure they can grow. Finally, the
grains become fine with homogeneous distribution.
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Figure 20.
Acoustic pressure distribution and relevant cavitation area in magnesium melt (a) FUF and (b) VUF.
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