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a b s t r a c t

Freezing is the most popular and widely used food preservation method of the modern times. The
freezing process of food matrices is related to their high water content and its metamorphoses into ice on
cooling. The final quality of the frozen product is highly depended on the ice crystal morphology because
it can cause irreversible damage on the microstructure of the food matrix. Supercooling and ice nucle-
ation temperature need to be controlled both in suppressing and inducing the solidification to improve
technological processes such as freeze drying, freeze concentration, cryopreservation, ice formation and
cold-energy storage both in food industry and domestic preservation. However, the mechanism of
freezing is not yet well known and it is affected by several factors.

Several emerging technologies have been recently proposed for ice nucleation control during freezing.
This review article is focused on the alternative freezing methods such as ultrasound waves, magnetic,
electric, and electromagnetic field assisted freezing. In addition, the properties, mechanism of action and
possible applications of electrofreezing are extensively discussed.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Water is the major but Janus-faced component of almost all the
fresh food materials. The two faces of water lie in the facts that
although water is an essential constituent for the freshness char-
acteristics of foods, it is also actively involved in all the deteriorative
mechanisms which influence their texture, appearance, quality, as
well as in the acceleration of their microbial, chemical, and
biochemical degradation. Water in food matrices exists in two
states, namely as “non-bound” and “bound.” First, the term “non-
bound” is related to the freely available solvent water, condensed
within the capillary structure or in the cells of a food that behaves
physically and chemically as pure water. Second, water fraction is
“bound” to polar groups or ionic sites on molecules such as
starches, pectins, and proteins, thus becoming less active (Belton,
1997; Choi and Kerr, 2003; Fellows, 2009; Fessas and Schiraldi,
2001, 2005). During freezing, water is converted into ice crystals
and the water activity of the food system decreases due to the
reduction of the available liquid water. The reduced water activity
helps to preserve foods for longer periods of time, and freezing
temperatures reduce the rate of chemical reactions as well as the
activity of microorganisms and enzymes, thereby extending the
storage life of frozen foods. Although freezing causes minimal
deterioration of original color, flavor, texture or nutritional values in
comparison with thermal processing, food materials are prone to
bei subjected to irreversible tissue damage due to the solute-
concentration damage, dehydration damage and mechanical
damage from ice crystals (Reid, 1993). The quality of frozen food is
considered inversely related to the extent of freezing-induced
cellular dehydration, the size of the ice crystals and their location
inside the foods (Delgado and Sun, 2001; Li and Sun, 2002b). It is
well-known that rapid freezing like cryogenic freezing results in
the formation of smaller and more numerous ice crystals, which is
preferable for minimizing the damage to the cellular structure.
However, the major disadvantages of this freezing method are: the
high total cooling costs, the environmental impacts and the sus-
ceptibility of some products to crack or even shattering when
exposed directly to extreme low temperature (Kim and Hung,1994;
Smith, 2011). Therefore, the selection of methods that maximize
the quality of frozen food while lowering the costs and the power
consumption, are of major importance for the frozen food industry.
The last decades, several studies and many promising technologies
have been introduced providing the potentials for better quality
attributes of frozen food matrices while lowering the energy de-
mands. The novel freezing methods can be categorized in three
different classes with respect to their approach. i) Improvement of
the heat transfer rate during freezing like hydro- fluidization or
impingement freezing, ii) change the properties of food material
like ice nucleation protein and antifreeze protein and iii) assisted
freezing methods which can alter the nucleation, crystal growth
and nucleation rate of food materials during freezing like high
pressure freezing, microwave assisted freezing, radiofrequency
assisted freezing, magnetic freezing and electrofreezing (James
et al., 2015).

Among all the assisted freezing methods, we will focus on the
effects of ultrasound, magnetic fields, electric fields and
electromagnetic wave. The aim of this paper is to explore the effects
of ultrasound waves, magnetic, electric and electromagnetic field
assisted freezing and to discuss their potential applications in
frozen food technology. The outputs of recent studies as well as the
mechanism of action, the thermodynamics and the influence on
crystallization of electrofreezing will be comprehensively
discussed.
2. Freezing

In principle freezing process consists of three stages namely,
pre-cooling or chilling stage, in which the material is cooled from
its initial temperature to the freezing point temperature; phase
change period which represents the crystalisation of most of the
water; and sub cooling or tempering stage in which the product
reaches the finally established temperature (Kiani and Sun, 2011;
Xanthakis et al., 2014a). The crystalisation comprises nucleation
and crystal growth. Nucleation refers to the process by which an
adequate amount of molecules associate in three dimensions to
form a thermodynamically stable aggregate, the so called critical
nucleus, which provides surfaces suitable for crystal growth. The
growth stage, which immediately follows the nucleation, is gov-
erned by the diffusion of particles to the surface of the critical
nuclei and their ordered assembling onto the growing crystal
(Russo Krauss et al., 2013). Two distinct processes are identified in
the nucleation of crystals, namely, primary and secondary or con-
tact nucleation. Primary nucleation involves the formation of
crystal in a solution containing no existing crystals. Primary
nucleation can take place in two categories; Homogenous and
heterogeneous. Homogeneous nucleation occurs when the nuclei is
formed spontaneously from the random density fluctuation within
the supercooled liquid but heterogeneous nucleation takes place
due to the presence of solid impurities that form stable surfaces for
nuclei formation (Gülseren, 2008; Sahagian and Goff, 1996). The
distinction between heterogeneous and homogenous nucleation
can be made using DSC techniques by evaluating the differential
heat flow signals (Gülseren, 2008; €Ozilgen and Reid, 1993).

Secondary nucleation involves the production of new crystals in
a solution containing pre-existing crystals, and it can occur either
by the crystals acting as templates for new crystals nuclei to be
formed or by the crystals fragmenting to produce more nucleation
sites (Adriana and Da-Wen, 2011). It is believed that the nucleation
is the most important step during crystallization, since it can affect
both crystal size and distribution of ice crystals (Saclier et al.,
2010b). But the nucleation temperature (Tn), which is the temper-
ature at which crystallization starts, is quite variable and is affected
by several factors such as foreign particles, the surface area, process
conditions, sample volume, composition of the matrix and contact
area between sample and container. The aforementioned and other
factors are responsible for the random and stochastic nature of ice
nucleation (Anuj, 2012; Kiani et al., 2012a; Petersen et al., 2006). On
the other hand, the ability to control supercooling (temperature
difference between the freezing point of a matrix and the nucle-
ation temperature) and ice nucleation is essential to produce a
homogeneous and uniform frozen batch (Anuj, 2012; Passot et al.,
2009), to increase food quality (Orlowska et al., 2009) and to the
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survival of many biological organisms that experience subfreezing
temperature (Diller, 1975; Schwartz and Diller, 1984). The crystal
growth rate is the rate at which the radius of a nucleus grows after
formation. The growth rate of the crystals is determined by the heat
and mass transfer in the liquid phase and by the liquid-solid
interphase. In most high moisture foods there are plenty of water
and solute molecules, but it appears that mass transfer of these
molecules towards and away from the crystals do not limit the rate
of growth except at late stages of freezing. Therefore, during
freezing, it is heat transfer rate that controls crystallization.

The rate of crystal growth (G) is also a function of the super-
cooling (DTs) reached by the specimen according to the phenom-
enological expression

G ¼ bðDTsÞn (1)

where b and n are experimental constants (Petzold and Aguilera,
2009). The interaction between the steps of ice nucleation and
crystallization determines the crystal characteristics such as their
size, distribution and morphology (Russo Krauss et al., 2013).

There are many studies published aiming to control induction or
Table 1
Comparison of Methods proposed for controlling ice nucleation.

Method Induction Suppression

Physical Seedin0067
(ice fog)

-

Mechanical method
(Shaking, taping and agitation)

-

Static electric fields
1. Charge type -

2. Static Electric fields -

High Pressure freezing -

Ultrasonic irradiation -

Membrane -

Electromagnetic wave
- Microwave irradiation -

- Radio frequency -

Magnetic
1. Static Magnetic fields -

2. Resonant or oscillating magnetic fields -

Chemical chemical ice nucleating agents such as
silver iodine, Aliphatic alcohols,
Crystalline Cholesterol, Phloroglucinol

-

chemical suppressing agent such
as polyvinyl alcohol hydrophilic
surfactant Osmotically active materials

-

Biological Biological ice nucleating agent -

Anti-freeze protein -
suppression of ice formation at desirable temperature. Induced ice
nucleation may lead to a reduced range of ice nucleation temper-
atures during cryopreservation (Morris and Acton, 2013), and also
to produce larger ice crystals which has some benefits for some
technological processes such as freeze drying and freeze concen-
tration (Geidobler and Winter 2013; Petzold and Aguilera, 2009;
Searles et al., 2001). Moreover, electrical energy demands for
refrigeration and freezing time can be reduced (Okawa et al., 2010).
Suppression may lead to finer ice crystals formation, enhance the
quality and can also be effective in reduction of freezing injury
(Woo and Mujumdar, 2010). Different methods and approaches
have been employed to promote or inhibit ice nucleation. We can
divide them in three general categories: physical, chemical and
biological methods. But only some of them provide a true control of
nucleation, while others just enable statistically increasing or
decreasing the mean nucleation temperature (Anuj, 2012;
Geidobler and Winter 2013). Table 1 represents different methods
to control ice nucleation.

Other existing methods to control ice nucleation are based on
temperature dependency of nucleation and growth which allow to
change them bymanipulating the rate of heat transfer (cooling rate
Effect Reference

Reduced range of ice nucleation
temperatures, no true control,
and increase of nucleation
temperature.

(Patel et al., 2009).

Induce spontaneous nucleation,
reduced degree of supercooling

(Hozumi et al., 2002; Woo
and Mujumdar, 2010).

Controls ice nucleation and
decreases the degree of
supercooling by increasing
nucleation temperature, changes
the shape of ice crystal.

(Hozumi et al., 2005; Hozumi
et al., 2003).
(Dalvi-Isfahan et al., 2016;
Orlowska et al., 2009;
Wei et al., 2008).

Enhances supercooling degree (Le-Bail et al., 2002;
Otero and Sanz, 2003)

Controls ice nucleation and
decreases the degree of
supercooling by increasing
nucleation temperature, changes
the size and shape of ice crystals.

(Kiani et al., 2011;
Kiani et al., 2013;
Sun and Li, 2003).

Decreases the degree of supercooling. (Okawa et al., 2010).

Decreases the degree of
supercooling; produces
smaller ice crystals.

(Xanthakis et al., 2014b).

(Anese et al., 2012).

Contradictory results has been
reported but Freezing temperature
may shift to higher value and
increase the degree of supercooling

(Cai et al., 2009; Inaba et al., 2004).

Smaller ice crystals formation. (Fikiin, 2008; Kaku et al., 2010;
Kojima et al., 2013;
Mohanty, 2001).

Raises the nucleation temperature,
reduces the degree of supercooling.

(Okawa et al., 2001).
(Gavish et al., 1990).
(Massie et al., 2011).
(Gao et al., 1999).
(Kumano et al., 2009).
(Matsumoto et al., 2013).
(Blanshard and Franks, 1987).

Increases the degree of supercooling.

Raises the nucleation temperature,
reduces the degree of supercooling
and catalyses ice formation.

(Li and Lee, 1998).

Decreases the freezing temperature,
retards recrystallisation, suppresses
the growth of ice nuclei, inhibits
ice formation and alters the
ice habit and growth rate.

(Feeney and Yeh, 1998).
(Hassas-Roudsari and Goff, 2012).
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control) or based on the water-ice phase transition under the
pressure (high pressure shift freezing), sudden pressure releasing
may lead to high degree of supercooling, high nucleation rate and
instantaneous, homogeneous nucleation throughout the sample
leading to smaller ice crystals (Le-Bail et al., 2002).

3. Ultrasound irradiation and freezing

Power ultrasound, a kind of ultrasound waves with low fre-
quency (20e100 kHz) and high intensity (generally higher than
1W cm�2), has proven to be useful in controlling the crystallization
process during freezing (Sun and Li, 2003). It plays effective roles in
the initiation of nuclei and subsequent crystal growth (Li and Sun,
2002a). The mechanism of ultrasound induced nucleation has not
yet been totally elucidated and different theories have been pro-
posed. The first theory was suggested by Hickling (1965) who
claimed that the collapse of cavitating bubble generated high
pressure which increased the equilibrium freezing temperature of
water and thus increased the supercooling which is the driving
force of ice nucleation (Saclier et al., 2010a). However, Zhang et al.
(2003) and Dodds et al. (2007) have found that the flow streams of
stable cavitation bubbles and molecular segregation due to the
pressure gradient of cavitation bubbles could also cause nucleation.

The major consequences of power ultrasound irradiation within
a liquid are cavitation and agitation, which are useful in improving
heat transfer and freezing rate (Kiani et al., 2012b; Li and Sun,
2002a; Lima and Sastry, 1990). In addition, the collapse of cavita-
tion bubbles could trigger nucleation (Kiani et al., 2013) which may
induce intracellular nucleation or may also increase the nucleation
rate in the extracellular region, which is favorable for an overall
smaller crystal size distribution (Petzold and Aguilera, 2009). Due
to heat generation when ultrasound passes through the medium,
applications of ultrasound for freezing require optimization of the
levels of two key parameters in the process: ultrasonic power and
duration (Li and Sun, 2002a). Li and Sun (2002a) also claimed that
ultrasound with a power level of 15.85 W applied for 2 min
improved the freezing rate and gave a better cellular structure of
potato.
Fig. 1. Ice crystal morphologies on vertical cross sections (10% mannitol): (A) upper position
nucleated at �8.17 �C; (D) lower position, nucleated at �8.17 �C (Nakagawa et al., 2006).
The ultrasound technology has also been successfully imple-
mented as a means of controlling the nucleation temperature
within vials in the same batch (Passot et al., 2009). In a more
recent study the effect of irradiation temperature, duration and
intensity on agar gel were investigated by (Kiani et al., 2013). Their
results showed that ultrasound irradiation was able to initiate
nucleation at different supercooled temperatures under appro-
priate conditions. Moreover, when the nucleation temperature
was decreased smaller ice crystals were formed. On the other
hand, application of ultrasound at higher degrees of supercooling
will cause the formation of many nuclei, which can only grow to a
limited size, originating many small crystals (Kiani et al., 2013).
This is in agreement and consistent with the results reported by
Nakagawa et al. (2006) for mannitol and bovine serum
albumin (BSA) who reported that small and numerous ice crystals
were obtained at lower nucleation temperature (higher super-
cooling degree), while large and directional ice crystals (dendrite
type) were obtained at higher nucleation temperature (lower
supercooling degree) (Fig. 1). In order to optimize the industrial
freeze drying of pharmaceutical proteins, Nakagawa et al. (2006)
applied ultrasound waves to control the freezing step of the pro-
cess. The nucleation temperature was controlled at selected values
below the equilibrium freezing temperature. According the au-
thors, the morphological modifications driven by the nucleation
temperature differences clearly influenced the water vapour
permeability and subsequently the sublimation rate during of the
freeze drying process. The aforementioned studies indicate that
ultrasound assisted freezing follows the same principles with
conventional freezing regarding the supercooling and ice crystal
size.

Saclier et al. (2010b) also reported that the number of nuclei
depends not only on the supercooling degree, but also on other
parameters such as the level, the amplitude and frequency of the
applied acoustic signal. In addition, the initial size distributions of
gas bubbles are crucial factors. Their model showed that the
nucleation could be initiated with moderated acoustic pressure
amplitude (around 1 bar) even at low supercooling levels (around
few degrees of Celsius).
, nucleated at �2.04 �C; (B) lower position, nucleated at �2.04 �C; (C) upper position,
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It has been reported in many studies that ultrasound-assisted
freezing was applied to freeze many different kinds of food mate-
rials including potato (Li and Sun, 2002a; Sun and Li, 2003), red
radish (Xu et al., 2015a, 2015b), mushroom (Islam et al., 2014) and
strawberry (Cheng et al., 2014). A typical trend from these reports is
that the ultrasound-assisted freezing significantly improves the
quality attributes and microstructure of frozen product. However,
almost all these studies used the technique of immersion freezing
while ultrasound was applied; recently, Islam et al. (2015) inves-
tigated the influence of ultrasound irradiation on the ice crystal size
and distribution inmushroom during contact freezing. Their results
indicated that ultrasound triggered the nucleation of ice crystals
and further controlled the nucleation and thus reduced the ice
crystal size.

4. Electrofreezing

Although the phenomenon of electrofreezing has been known
since 1861 (Dufour, 1861), the first effort to induce ice nucleation in
supercooled water droplet by high voltage electric fields was re-
ported by Rau in 1951 (Rau, 1951). This technology has also already
been used to induce organic molecules nucleation in crystallization
processes (Hammadi and Veesler, 2009).

Different approaches and methods have been proposed within
the electrofreezing area. We could divide them in two general
categories; charged surface and externally or static applied electric
fields inwhich electrodes do not come into contact with the sample
(Braslavsky and Lipson, 1998). Experiments have demonstrated the
effect of both the charge flow and static electric fields methods to
induce ice nucleation and decrease the degree of supercooling by
increasing nucleation temperature (Shichiri and Araki, 1986; Wei
et al., 2008) The application of charge flow or static electric fields
for controlling the nucleation phenomena through a repeatable and
predictable process (due to stochastic behavior of this event) was
also proposed by (Orlowska et al., 2009; Petersen et al., 2006)
respectively. Fig. 2.

4.1. Charged surface or charge flow-type nucleation

Electrostatically charged surfaces method is generally carried
out by applying continuous or pulsed high electric fields between
narrowly spaced electrodes immersed in the solution; this method
has been used to induce and control ice nucleation in supercooled
solutions (Anuj, 2012). A typical application of this method could be
freeze drying of pharmaceutical products where higher nucleation
temperatures which are induced by electric fields are desired
because they generate larger ice crystals, which result in larger
pores upon sublimation. These larger pores can dramatically in-
crease the mass transfer and reduce resistance to vapour flow. As a
result, a shorter drying time can be obtained (Anuj, 2012; Awotwe-
Fig. 2. Microscopic images of induced ice nucleation at the electrode: (a) the cylindric
platinum electrode visible as a black silhouette, (b) thin ice layer, developed at the
electrode's front directly after electric pulse application, (c) star-shaped ice dendrites
growing out of the primary crystal (Petersen et al., 2006).
Otoo et al., 2013; Geidobler and Winter 2013; Nakagawa et al.,
2006; Passot et al., 2009).

The shape of the electrode is of great importance to induce
crystallization (Hozumi et al., 2005). Based on their research the
probability of the freezing in the case of flat end anode (0.5 mm
diameter) was larger than sharp end anode (0.1 mm in min. and
0.5 mm in max. diameter) due to more micro convex in the case of
flat end anode which led to high electrical density in these pro-
truding parts (Hozumi et al., 2003). In fact, an electrode having a
perfectly smooth surface does not exist. There is a large number of
small protruding parts on the electrode surface and hence the
electrical charges concentrate on them. The smaller the protruding
part the larger the electrical charge density is. Since these charges
attract water molecules, the layer of water in contact with the
electrode will be oriented due to polarity of the water molecule.
This orientation of molecules of water near the electrode enhances
the possibility of ice nucleation (Sivanesan and Gobinathan, 1991).
Furthermore, the effect of electrode material has an importance on
the nucleation process. If the electrode material has a high ten-
dency to ionization (like aluminum) the probability of formation
between electrode and water molecules will increase, which could
induce ice nucleation (Hozumi et al., 2003). The probability of
freezing occurring with respect to the electrode material was or-
dered as follows: Al ¼ Cu > Ag > Au > Pt > C. The results of Shichiri
and Nagata (1981) also showed a similar trend and they concluded
that when the tendency of material to ionization is high the
nucleation is favorable to occur on the anode, and when it is small,
the nucleation occurs on the cathode (Shichiri and Nagata, 1981).

4.2. External electric fields (static electric fields)

Electrostatic field means that no currents or varying voltages
may be defined or analyzed during the freezing experiment, elec-
trostatic freezing system involves the application of high voltage DC
power supply to foods placed between two electrodes during
freezing. It must be designed so that it can operate at high electric
fields strength while dielectric breakdown inside the system must
be prevented (Dalvi-Isfahan et al., in press). The experimental set
up design for freezing under external electric fields is still in the
research gate and most of them have been designed on a trial and
error basis. But the main parts of static electric fields are similar to
the setup used by Orlowska et al. (2009) and Wei et al. (2008) for
controlled and induced ice nucleation under high voltage electro-
static fields condition. Their system consists of a DC voltage
generator, one pair of plate electrodes placed in parallel, cooling
system, temperature measurement and recording system, dielec-
tric spacers to isolate electrically two electrodes from each other
and decrease the probability of current flow through the sample.
Le-Bail et al. (2011a) put the upper electrode 2 mm above the
sample surface to avoid direct contact and electrical connection
between sample and electrode and finally, treatment region where
the sample was placed (measurement cell).

In order to create a uniform electric field and reduce the prob-
ability of corona discharge, parallel plate electrodes are usually
used instead of needle e plate electrodes. Corona discharge was
able to promote higher rates of heat transfer and increase cooling
efficiency. The resulted ion form corona wind could have an effect
on nucleation but under these conditions of nucleation, electric
fields is not the sole cause for inducing nucleation of ice (Stan et al.,
2010).

The shape and size of the electrode depend on the sample and
sample volume, but it is recommended that 1) electrodes surface
should be polished to avoid possible occurrence of sparks when
high voltage is applied (Wei et al., 2008), 2) Since electric fields
magnitude is relatively higher near the edge of the electrode due
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to fields enhancement, it is recommended to gradually decrease
the radius of curvature (Harrison, 1967). 3) the distance between
the electrodes depends on the food material being used and the
level of its processing but as a general rule, the distance between
the electrodes should be smaller than the diameter of the elec-
trodes and 4) the size of lower electrode should be larger
than upper electrode in order to collect surface charge. In the
treatment region between the two parallel plate electrodes,
the potential drop is nearly uniform and strong electric fields is
generated. On the other hand, in the non-treatment zone most
of the potential drop is found inside the dielectric spacer, thus
the electric fields is quite weak in the outside of the treatment
region (Barbosa-Canovas et al., 1997; Muthukumaran et al.,
2009).

Determination of actual or effective electric fields which de-
velops in the sample could be calculated by modeling the experi-
mental system using Maxwell equations (Havet et al., 2009).

There is not much published data about the static electric fields
and in all these experiments, small volume of water (1e4 ml) or
alcoholic solutions were used and pulsed or continuous DC electric
fields while the samples were continuously cooled was utilized (Le-
Bail et al., 2011a; Wei et al., 2008). Static electric fields (SEF) tend to
induce ice nucleation at a lower degree of supercooling, and sub-
sequently shorter nucleation time and longer solidification time
has been reported however, the total freezing time is close to
control sample in all the experiments. The modification of the so-
lidification time may be caused by the amount of refrigeration
energy stored during the supercooling. Since SEF decreases nucle-
ation time, a larger amount of heat had to be removed during phase
transition, which resulted in longer solidification time (Orlowska
et al., 2014).

The strength of electric fields and electrode gap (the distance
between electric fields from the surface) are the most important
factors which influence the probability of freezing under electric
fields. Yan and Patey (2012) based on molecular dynamic simula-
tion showed that the minimum electric fields strength required to
nucleate ice depends a little on how far the fields extends from the
surface.

Recently Carpenter and Bahadur (2015) showed that both
electric fields and the electric current influence electrofreezing;
they applied electric fields and charge flow in the solid-liquid
interface of droplets instead of inside of the liquid. It has been
clearly seen that freezing temperatures can be increased by con-
trolling the electric fields. However the effect of electric field on
freezing temperature has not been reported by the other
researcher.

4.3. Mode of action

The precise mechanisms of electric fields are not well under-
stood but the effect of electric fields will be discussed from two
aspects namely, molecular dynamic simulation and thermody-
namic point of view.

4.3.1. Molecular dynamic simulation
The exact mechanism of electrofreezing remains uncertain and

probably various reasons contribute including, acoustic shock,
bubble generation by electrolysis, and coordination formation
between electrode and water molecules (Braslavsky and Lipson,
1998; Hozumi et al., 2003). But it seems the most important
reason of electrofreezing in static electric fields type may be
attributed to local dipole e field interaction and dipole polariza-
tion of the water molecules by the electrostatic field. Several
molecular dynamic (MD) simulations have been performed in
order to investigate the influence of an electric field on water
phase transition. The first study of employing MD simulations was
performed by Svishchev and Kusalik (1994). They reported that
the presence of electric field near the surfaces or within the
confined geometries can play an important role in the crystalli-
zation of liquid water to form ferroelectric cubic ice. These results
are further verified by Vrbka and Jungwirth (2006) who observed
that ice preferred to nucleate in the subsurface layers, rather than
in bulk region of the sample and furthermore, Yan and Patey
(2012) concluded that an electric field acts very near a surface
and induces heterogeneous ice nucleation. This is in agreement
with the results reported by Wei et al. (2008) and He and Liu
(2009). They employed the Boltzmann distribution to describe
the distribution of water molecules under the influence of electric
field and reported that the variation of Boltzmann function is
small in bulk phase and the effects of electrostatic field may
become largely strong at the interface and affect the dynamical
state of the interface.

Molecular dynamics simulation studies showed that bulk and
clusters of water (under the influence of sufficiently high electric
fields of 1.0e1.5 � 107 V/cm, respectively) will undergo an abrupt
structural change including all molecular dipoles pointing to the
directions less than 90� with respect to the electric field vector,
enhancement of the molecular reorientation rates and hydrogen
bonds being stronger along the field than along orthogonal di-
rections (Vegiri, 2004a, b).

Electric field not only causes restructuring transitions of water
but also influences some physical properties. Srivastava et al. (2012)
showed that the application of electric field decreases the phase
density in the saturated liquid and increases the saturated vapour
phase density of the confined water on the vapour-liquid phase
transition (Srivastava et al., 2012). Yeh and Berkowitz (1999) re-
ported that the dielectric constant of water is reduced to half of its
value under a relativelymodest electric strength (50mV/Å) and this
reduction is due to the resultant partial destruction of the
hydrogen-bonded network (Yeh and Berkowitz, 1999).

Although MD simulation is a powerful tool for understanding
the response of water molecules to an applied electric field and
allows a better understanding of the electrical properties for a
wide range of electric field, their results might not be experi-
mentally confirmed. For example, Svishchev and Kusalik (1994)
reported that the application of electric field of the order of
2.0 � 109 V/m can induce crystallization in bulk water; however,
such strong fields are scarcely attainable in the laboratory and this
electric field magnitude is much larger than the dielectric break-
down strength of pure water (Kolodziej et al., 1975). Weaker
electrostatic field strength in the range of E ¼ 103 e 106 V/m, is
sufficient to induce the nucleation temperature and increase
supercooling degree of water in the experiment (Woo and
Mujumdar, 2010).
4.3.2. Thermodynamic point of view
When water is exposed to an external electric field, the dipoles

have the tendency to turn into the field. This behavior results in a
weakening or destruction of some hydrogen bonds which in turn
reduces the entropy of the system (Yan and Patey, 2012).

Electric field also changes the free energy barrier for phase
transition (DGn). The free energy of a spherical crystallite in a so-
lution is equal to the sum of two competing forces; The first is the
surface or interface free energy which is associated with the for-
mation of a new interfacial area between the solid and the liquid
and destabilizes the nuclei under a certain critical size (DGSurface).
The second, is the volumetric free energy, (DGVolume) which is
associated with the bulk energy of phase change and stabilizes the
nuclei.



Fig. 3. Schematic representation of effect of applying an external electrostatic field on
critical radius (r*) and free energy during water to ice nucleation DGn.

Fig. 4. Micrograph images of frozen pork tenderloin transversal cuts under different
magnitude static electric fields. (a) Fresh meat, (b) 0 kV, (c) 3 kV, (d) 6 kV, (e) 9 kV, (f)
12 kV (Xanthakis et al., 2013).
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DGn ¼ DGSurface þ DGVolume ¼ 4pr2g� 4
3
pr3DGv (2)

where DGv is the free energy change per unit volume; r is the
nucleated particle radius and g is the interfacial energy. Under an
external electric field a new term is added to volumetric energy (PE,
polarizability multiplied by the electric field)

DGn ¼ 4pr2g� 4
3
pr3ðDGv þ PEÞ (3)

Therefore, the volumetric energy exceeds the surface energy
and the free energy will be decreased during water nucleation. The
critical radius which corresponds to the size of a stable ice crystal is
also shifted to lower values (Fig. 3) (Le-Bail et al., 2011a, 2011b). In
other words, electric field reduces the energy barrier for the phase
transition, allowing water to nucleate with lower degree of super-
cooling. Similar results have been obtained for phase transition of
water confined between hydrophobic plates. Vaitheeswaran et al.
(2005) also reported that the free energy barrier for capillary
evaporation of water confined between the plates was lowered
when electric fieldwas applied. This conditionmay lead to a change
in the nucleation rate (the number of stable nuclei formed in the
system per unit of time and per unit of volume) in both increasing
and decreasing directions. The general equation for the rate of
nucleation which was developed based on thermodynamic
expression is an Arrhenius type relationship with pre-exponential
and exponential terms.

B ¼ A exp
��DGn

kT

�
(4)

where B, A, k, T and DGn are rate of nucleation, pre-exponential
term, Boltzman constant, temperature and critical free energy for
nucleation, respectively (Kiani and Sun, 2011). The above equation
implies that when the supercooling becomes small (the typical
trend from DC electric field), the nucleation rate becomes really
small. On the other hand, the electrostatic field can modify and
helps lower the free energy necessary (DGn), to overcome the phase
change then, nucleation rate increase and allows the phase tran-
sition to occur faster (Dalvi-Isfahan et al., 2016). Marand et al.
(1988) studied the influence of external electric field on crystalli-
zation of polyvinylidene fluoride (PVF). They observed (theoreti-
cally and experimentally) that a static electric field increases the
nucleation rate of polar phase. Stan et al. (2010) also estimated that
the increase of the nucleation rate might be observable for field
intensities on the order of 107 V/m and larger intensities on the
order of 108 V/m might enhance the nucleation of ice through
ferroelectric ice XI.

The thermodynamic analyses for boiling nucleation under an
external electric field are analyzed by Quan et al. (2013). Their re-
sults showed that both the critical radius and nucleation availability
increase with the enhancement of electric field strength, indicating
that nucleation becomes more difficult to occur under an externally
imposed electric field. Cheng (1984) also using the thermodynamic
theory of phase transitions showed that an electric field increases
the critical size and work for bubble nucleation in a superheated
liquid and impedes the process; it decreases the critical size and
work for liquid droplet formation in a supercooled vapour and
enhances the process (Cheng, 1984).

4.4. Crystal growth

The polar water molecules (or clusters) maybe torqued, rear-
ranged, and forced to join the ice lattice via a special orientation
and position under the action of the electrostatic field. Thus the rate
of attachment (or detachment) of water molecules on the ice
interface is affected by external electrostatic field. He and Liu
(2009) investigated ice crystal formation under electrostatic field
via phase field method. They reported that the application of
electric field can induce the change of surface tension and result in
asymmetric ice crystal growth of dendritic ice.

The size of the ice crystals formed is crucial for the final quality
of the frozen food as they can cause irreversible damage to the
cellular structure, which in turn degrades the texture, color, taste,
and nutritional value. A study by Xanthakis et al. (2013) demon-
strated that the average equivalent circular diameter of ice crystal
size in pork meat showed a decreasing trend with an increasing
strength of the static electric filed under a static electric field
(Fig. 4). The most recent study of Dalvi-Isfahan et al. (2016) showed
the impact of electrostatic field on the food quality of frozen lamb
meat. Their results showed that although static electric field had no
significant effect on the color, hardness and freezing rate of meat
during freezing, the drip loss and ice crystal size significantly
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decreased with increasing the strength of electrostatic field.
Further studies in the application of static electric field during

freezing would be interesting to be carried out with different
configurations as well as on more sensitive food matrices such as
fruit and vegetables.

5. Alternating currents and freezing

Alternating current electric field (AC) with a frequency of at least
in the radio frequency band or oscillating electric field allows water
molecules to vibrate and may inhibit nucleation, since the alter-
nating or oscillating electric field exerts a torquewhich can displace
water molecules from their equilibrium relationship in a cluster
without inducing thermal effect. Recently, experiments have
Table 2
Application of electrofreezing in freezing process.

No Specimen Condition

Direct current studies
1 Water (100 ml) 0e1.0 � 106 V/m

2 Water (n.da) 0e1.0 � 106 V/m

3 Water (50 ml) þ 50 mg
nucleants (AgI-CuBr) system

104 V/m
Cooling rate 0.1 �C/min

4 Water (4 ml) Electric charge (50e120 V)
and electrode gap 300 mm
(~1.7 � 105e4.0 � 105 V/m)

5 Ionic and non-ionic solution Pulse electric V ¼ 4.5 kV
applied for 3 s
~Cooling rate 1 K/min

6 Water (1 ml) 1 � 10 5̂

7 Water (200 ml) 5 � 10 4̂

8 Water (1.6 ml) Internal electric field
4.5 � 104 V/m �1.1 � 105 V/m
External electric field1.1 � 106 V/m
Cooling rate of around 3 �C/min

9 1.6 ml Ethanol and
Propanediol aqueous
solution (10% v/v)

Internal electric field
4.5 � 104 V/m �1.1 � 105 V/m
External electric field 1.1 � 106 V/m
Cooling rate of around 3 �C/min

10 0.5 ml NaCl solution
(0.9%)

1-10^3
cooling rate of 5 �C/min

11 Pork meat
(Average weight 1.06 g)

0e12 kV
cooling rate of
1ºC/min

Alternating current studies
12 NaCl Solution

(0.9%)
0e5 MHz
Cooling Rate of 0.26 K/Min

13 Water droplet 1.6 � 10^5
frequencies from 3 to 100
kHz

a (n.d) ¼ Not defined.
demonstrated that the AC electric field might actually increase the
allowable degree of supercooling (enhance supercooling), suppress
or retard spontaneous ice nucleation, and represent a kinetic
constrain to ice formation by interfering with both ice nucleation
and kinetics of crystal growth (Hanyu et al., 1992; Woo and
Mujumdar, 2010; Wowk, 2012). The potential of alternated elec-
tric field to assist freezing has been studied by a few researchers
(Stan et al., 2010; Sun et al., 2007).

Wei et al. (2006) applied electric field of sine-wave with
different frequencies ranging from 50 Hz-5MHzduring freezing of
0.9% NaCl solution, using relatively low cooling rate (0.26 K/min). It
was found that an increase infrequency of alternated electric field
up to 500 KHz decreases the supercooling degree while with
further rise in frequency to 5 MHz; supercooling degree seems to
Result Reference

Application of electric current (>0.1 mA)
increases the nucleation temperature.
Ice nucleation occurred at cathode
Electrodes, when electrode with
small ionization tendency was used and
when the ionization tendency of the
electrode is large, nucleation was
apt to occur at the anode.
Nucleation process is related to
occurrence of electrochemical process
at the electrode

(Shichiri and Nagata, 1981).

Increase ice nucleation temperature.
bubble generation by electrolysis has
an effect on the nucleation and
orientation of water molecules near
the electrode enhances the possibility
of ice nucleation.

(Shichiri and Araki, 1986).

The effect of electric field on ice
nucleation in the presence of nucleants
(AgI-CuBr) system showed that production
and collapse of bubbles could be
enhanced ice nucleation temperature.

(Sivanesan and
Gobinathan, 1991).

The probability of the freezing was
larger in the case of flat end anode
and material with high tendency to ionization

(Hozumi et al., 2005).

Induce nucleation and control ice
nucleation temperature

(Petersen et al., 2006).

Increasing supercooling degree
and phase transition time.

(Wei et al., 2008)

No significant change in
the nucleation temperature

(Wilson et al., 2009).

Increasing supercooling degree
Control ice nucleation

(Havet et al., 2009;
Orlowska et al., 2009).

Increasing supercooling degree (Le-Bail et al., 2011a).

Increasing supercooling degree and
relative dielectric constant

(Ma et al., 2010).

Ice crystal size reduced and quality of
frozen pork meat improved

(Xanthakis et al., 2013).

Increasing the alternated electric field up
to 500 kHz decreases the supercooling
degree significantly

(Wei et al., 2006).

Uniform electric fields in water neither
enhanced nor suppressed
the homogeneous nucleation of ice.

(Stan et al., 2010).
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increase and is close to control sample. Water molecule polariza-
tion theory and ion moving were used for their analyses, while ion
moving was indicated as a major factor. Sun et al. (2007) studied
freezing in the presence of oscillating electric fields at frequencies
between 1 and 200 kHz, and they found ice crystal domain size to
be minimized at a frequency of 50 kHz. The aforementioned
different approaches of electrofreezing are summarized in Table 2.

6. Microwave and radio frequency waves and freezing

Jackson et al. (1997) showed that 2.45 GHz microwave radiation
could reduce the amount of ice formed during attempted vitrifi-
cation of ethylene glycol solutions. The application of microwaves
during freezing of food material has also been investigated by
Xanthakis et al. (2014b). Their results showed that the average ice
crystal size decreased significantly and application of microwave
radiation may reduce the damage of meat tissue during freezing
process. From their study also arose that the degree of supercooling
decreased as well as the freezing rates by increasing the levels of
microwave power due to the MW- generated heat.

The exploitation of radiofrequency (RF) to assist food freezing
was studied by Anese et al. (2012). They observed a better cellular
structure of meat microstructure when low voltage (2 kV) RF pulses
were applied and this could be attributed to RF ability to depress
the freezing point thus producing more nucleation sites.

The underlying mechanisms behind the oscillating electric field
freezing are unknown but they could be due to the ability of RF to
decrease the freezing point and consequently promote the ice
nucleation (Cheng et al., 2015) or interaction of water clusters to the
electric field, which resulting in ice crystal disruption and frag-
mentation of preexisting ice crystals. Fragmentation of ice crystals
under oscillating electric field will lead to the secondary nucleation
and ice crystal size reduction.

7. Magnetic fields and freezing

Water is diamagnetic, which means that it develops a magnetic
dipole moment in response to an applied magnetic field (Wowk,
2012). Magnetic fields have been shown to cause hydrogen
strengthening which can change physical properties of confined
liquid water such as heat capacity, light absorbance, electrical
conductivity, self-diffusion coefficient, and surface tension (Zhang
et al., 2010). Moreover, magnetic fields in the order of 14Taffect
the infrared spectrum of water (showing its effect on water clus-
tering) and these effects remain for considerable time after the
magnetic field is removed (Pang and Deng, 2010). Aleksandrov et al.
(2000) reported that the lower magnetic field strength (0.5 T)
causes solidification of 0.5 g distilled water at equilibrium freezing
point. Several molecular dynamic simulations have been performed
to investigate the influence of magnetic field on liquid water,
finding that the application of magnetic field increases the number
of hydrogen bonds and decreases the self-diffusion coefficient
(Chang and Weng, 2006). Zhang et al. (2010) studied the freezing
transition of confined water under the influence of a uniform
external magnetic field (10T), reporting that a new phase of bilayer
crystalline ice is obtained at an anomalously high freezing tem-
perature of 340 K and freezing temperature shifts to higher value as
the magnetic enhances. Recent studies have showed that the
magnetic field could enhance hydrogen bonding, increase themean
size of water clusters and increase melting point (Cai et al., 2009;
Inaba et al., 2004).

Three general approaches have been identified in attempting to
applymagnetic field; static magnetic field, resonance magnetic and
Pulsedmagnetic field freezing. However, it is also important to note
that, there are contradictory results concerning the effects of MFs
on the freezing process that arise from the multiplicity of experi-
mental conditions including, intensity, frequency, exposure times,
freezer types, etc. Effects of magnetic fields on freezing has been
recently reviewed by the Otero et al., 2016, so this topic will not be
extensively discussed in this review.

7.1. Static magnetic fields (SMFs)

SMFs are naturally present everywhere as earth is surrounded
by fields varying between 25 and 65 mT. Information on the effects
of SMFs on the food materials is very limited. In a recent study, the
potential of an innovative freezing technique by applying static
magnetic field (0e480 mT, repulsive and attractive) on the freezing
process of 0.9% NaCl solution was tested by Mok et al. (2015). The
phase transition time in repulsive SMF reduced by 32.1% and 42%
compared to control and attractive SMF respectively. Furthermore,
the shape of ice crystals formed irregular shapes compared to
control and they suggested that this reduction might be due to the
possible distortion and breaking of hydrogen bonds. They have also
reported that, under combination of pulse electric field and
repulsive static magnetic field, phase transition time decreased
remarkably while roundness and uniformity of ice crystal was
observed. The cryoprotective effects of static magnetic fields (SMFs)
with 0.4 T or 0.8 T on human dental pulp stem cells (DPSCs) during
cryopreservation have been reported by Lin et al. (2015). Their re-
sults showed that, the survival rates of the thawed DPSCs increased
2- or 2.5-fold when the cells were exposed to 0.4T or 0.8T SMFs
respectively. They also suggested that the SMF cryoprotective effect
was due to an improved biophysical stability of the cell membrane
during the slow cooling procedure.

7.2. Magnetic resonance field or oscillating magnetic fields

Fikiin (2008) and Mohanty (2001) reported that the application
of resonant magnetic freezing could possibly increase the quality of
food material due to uniform flash freezing of the entire food vol-
ume and fine ice structure in food. Magnetic resonance freezing
(MRF) process consisted of two stages. In the first stage; food un-
derwent continuous magnetic wave vibrations, which impeded the
crystallization, the second stage occurred instantaneously by
removing the magnetic field, which led to freezing (Fikiin, 2008;
Mohanty, 2001). The change in ultrastructure and quality of beef
muscle during the frozen storage by electro-magnetic resonance
freezing and the air blast freezing were investigated by Choi et al.
(2015). Their results showed lower increase and decrease ratio of
the thawing loss and the water holding capacity of magnetic
resonance in comparison with the air blast freezing according to
the frozen storage because the shape and ice crystal size of mag-
netic resonance were small and uniformly formed in the early stage
of frozen storage. There is very little scientific published data
regarding the effect of magnetic resonance field on food materials
and the majority of those results suggested that the impact of this
method on supercooling degree of a food material was considered
as low. The effectiveness of this method depends on several factors
such as combination of food, freezing rate and magnetic field fre-
quency (James et al., 2014; Suzuki et al., 2009a; Watanabe et al.,
2011).

7.3. Pulsed magnetic fields (PMF)

Iwasaka et al. (2011) observed ice crystal formation of aqueous
solutions with an optical microscope that freezing under pulsed-
train Magnetic fields of up to 325 T/s at 6.5 mT. They reported
that, the ice frozen under PMF had much larger and more uniform
grains than the ice frozen without PMF. In an another study



Table 3
Comparison between different methods on the freezing process.

Method Nucleation temp. Freezing temp. Freezing time Effects Mechanism

Ultrasound
assisted freezing (UAF)

[Y [ Y � Triggering ice nucleation
� Increase heat and mass transfer
� Control size & shape of ice crystals

� Cavitation
� Microstreaming
� Fragmentation of large ice crystals
� Triggering Secondary ice nucleation

Electrostatic
freezing (ESF)

[ e e � Triggering ice nucleation
� Reduce ice crystal size
� Control ice nucleation
� Increase phase transition time

� Increase ice nucleation rate
� Decrease the free energy

barrier for phase transition

Alternating electric
fields (AEFs)

[Y e e � Decrease or increase supercooling
based on the frequency

� Inhibiting ice nucleation

� Prevention from clustering
of water molecules

Electromagnetic
fields (RF/MW)

[ [ [ � Reduce ice crystal size
� Improve quality attributes
� Triggering ice nucleation

� Fragmentation and ice
crystal disruption

� Triggering Secondary ice
nucleation

� Prevention from clustering
of water molecules

Magnetic
fields a(MFs)

e e e � Supercooling could be decrease
or increase based on the MFs intensity

� Reduced phase transition time

� Prevention from clustering
of water molecules.

a Contradictory results have been reported and it strongly depends on the type of magnetic fields and operating conditions.
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conducted by the same group but their results are not in the public
domain, the authors also declared that the eddy effect (also called
Foucault currents) which arise during application of time-varying
magnetic fields is one of the factors which affects the food
freezing. Hence, when the effects of the OMF and PMF are studied,
in addition to the direct effect of the magnetic field the effects of
induced electric fields should also should be also considered.

7.4. Electro-magnetic freezer

Nowadays, at least two companies exist in the market dedicated
to manufacture hybrid magnetic freezers: Cell alive system freezer
manufactured by ABI Corporation Ltd. (Abi-ko, Japan) and Proton
freezer manufactured by Ryoho Freeze Systems. The design of CAS
freezer is based on the patent of (Owada and Kurita, 2001). CAS
freezer applies static and low-frequency oscillating magnetic fields
(OMF) during freezing while Ryoho freezer simultaneously applies
static magnetic fields and electromagnetic waves to induce nuclear
magnetic resonance in the hydrogen atoms of water. The producers
claimed that these kind of freezers could preserve cells without
intracellular ice formation and this is due to the applied electric and
magnetic fields.

CAS manufacturer claimed that electric and magnetic fields
cause vibration of water molecules by non-thermal mechanism,
while these non thermal vibrations are amplified in sympathy with
mechanical and thermal vibration (CAS vibration) and prohibit
water molecule clusters during freezing process (Kojima et al.,
2013). The potential applications of ABI's CAS technology are not
limited to food freezing and Several studies have been completed or
are ongoing on this device, including human transplant tissues like
teeth (Lee et al., 2012), periodontal ligament (PDL) cells (Kaku et al.,
2010), embryonic stem cells (Lin et al., 2013) and frozen small an-
imals (drosophila) (Naito et al., 2012). A recent experimental study
conducted by Kojima et al. (2013) showed that a CAS freezer can
maintain high survival and proliferation rates of mesenchymal
stem cells (MSCs) and maintain both their adipogenic and osteo-
genic differentiation abilities. In all of these experiments, it has
been claimed that this method can improve the ability of much
larger volumes of animal and vegetable matter to be frozen with
minimal damage to cellular microstructure from ice crystal growth
and it can be useful for long-term cell and tissue cryopreservation.

Despite its obvious importance and interest, research does not
suggest any consistent evidence nor does it provide sufficient sci-
entific support about the exact mechanism of CAS freezer. For
example, treatment with weak oscillating magnetic field (0.0005 T)
alone has no significant effect on temperature history during
freezing and on the qualities of frozen vegetables (Suzuki et al.,
2009b). Kobayashi and Kirschvink (2014) suggested that the
mechanisms might be related to the two possible mechanisms.
Firstly, corona discharge which causes higher rates of heat transfer
and increases cooling efficiency and secondly, the biologically-
precipitated ferromagnetic materials which are ubiquitously pre-
sent in the biological tissues can strongly interact with weak, low
frequency magnetic fields of freezer.

8. Summary

A summarized description and a comparison of the effects of the
different food freezing processes are illustrated in Table 3.

9. Conclusions

The present article explored the effects of ultrasound waves,
magnetic, electric and electromagnetic field during freezing and
the following points emerged from the discussion that could be
useful for their application in food freezing.

The industrial application of assisted freezing technologies will
be certainly considered more in the future as they have the po-
tentials to be utilized for controlling ice nucleation. When applied
remotely and uniformly over the entire samples, they may create a
homogeneous, cost effective, easy to operate, and quite easily in-
tegrated test system with commercially available freezing equip-
ment. In addition, since they do not require a direct contact with
food materials, they are safe, non-toxic, and they can comply with
safety regulations. However, within electric field technology some
safety issues may arise, such as high voltages (several kV) when
operated in a humid environment. The task of applying high
voltage electric fields safely during freezing should also be inves-
tigated in depth in order for this promising technology to fulfill the
requirements for commercial exploitation. The effect of electric and
magnetic fields can be related to the theory that ice nucleation
occurs when a sufficient number of relatively long-lived hydrogen
bonds develop spontaneously at the same location to form a fairly
compact nucleus. Since electric (DC and AC) and magnetic fields
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could destruct or enhance hydrogen bonds, they are potentially
able to modify the water crystallization process. In addition, it can
be expected that quite small changes in the strength of hydrogen
bond of water will lead to a substantial change on the physical
properties of water. However, it is worth noting that based on the
majority of experimental results, it seems the electric fields could
not have a significant impact on the physical properties of water
such as melting point, boiling point. Although that in conventional
freezing processes the ice crystal size decreases by increasing the
degree of supercooling and vice versa, studies regarding MW and
SEF applications as well as other studies in ultrasound assisted
freezing methods showed an opposed direction. This fact indicates
that the exact mechanism of electric and magnetic fields is not yet
well known and need to be clarified. Therefore, it can be assumed
that probably a variety of mechanisms can contribute to the so-
lidification processes which make the principles of conventional
freezing unable to apply when external disturbances are present.

These technologies have not been fully optimized yet; but they
are promising techniques for temperature-controlled nucleation,
and the production of high quality food materials. A challenge that
has arisen from the aforementioned studies is the scaling up of
these novel processes and their becoming accessible and handy for
the food industry. For their industrialization, identification and
determination of effective independent variables that affect the
processes as well as the development of an accurate theoretical
model to describe ice crystals characteristics as a function of
operating conditions are necessary.
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Nomenclature

A Pre-exponential term
B Rate of homogeneous nucleation, nuclei per unit volume

per unit time
E Electric field, V/m
G Rate of crystal growth kg s�1

k Boltzmann constant
n Constant
P Polarizability (C/m2)
r Nucleated particle radius, m
r* Critical nucleus radius, m
T Temperature, �C
Tn Nucleation temperature, �C
b Constant
g Interfacial energy, J/m2

DGn Critical free energy for nucleation, J
DGsurface Surface free energy, J
DGvolume Volume free energy, J
DGv Free energy change per unit volume, J/m3

DTs supercooling, �C

References

Adriana, D., Da-Wen, S., 2011. Ultrasound-accelerated freezing. In: Sun, D.-W. (Ed.),
Handbook of Frozen Food Processing and Packaging, second ed. CRC Press,
pp. 645e666.
Aleksandrov, V.D., Barannikov, A.A., Dobritsa, N.V., 2000. Effect of magnetic field on

the supercooling of water drops. Inorg. Mater. 36 (9), 895e898.
Anese, M., Manzocco, L., Panozzo, A., Beraldo, P., Foschia, M., Nicoli, M.C., 2012.

Effect of radiofrequency assisted freezing on meat microstructure and quality.
Food Res. Int. 46 (1), 50e54.

Anuj, G., 2012. Short review on controlled nucleation. Int. J. Drug Dev. Res. 4 (3),
19e26.

Awotwe-Otoo, D., Agarabi, C., Read, E.K., Lute, S., Brorson, K.A., Khan, M.A.,
Shah, R.B., 2013. Impact of controlled ice nucleation on process performance
and quality attributes of a lyophilized monoclonal antibody. Int. J. Pharm. 450
(1e2), 70e78.

Barbosa-Canovas, G.V., Pothakamury, U.R., Palou, E., Swanson, B.G., 1997. High in-
tensity pulsed electric field : processing equipment and design. In: Palou, E.
(Ed.), Nonthermal Preservation of Foods. CRC Press, New York, pp. 53e72.

Belton, P.S., 1997. NMR and the mobility of water in polysaccharide gels. Int. J. Biol.
Macromol. 21 (1e2), 81e88.

Blanshard, J.M.V., Franks, F., 1987. Ice crystallization and its control in frozen food
systems. In: Blanshard, J.M.V., Lillford, P. (Eds.), Food Structure and Behavior.
Academic Press, London, pp. 51e65.

Braslavsky, I., Lipson, S.G., 1998. Electrofreezing effect and nucleation of ice crystals
in free growth experiments. Appl. Phys. Lett. 72 (2), 264e266.

Cai, R., Yang, H., He, J., Zhu, W., 2009. The effects of magnetic fields on water mo-
lecular hydrogen bonds. J. Mol. Struct. 938 (1e3), 15e19.

Carpenter, K., Bahadur, V., 2015. Electrofreezing of water droplets under electro-
wetting fields. Langmuir 31 (7), 2243e2248.

Chang, K.T., Weng, C.I., 2006. The effect of an external magnetic field on the
structure of liquid water using molecular dynamics simulation. J. Appl. Phys.
100 (4), 043917.

Cheng, K.J., 1984. Electric field effects on nucleation during phase transitions of a
dielectric fluid. Phys. Lett. A 106 (8), 403e404.

Cheng, L., Sun, D.W., Zhu, Z., Zhang, Z., 2015. Emerging techniques for assisting and
accelerating food freezing processesea review of recent research progresses.
Crit. Rev. Food Sci. Nutr. 26, 10. http://dx.doi.org/10.1080/
10408398.2015.1004569.

Cheng, X.-f., Zhang, M., Adhikari, B., Islam, M.N., Xu, B.-g., 2014. Effect of ultrasound
irradiation on some freezing parameters of ultrasound-assisted immersion
freezing of strawberries. Int. J. Refrig. 44, 49e55.

Choi, S.G., Kerr, W.L., 2003. Water mobility and textural properties of native and
hydroxypropylated wheat starch gels. Carbohydr. Polym. 51 (1), 1e8.

Choi, Y.-S., Ku, S.-K., Jeong, J.-Y., Jeon, K.-H., Kim, Y.-B., 2015. Changes in ultra-
structure and sensory characteristics on electro-magnetic and air blast freezing
of beef during frozen storage. Korean J. Food Sci. Anim. Resour. 35 (1), 27e34.

Dalvi-Isfahan, M., Hamdami, N., Le-Bail, A., 2016a. Effect of freezing under elec-
trostatic field on the quality of lamb meat. Innov. Food Sci. Emerg. Technol. 37
(Part A), 68e73.

Dalvi-Isfahan M., Hamdami N., Le-Bail A., Xanthakis E., The principles of high
voltage electric field and its application in food processing: a review. Food Res.
Int. (in press), http://dx.doi.org/10.1016/j.foodres.2016.09.002.

Delgado, A.E., Sun, D.-W., 2001. Heat and mass transfer models for predicting
freezing processes e a review. J. Food Eng. 47 (3), 157e174.

Diller, K.R., 1975. Intracellular freezing: effect of extracellular supercooling. Cryo-
biology 12, 480e485.

Dodds, J., Espitalier, F., Louisnard, O., Grossier, R., David, R., Hassoun, M., Baillon, F.,
Gatumel, C., Lyczko, N., 2007. The effect of ultrasound on crystallisation-
precipitation processes: some examples and a new segregation model. Part.
Part. Syst. Charact. 24 (1), 18e28.

Dufour, L., 1861. Uber das Gefrieren das Wassers and ubber die Bildung des Hagels.
Poggend. Ann. Phys. 114, 530e554.

Feeney, R.E., Yeh, Y., 1998. Antifreeze proteins: current status and possible food uses.
Trends Food Sci. Technol. 9 (3), 102e106.

Fellows, P.J., 2009. 22-Freezing. In: Fellows, P.J. (Ed.), Food Processing Technology,
third ed. Woodhead Publishing, Boca Raton Bostn, pp. 650e686.

Fessas, D., Schiraldi, A., 2001. Water properties in wheat flour dough I: classical
thermogravimetry approach. Food Chem. 72 (2), 237e244.

Fessas, D., Schiraldi, A., 2005. Water properties in wheat flour dough II: classical and
knudsen thermogravimetry approach. Food Chem. 90 (1e2), 61e68.

Fikiin, K.A., 2008. Emerging and novel freezing processes. In: Evans, J. (Ed.), Frozen
Food Science and Technology. Blackwell Publishing Ltd, pp. 101e124.

Gao, W., Smith, D.W., Sego, D.C., 1999. Ice nucleation in industrial wastewater. Cold
Reg. Sci. Technol. 29 (2), 121e133.

Gavish, M., Popovitz-Biro, R., Lahav, M., Leiserowitz, L., 1990. Ice nucleation by al-
cohols arranged in monolayers at the surface of water drops. Science 250,
973e975.

Geidobler, R., Winter, G., 2013. Controlled ice nucleation in the field of freeze-
drying: fundamentals and technology review. Eur. J. Pharm. Biopharm. 85 (2),
214e222.

Gülseren, _I., 2008. Ultrasonic Characterization of Crystal Dispersions and Frozen
Foods, Department of Food Science. PhD thesis. The Pennsylvania State Uni-
versity, p. 193.

Hammadi, Z., Veesler, S., 2009. New approaches on crystallization under electric
fields. Prog. Biophys. Mol. Biol. 101 (1e3), 38e44.

Hanyu, Y., Ichikawa, M., Matsumoto, G., 1992. An improved cryofixation method:
cryoquenching of small tissue blocks during microwave irradiation. J. Microsc.
165, 225e235.

http://refhub.elsevier.com/S0260-8774(16)30362-4/sref1
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref1
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref1
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref1
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref2
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref2
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref2
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref3
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref3
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref3
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref3
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref4
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref4
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref4
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref5
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref6
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref6
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref6
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref6
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref7
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref7
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref7
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref7
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref8
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref8
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref8
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref8
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref9
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref9
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref9
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref10
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref10
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref10
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref10
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref11
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref11
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref11
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref12
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref12
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref12
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref13
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref13
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref13
http://dx.doi.org/10.1080/10408398.2015.1004569
http://dx.doi.org/10.1080/10408398.2015.1004569
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref15
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref15
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref15
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref15
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref16
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref16
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref16
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref17
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref17
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref17
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref17
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref18
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref18
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref18
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref18
http://dx.doi.org/10.1016/j.foodres.2016.09.002
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref20
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref20
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref20
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref20
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref21
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref21
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref21
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref22
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref22
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref22
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref22
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref22
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref23
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref23
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref23
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref24
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref24
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref24
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref25
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref25
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref25
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref26
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref26
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref26
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref27
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref27
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref27
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref27
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref28
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref28
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref28
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref29
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref29
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref29
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref30
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref30
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref30
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref30
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref31
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref31
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref31
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref31
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref32
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref32
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref32
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref32
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref33
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref33
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref33
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref33
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref34
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref34
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref34
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref34


M. Dalvi-Isfahan et al. / Journal of Food Engineering 195 (2017) 222e234 233
Harrison, J.A., 1967. A computer study of uniform-field electrodes. Br. J. Appl. Phys.
18 (11), 1617.

Hassas-Roudsari, M., Goff, H.D., 2012. Ice structuring proteins from plants: mech-
anism of action and food application. Food Res. Int. 46 (1), 425e436.

Havet, M., Orlowska, M., Le-Bail, A., 2009. Effects of an electrostatic field on ice
nucleation. In: Vorobiev, E., Lebovka, N., Lanoisell�e, J.-L. (Eds.), Proceedings of
the International Conference on Bio and Food Electrotechnologies. Universit�e de
Technologie de Compi�egne, Compi�egne, France.

He, Z.Z., Liu, J., 2009. Characterizing ice crystal growth behavior under electric field
using phase field method. J. Biomech. Eng. 131 (7), 074502e074504.

Hickling, R., 1965. Nucleation of freezing by cavity collapse and its relation to
cavitation damage. Nature 206, 915e917.

Hozumi, T., Saito, A., Okawa, S., Eshita, Y., 2005. Effects of shapes of electrodes on
freezing of supercooled water in electric freeze control. Int. J. Refrig. 28 (3),
389e395.

Hozumi, T., Saito, A., Okawa, S., Kumano, H., 2002. Freezing Device for Supercooled
Water US.

Hozumi, T., Saito, A., Okawa, S., Watanabe, K., 2003. Effects of electrode materials on
freezing of supercooled water in electric freeze control. Int. J. Refrig. 26 (5),
537e542.

Inaba, H., Saitou, T., Tozaki, K., Hayashi, H., 2004. Effect of the magnetic field on the
melting transition of H2O and D2O measured by a high resolution and super-
sensitive differential scanning calorimeter. J. Appl. Phys. 96, 6127e6132.

Islam, M.N., Zhang, M., Adhikari, B., Xinfeng, C., Xu, B.-G., 2014. The effect of
ultrasound-assisted immersion freezing on selected physicochemical properties
of mushrooms. Int. J. Refrig. 42, 121e133.

Islam, M.N., Zhang, M., Fang, Z., Sun, J., 2015. Direct contact ultrasound assisted
freezing of mushroom (Agaricus bisporus): growth and size distribution of ice
crystals. Int. J. Refrig. 57, 46e53.

Iwasaka, M., Onishi, M., Kurita, S., Owada, N., 2011. Effects of pulsed magnetic fields
on the light scattering property of the freezing process of aqueous solutions.
J. Appl. Phys. 109 (7), 07E320.

Jackson, T.H., Ungan, A., Critser, J.K., Gao, D., 1997. Novel microwave technology for
cryopreservation of biomaterials by suppression of apparent ice formation.
Cryobiology 34 (4), 363e372.

James, C., Purnell, G., James, S.J., 2015. A review of novel and innovative food
freezing technologies. Food Bioprocess Technol. 8 (8), 1616e1634.

James, C., Reitz, B., James, S.J., 2014. The freezing characteristics of garlic bulbs
(Allium sativum L.) frozen conventionally or with the assistance of an oscil-
lating weak magnetic field. Food Bioprocess Technol. 8 (3), 702e708.

Kaku, M., Kamada, H., Kawata, T., Koseki, H., Abedini, S., Kojima, S., Motokawa, M.,
Fujita, T., Ohtani, J., Tsuka, N., Matsuda, Y., Sunagawa, H., Hernandes, R.A.M.,
Ohwada, N., Tanne, K., 2010. Cryopreservation of periodontal ligament cells
with magnetic field for tooth banking. Cryobiology 61 (1), 73e78.

Kiani, H., Sun, D.-W., 2011. Water crystallization and its importance to freezing of
foods: a review. Trends Food Sci. Technol. 22 (8), 407e426.

Kiani, H., Sun, D.-W., Delgado, A., Zhang, Z., 2012a. Investigation of the effect of
power ultrasound on the nucleation of water during freezing of agar gel sam-
ples in tubing vials. Ultrason. Sonochemistry 19 (3), 576e581.

Kiani, H., Sun, D.-W., Zhang, Z., 2012b. The effect of ultrasound irradiation on the
convective heat transfer rate during immersion cooling of a stationary sphere.
Ultrason. Sonochemistry 19 (6), 1238e1245.

Kiani, H., Zhang, Z., Delgado, A., Sun, D.-W., 2011. Ultrasound assisted nucleation of
some liquid and solid model foods during freezing. Food Res. Int. 44 (9),
2915e2921.

Kiani, H., Zhang, Z., Sun, D.-W., 2013. Effect of ultrasound irradiation on ice crystal
size distribution in frozen agar gel samples. Innov. Food Sci. Emerg. Technol. 18
(0), 126e131.

Kim, N.K., Hung, Y.C., 1994. Freeze-cracking in foods as affected by physical prop-
erties. J. Food Sci. 59 (3), 669e674.

Kobayashi, A., Kirschvink, J.L., 2014. A ferromagnetic model for the action of electric
and magnetic fields in cryopreservation. Cryobiology 68 (2), 163e165.

Kojima, S., Kaku, M., Kawata, T., Sumi, H., Shikata, H., Abonti, T.R., Kojima, S.,
Fujita, T., Motokawa, M., Tanne, K., 2013. Cryopreservation of rat MSCs by use of
a programmed freezer with magnetic field. Cryobiology 67 (3), 258e263.

Kolodziej, H.A., Jones, G.P., Davies, M., 1975. High field dielectric measurements in
water. J. Chem. Soc. Faraday Trans. 2 71 (2), 269e274.

Kumano, H., Hirata, T., Kudoh, T., 2009. Effects of poly-vinyl alcohol on supercooling
phenomena of water. Int. J. Refrig. 32 (3), 454e461.

Le-Bail, A., Chevalier, D., Mussa, D.M., Ghoul, M., 2002. High pressure freezing and
thawing of foods: a review. Int. J. Refrig. 25 (5), 504e513.

Le-Bail, A., Orlowska, M., Havet, M., 2011a. Electrostatic field assisted food freezing.
In: Sun, D.-W. (Ed.), Handbook of Frozen Food Processing and Packaging, second
ed. CRC Press, pp. 685e692.

Le-Bail, A., Orlowska, M., Havet, M., Adedeji, A., Abadie, J., Beaufort, A., Bourdin, G.,
Cardinal, M., 2011b. Refrigeration applied to seafood: recent developments and
applications. In: Third Workshop on Fish Technology, Utilization and Quality
Assurance in Africa. FAO Fisheries and Aquaculture Report No. 990, Victoria,
Mahe, Seychelles.

Lee, S.Y., Huang, G.W., Shiung, J.N., Huang, Y.H., Jeng, J.H., Kuo, T.F., Yang, J.C.,
Yang, W.C.V., 2012. Magnetic cryopreservation for dental pulp stem cells. Cells
Tissues Organs 196, 23e33.

Li, B., Sun, D.-W., 2002a. Effect of power ultrasound on freezing rate during im-
mersion freezing of potatoes. J. Food Eng. 55 (3), 277e282.

Li, B., Sun, D.-W., 2002b. Novel methods for rapid freezing and thawing of foods e a
review. J. Food Eng. 54 (3), 175e182.
Li, J., Lee, T.-C., 1998. Bacterial extracellular ice nucleator effects on freezing of foods.

J. Food Sci. 63 (3), 375e381.
Lima, M., Sastry, S.K., 1990. Influence of fluid rheological properties and particle

location on ultrasound-assisted heat transfer between liquid and particles.
J. Food Sci. 55 (4), 1112e1115.

Lin, P.Y., Yang, Y.C., Hung, S.H., Lee, S.Y., Lee, M.S., Chu, M., Hwang, S.M., 2013.
Cryopreservation of human embryonic stem cells by a programmed freezer
with an oscillating magnetic field. Cryobiology 66, 256e260.

Lin, S.-L., Chang, W.-J., Lin, C.-Y., Hsieh, S.-C., Lee, S.-Y., Fan, K.-H., Lin, C.-T.,
Huang, H.-M., 2015. Static magnetic field increases survival rate of dental pulp
stem cells during DMSO-free cryopreservation. Electromagn. Biol. Med. 34 (4),
302e308.

Ma, Y., Zhong, L., Zhang, H., Chuanxiang, X., 2010. Effect of applied electric field on
the formation and structure of ice in biomaterials during freezing. In: 2010
International Conference on Solid Dielectrics, Potsdam, Germany, pp. 1e4.

Marand, H.L., Stein, R.S., Stack, G.M., 1988. Isothermal crystallization of poly(-
vinylidene fluoride) in the presence of high static electric fields. I. Primary
nucleation phenomenon. J. Polym. Sci. Part B Polym. Phys. 26 (7), 1361e1383.

Massie, I., Selden, C., Hodgson, H., Fuller, B., 2011. Cryopreservation of encapsulated
liver spheroids for a bioartificial liver: reducing latent cryoinjury using an ice
nucleating agent. Tissue Eng. Part C 17, 765e774.

Matsumoto, K., Igarashi, Y., Shirai, D., Hayashi, K., 2013. Investigation of the influ-
ence of surfactant on the degree of supercooling (coexisting system of solid-
eliquid and gaseliquid interfaces). Int. J. Refrig. 36 (4), 1302e1309.

Mohanty, P., 2001. Magnetic resonance freezing system. AIRAH 55, 28e29.
Mok, J.H., Choi, W., Park, S.H., Lee, S.H., Jun, S., 2015. Emerging pulsed electric field

(PEF) and static magnetic field (SMF) combination technology for food freezing.
Int. J. Refrig. 50, 137e145.

Morris, G.J., Acton, E., 2013. Controlled ice nucleation in cryopreservation e a re-
view. Cryobiology 66, 85e92.

Muthukumaran, A., Orsat, V., Bajgai, T.R., Raghavan, G.S.V., 2009. Effect of high
electric field on food processing. In: Ahmed, J., Ramaswamy, H.S., Kasapis, S.,
Boye, J.I. (Eds.), Novel Food Processing Effects on Rheological and Functional
Properties. CRC Press, Boca rayton, Florida, USA, pp. 35e46.

Naito, M., Hirai, S., Mihara, M., Terayama, H., Hatayama, N., Hayashi, S.,
Matsushita, M., Itoh, M., 2012. Effect of a magnetic field on drosophila under
supercooled conditions. PLoS One 7.

Nakagawa, K., Hottot, A., Vessot, S., Andrieu, J., 2006. Influence of controlled
nucleation by ultrasounds on ice morphology of frozen formulations for phar-
maceutical proteins freeze-drying. Chem. Eng. Process. Process Intensif. 45 (9),
783e791.

Okawa, S., Saito, A., Kadoma, Y., Kumano, H., 2010. Study on a method to induce
freezing of supercooled solution using a membrane. Int. J. Refrig. 1459e1464.

Okawa, S., Saito, A., Minami, R., 2001. The solidification phenomenon of the
supercooled water containing solid particles. Int. J. Refrig. 24 (1), 108e117.

Orlowska, M., Havet, M., Le-Bail, A., 2009. Controlled ice nucleation under high
voltage DC electrostatic field conditions. Food Res. Int. 42 (7), 879e884.

Orlowska, M., LeBail, A., Havet, M., 2014. Electrofreezing, Ohmic Heating in Food
Processing. CRC Press, pp. 423e440.

Otero, L., Rodríguez, A.C., P�erez-Mateos, M., Sanz, P.D., 2016. Effects of magnetic
fields on freezing: application to biological products. Compr. Rev. Food Sci. Food
Saf. 15 (3), 646e667.

Otero, L., Sanz, P., 2003. Modelling heat transfer in high pressure food processing: a
review. Innov. Food Sci. Emerg. Technol. 4, 121e131.

Owada, N., Kurita, S., (2001). Super-Quick Freezing Method and Apparatus There-
fore, in: Patent, U.S. (Ed.).

€Ozilgen, S., Reid, D.S., 1993. The use of DSC to study the effects of solutes on het-
erogeneous ice nucleation kinetics in model food emulsions. LWT e Food Sci.
Technol. 26 (2), 116e120.

Pang, X., Deng, B., 2010. Infrared absorption spectra of pure and magnetized water
at elevated temperatures. Europhys. Lett. 92, 65001.

Passot, S., Tr�el�ea, I.C., Marin, M., Galan, M., Morris, G.J., Fonseca, F., 2009. Effect of
controlled ice nucleation on primary drying stage and protein recovery in vials
cooled in a modified freeze-dryer. J. Biomech. Eng. 131 (7), 074511e074511.

Patel, S., Bhugra, C., Pikal, M., 2009. Reduced pressure ice fog technique for
controlled ice nucleation during freeze-drying. AAPS PharmSciTech 10 (4),
1406e1411.

Petersen, A., Schneider, H., Rau, G., Glasmacher, B., 2006. A new approach for
freezing of aqueous solutions under active control of the nucleation tempera-
ture. Cryobiology 53 (2), 248e257.

Petzold, G., Aguilera, J., 2009. Ice morphology: fundamentals and technological
applications in foods. Food Biophys. 4 (4), 378e396.

Quan, X., Chen, G., Cheng, P., 2013. A thermodynamic analysis for heterogeneous
boiling nucleation under an external electric field. Int. J. Heat Mass Transf. 65,
308e313.

Rau, W., 1951. Eiskeimbildung durch dielektrische polarisation. Z. Naturforschg 6a,
649e657.

Reid, D.S., 1993. Basic physical phenomena in freezing and thawing of plant and
animal tissues. In: Mallett, C.P. (Ed.), Frozen Food Technology. Blackie Academic
and Professional, Glasgow, Scotland, pp. 1e19.

Russo Krauss, I., Merlino, A., Vergara, A., Sica, F., 2013. An overview of biological
macromolecule crystallization. Int. J. Mol. Sci. 14 (6), 11643.

Saclier, M., Peczalski, R., Andrieu, J., 2010a. Effect of ultrasonically induced nucle-
ation on ice crystals' size and shape during freezing in vials. Chem. Eng. Sci. 65

http://refhub.elsevier.com/S0260-8774(16)30362-4/sref35
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref35
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref36
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref36
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref36
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref37
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref38
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref38
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref38
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref134
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref134
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref134
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref39
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref39
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref39
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref39
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref40
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref40
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref41
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref41
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref41
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref41
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref42
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref43
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref43
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref43
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref43
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref44
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref44
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref44
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref44
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref45
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref45
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref45
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref46
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref46
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref46
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref46
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref47
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref47
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref47
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref48
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref48
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref48
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref48
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref49
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref49
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref49
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref49
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref49
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref50
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref50
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref50
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref51
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref51
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref51
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref51
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref52
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref52
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref52
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref52
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref53
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref53
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref53
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref53
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref54
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref54
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref54
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref54
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref55
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref55
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref55
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref135
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref135
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref135
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref57
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref57
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref57
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref57
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref58
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref58
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref58
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref59
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref59
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref59
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref60
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref60
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref60
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref61
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref61
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref61
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref61
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref62
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref62
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref62
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref62
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref62
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref63
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref63
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref63
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref63
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref64
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref64
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref64
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref65
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref65
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref65
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref65
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref66
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref66
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref66
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref67
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref67
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref67
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref67
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref68
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref68
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref68
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref68
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref69
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref69
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref69
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref69
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref69
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref70
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref70
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref70
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref70
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref71
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref71
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref71
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref71
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref72
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref72
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref72
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref72
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref73
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref73
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref73
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref73
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref73
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref75
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref75
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref76
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref76
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref76
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref76
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref77
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref77
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref77
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref77
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref78
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref78
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref78
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref78
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref78
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref79
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref79
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref79
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref80
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref80
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref80
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref80
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref80
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref81
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref81
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref81
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref82
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref82
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref82
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref83
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref83
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref83
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref84
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref84
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref84
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref85
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref85
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref85
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref85
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref85
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref86
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref86
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref86
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref88
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref88
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref88
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref88
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref88
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref89
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref89
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref90
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref91
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref91
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref91
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref91
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref92
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref92
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref92
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref92
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref93
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref93
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref93
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref94
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref94
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref94
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref94
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref95
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref95
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref95
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref96
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref96
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref96
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref96
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref97
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref97
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref98
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref98


M. Dalvi-Isfahan et al. / Journal of Food Engineering 195 (2017) 222e234234
(10), 3064e3071.
Saclier, M., Peczalski, R., Andrieu, J., 2010b. A theoretical model for ice primary

nucleation induced by acoustic cavitation. Ultrason. Sonochemistry 17 (1),
98e105.

Sahagian, M.E., Goff, H.D., 1996. Fundamental aspects of the freezing process. In:
Jeremiah, L.E. (Ed.), Freezing Effects on Food Quality. Marcel Dekker, New York,
USA, pp. 1e50.

Schwartz, G.J., Diller, K.R., 1984. Intracellular freezing of humangranulocytes.
Cryobiology 21 (6), 654e660.

Searles, J.A., Carpenter, J.F., Randolph, T.W., 2001. The ice nucleation temperature
determines the primary drying rate of lyophilization for samples frozen on a
temperature-controlled shelf. J. Pharm. Sci. 90 (7), 860e871.

Shichiri, T., Araki, Y., 1986. Nucleation mechanism of ice crystals under electrical
effect. J. Cryst. Growth 78 (3), 502e508.

Shichiri, T., Nagata, T., 1981. Effect of electric currents on the nucleation of ice
crystals in the melt. J. Cryst. Growth 54 (2), 207e210.

Sivanesan, S., Gobinathan, R., 1991. Ice nucleation of AgI d CuBr nucleants in the
presence of electric field. Mater. Chem. Phys. 27 (4), 385e392.

Smith, P.G., 2011. Introduction to Food Process Engineering. Springer US.
Srivastava, R., Singh, J.K., Cummings, P.T., 2012. Effect of electric field on water

confined in graphite and mica pores. J. Phys. Chem. C 116, 17594e17603.
Stan, C.A., Tang, S.K.Y., Bishop, K.J.M., Whitesides, G.M., 2010. Externally applied

electric fields up to 1.6 � 105 V/m do not affect the homogeneous nucleation of
ice in supercooled water. J. Phys. Chem. B 115 (5), 1089e1097.

Sun, D.-W., Li, B., 2003. Microstructural change of potato tissues frozen by
ultrasound-assisted immersion freezing. J. Food Eng. 57 (4), 337e345.

Sun, W., Xu, X., Sun, W., Ying, L., Xu, C., 2007. Effect of alternated electric field on the
ice formation during freezing process of 0.9% K2MnO4 water. In: Proceedings of
the IEEE International Conference on Properties and Applications of Dielectric
Materials, pp. 774e777.

Suzuki, T., Takeuchi, Y., Masuda, K., Watanabe, M., Shirakashi, R., Fukuda, Y.,
Tsuruta, T., Yamamoto, K., Koga, N., Hiruma, N., Ichioka, J., Takai, K., 2009a.
Experimental investigation of effectiveness of magnetic field on food freezing
process. Trans. Jpn. Soc. Refrig. Air Cond. Eng. 26 (4), 371e386.

Suzuki, T., Takeuchi, Y., Masuda, K., Watanabe, M., Shirakashi, R., Fukuda, Y.,
Tsuruta, T., Yamamoto, K., Koga, N., Hiruma, N., Ichioka, J., TakaiI, K., 2009b.
Experimental investigation of effectiveness of magnetic field on food freezing
process. Trans. Jpn. Soc. Refrig. Air Cond. Eng. 26, 371e386.

Svishchev, I.M., Kusalik, P.G., 1994. Crystallization of liquid water in a molecular
dynamics simulation. Phys. Rev. Lett. 73 (7), 975e979.

Vaitheeswaran, S., Yin, H., Rasaiah, J., 2005. Water between plates in the presence of
an electric field in an open system. J. Phys. Chem. B 109, 6625e6629.

Vegiri, A., 2004a. Dynamic response of liquid water to an external static electric
field at T¼250 K. J. Mol. Liq. 112 (1e2), 107e116.

Vegiri, A., 2004b. Reorientational relaxation and rotationaletranslational coupling
in water clusters in a d.c. external electric field. J. Mol. Liq. 110 (1e3), 155e168.
Vrbka, L., Jungwirth, P., 2006. Homogeneous freezing of water starts in the sub-

surface. J. Phys. Chem. B 110 (37), 18126e18129.
Watanabe, M., Kanesaka, N., Masuda, K., Suzuki, T., 2011. Effect of oscillating mag-

netic field on supercooling in food freezing. In: Proceedings of the 23rd IIR
International Congress of Refrigeration; Refrigeration for Sustainable Develop-
ment, Prague, Czech Republic, pp. 2892e2899.

Wei, S., Xiaobin, X., Hong, Z., Chuanxiang, X., 2008. Effects of dipole polarization of
water molecules on ice formation under an electrostatic field. Cryobiology 56
(1), 93e99.

Wei, S., Xiaobin, X., Hong, Z., Sun, W., Chuanxiang, X., 2006. The mechanism analysis
of NaCl solution ice formation suppressed by electric field. In: Properties and
Applications of Dielectric Materials, 2006. 8th International Conference on,
pp. 770e773.

Wilson, P.W., Osterday, K., Haymet, A.D.J., 2009. The effects of electric field on ice
nucleation may Be masked by the inherent stochastic nature of nucleation.
CryoLetters 30 (2), 96e99.

Woo, M.W., Mujumdar, A.S., 2010. Effects of electric and magnetic field on freezing
and possible relevance in freeze drying. Dry. Technol. 28 (4), 433e443.

Wowk, B., 2012. Electric and magnetic fields in cryopreservation. Cryobiology 64
(3), 301e303.

Xanthakis, E., Havet, M., Chevallier, S., Abadie, J., Le-Bail, A., 2013. Effect of static
electric field on ice crystal size reduction during freezing of pork meat. Innov.
Food Sci. Emerg. Technol. 20 (0), 115e120.

Xanthakis, E., Le-Bail, A., Havet, M., 2014a. Chapter 30-Freezing combined with
electrical and magnetic disturbances. In: Sun, D.-W. (Ed.), Emerging Technol-
ogies for Food Processing, second ed. Academic Press, San Diego, pp. 563e579.

Xanthakis, E., Le-Bail, A., Ramaswamy, H., 2014b. Development of an innovative
microwave assisted food freezing process. Innov. Food Sci. Emerg. Technol. 26,
176e181.

Xu, B.-g., Zhang, M., Bhandari, B., Cheng, X.-f., Islam, M.N., 2015a. Effect of
ultrasound-assisted freezing on the physico-chemical properties and volatile
compounds of red radish. Ultrason. Sonochemistry 27, 316e324.

Xu, B.-g., Zhang, M., Bhandari, B., Cheng, X.-f., Sun, J., 2015b. Effect of ultrasound
immersion freezing on the quality attributes and water distributions of wrap-
ped red radish. Food Bioprocess Technol. 8 (6), 1366e1376.

Yan, J.Y., Patey, G.N., 2012. Molecular dynamics simulations of ice nucleation by
electric fields. The J. Phys. Chem. A 116 (26), 7057e7064.

Yeh, I.-C., Berkowitz, M.L., 1999. Dielectric constant of water at high electric fields:
molecular dynamics study. J. Chem. Phys. 110 (16), 7935e7942.

Zhang, G., Zhang, W., Dong, H., 2010. Magnetic freezing of confined water. J. Chem.
Phys. 133 (134703), 1e5.

Zhang, X., Inada, T., Tezuka, A., 2003. Ultrasonic-induced nucleation of ice in water
containing air bubbles. Ultrason. Sonochemistry 10 (2), 71e76.

http://refhub.elsevier.com/S0260-8774(16)30362-4/sref98
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref98
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref99
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref99
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref99
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref99
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref100
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref100
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref100
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref100
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref101
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref101
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref101
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref102
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref102
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref102
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref102
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref103
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref103
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref103
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref104
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref104
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref104
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref105
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref105
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref105
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref105
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref106
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref107
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref107
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref107
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref108
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref108
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref108
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref108
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref108
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref109
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref109
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref109
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref110
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref110
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref110
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref110
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref110
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref111
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref111
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref111
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref111
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref111
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref112
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref112
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref112
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref112
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref112
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref113
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref113
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref113
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref114
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref114
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref114
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref115
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref115
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref115
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref115
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref115
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref116
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref116
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref116
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref116
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref116
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref117
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref117
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref117
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref118
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref118
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref118
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref118
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref118
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref119
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref119
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref119
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref119
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref120
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref120
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref120
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref120
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref120
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref121
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref121
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref121
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref121
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref122
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref122
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref122
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref123
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref123
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref123
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref124
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref124
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref124
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref124
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref125
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref125
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref125
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref125
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref126
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref126
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref126
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref126
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref127
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref127
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref127
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref127
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref128
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref128
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref128
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref128
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref129
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref129
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref129
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref130
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref130
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref130
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref131
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref131
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref131
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref132
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref132
http://refhub.elsevier.com/S0260-8774(16)30362-4/sref132

	Review on the control of ice nucleation by ultrasound waves, electric and magnetic fields
	1. Introduction
	2. Freezing
	3. Ultrasound irradiation and freezing
	4. Electrofreezing
	4.1. Charged surface or charge flow-type nucleation
	4.2. External electric fields (static electric fields)
	4.3. Mode of action
	4.3.1. Molecular dynamic simulation
	4.3.2. Thermodynamic point of view

	4.4. Crystal growth

	5. Alternating currents and freezing
	6. Microwave and radio frequency waves and freezing
	7. Magnetic fields and freezing
	7.1. Static magnetic fields (SMFs)
	7.2. Magnetic resonance field or oscillating magnetic fields
	7.3. Pulsed magnetic fields (PMF)
	7.4. Electro-magnetic freezer

	8. Summary
	9. Conclusions
	Acknowledgement
	Nomenclature
	References


