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A B S T R A C T

Background: Fresh fruits and vegetables have a short shelf life. Freezing offers a solution to their long-term
preservation. However, transport phenomena during freezing of fruits and vegetables pose significant changes in
microstructure, affecting quality stability, shelf-life extension, and market value. Therefore, information on the
microstructure of frozen fruits and vegetables is very critical for process design and quality control.
Scope and approach: In this review, transport phenomena and their effect on the microstructure of frozen fruits
and vegetables are considered at the cell level. The effect of cell structure, freezing rates, and heat and mass
transfer characteristics on the texture of cellular tissues are presented. Emerging techniques for controlling ice
crystal growth are also discussed.
Key findings and conclusions: The quality of frozen fruits and vegetables is hinged on the microstructure stability,
which is highly dependent on phase change processes and the size of ice crystals. The proportion and char-
acteristics of cellular water, heat and mass transfer parameters, freezing rate and thermal property of cells are
considered as the main drivers for moisture migration and ice crystal formation. To produce frozen fruits and
vegetables with high quality, more insightful study and accurate understanding of transport phenomena in
cellular space and their corresponding effects on the microstructure is necessary. It is hoped that this review
should provide critical information on preserving the microstructure and quality of fruits and vegetables as
affected by moisture migration for future studies.

1. Introduction

Fruits and vegetables are important sources of nutrients such as
vitamins, minerals, and antioxidants (Hoffmann, Boeing, Volatier, &
Becker, 2014) with a wide range of health benefits (Veerman,
Barendregt, & Mackenbach, 2006). However, fruits and vegetables are
highly perishable and they are thus often cooled or frozen after harvest.
For ensuring the supply of high quality, shelf-stable and safe products,
cooling or freezing processes should be optimized or novel cooling or
freezing techniques should be employed (Zhu, Geng, & Sun, 2019;
Zhu, Li, Sun, & Wang, 2019; Zhu, Zhang, & Sun, 2020; Zhu et al., 2018;
Kiani, Sun, Delgado, & Zhang, 2012; McDonald & Sun, 2001; Wang, Li,
Sun, & Zhu, 2019; Zhan, Zhu, & Sun, 2019a). Among fruits and vege-
tables, the consumption of frozen fruits and vegetables has reached

millions of tons per year in many countries (Herath, 2019; Hughes
et al., 2012).

The main component of fruits and vegetables is water, with a con-
tent of up to 80–90% (Khan et al., 2017). This high water content fa-
vours microbial activity and enzymatic reactions within the cells, re-
sulting in chemical degradation and quality loss. On the other hand, the
microstructure is crucial to the quality and can change due to freezing
(Karim, Rahman, Pham, & Fawzia, 2018; Li, Zhu, & Sun, 2018; Li & Sun,
2002; Oikonomopoulou, Krokida, & Karathanos, 2011; Peng et al.,
2018; Voda et al., 2012). Therefore, it is a challenge to prevent or
minimize quality changes of frozen fruits and vegetables through the
preservation of their microstructures.

Freezing is a popular method for long-term preservation of fruits
and vegetables, during which, the cellular solution present in the food
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matrix is cooled to its initial freezing point, and further cooling causes
the water molecule to separate, forming ice crystal. The migration of
water molecules during crystallization led to an increase in osmotic
pressure, further enhancing the water permeability of the cell mem-
branes. This transport of water molecules, if not controlled, can even-
tually affect the microstructure of the frozen produce.

Generally speaking, slow freezing can result in damages to the mi-
crostructure due to the formation of large extracellular ice crystals
(Buggenhout et al., 2006; Chassagne-Berces et al., 2009; Delgado &
Rubiolo, 2005; Kotwaliwale, Curtis, Othman, Naganathan, & Subbiah,
2012), while fast freezing normally induces a high rate of heat and mass
transfer, minimal water migration and low osmotic pressure, leading to
the formation of intracellular and extracellular small ice crystals, and
thus less damage to microstructure (Li & Sun, 2002; Zhu, Luo, & Sun,
2020a). In addition, cell components (cell wall and middle lamella) and
cell morphology including cell sizes and pores can also significantly
affect the quality of frozen foods as they vary with plant-based food
materials.

As fast freezing remains the focus of the frozen food industry in
preserving the original structure and maintaining the shelf-stable
quality of frozen fruits and vegetables, it is therefore important to un-
derstand moisture migration within the cellular compartments during
freezing since both intracellular and extracellular crystallization can
lead to different microstructural changes of frozen products. In addi-
tion, a better understanding of the formation of ice nuclei and the
growth of ice crystals in the cellular environment during freezing is also
useful for controlling the freezing process.

Therefore, the aim of the current review is to provide detailed in-
formation on the transport phenomena and their effect on the micro-
structure of frozen fruits and vegetables. In this context, the cellular
water and their classifications and transport mechanisms are presented,
factors affecting cell structure and moisture transfer are discussed, and
emerging techniques for controlling the growth of ice crystals are
highlighted.

2. Cellular water and transport mechanisms

2.1. Classification of cellular water

Cellular water of fruits and vegetables can be classified into free and
bound water based on physical property and molecular bonding (Khan
et al., 2016, 2017; Ambastha & Tiwari, 2015). The bound water exists
as loosely bound water (LBW) or as strongly bound water (SBW) based
on strength. Fig. 1 shows a generalized cell of plant-based food mate-
rials containing different categories of cellular water. Free water (FW)
is freely contained between two or more cells, LBW is contained in the
intracellular space, while SBW is entrapped within the cell wall and cell

rupture moves such water across the cell membrane (Khan and Karim,
2017). The proportion of water in the cell of main fruits and vegetables
including apple, kiwifruit, cucumber, and eggplant is significant in
transport, with about 80–92% of LBW, 6–16% of FW and only about
1–6% of SBW (Khan et al., 2016). Meanwhile, these proportions are
highly dependent on cell size, porosity, and solid contents. For instance,
kiwifruit contains the lowest percentage of LBW when compared with
apple, whereas eggplant contains a higher amount of LBW as compared
with cucumber (Khan et al., 2016). These variations are attributed to
the size of intracellular space, i.e., smaller in kiwi and cucumber and
larger in apple and eggplant. Also, the proportion of SBW increases as
solid content increases. Khan, Kumar, et al. (2016) and Khan, Wellard,
et al. (2016) found that SBW was higher (about 5%) in kiwifruit as
compared with apple (about 2.5%) due to the high proportion of solid
contents present in kiwifruit.

However, the movement of cellular water during the freezing of
fruits and vegetables depends on several factors, such as cell size, cell
composition including water and gases, freezing conditions and pres-
sure gradient generated within the cell. As such, these factors can in-
fluence the quality of frozen samples. Meanwhile, little has been done
to relate the cell composition of fruits and vegetables to microstructural
changes in frozen samples by considering the proportion of cellular
water and its respective transport property (Silva, Gonçalves, &
Brandão, 2008).

2.2. Transport mechanisms

Based on the thermodynamic principle, transport mechanisms
during freezing of cellular tissue of fruits and vegetables often occur in
precooling and phase change. During precooling, the liquid solution in
cells is cooled from the initial temperature until it reaches the initial
freezing point and sensible heat is removed, while during phase change,
latent heat is removed and ice is formed, which takes place first ex-
tracellularly, causing higher solute concentration in the intracellular
space due to the presence of minerals and sugar. This leads to the
creation of an osmotic pressure difference between intracellular and
extracellular spaces, making intracellular water to diffuse across the
cell membrane and deposit on the growing extracellular crystals. The
possibility of intracellular nucleation mainly depends on the freezing
rate (Luo, Sun, Zhu, & Wang, 2018; Mahato, Zhu, & Sun, 2019; Tian,
Zhu, & Sun, 2020; Zhan, Sun, Zhu, & Wang, 2018). A fast freezing rate
can make the freezing point of the cell to fall much more rapidly than
the local temperature. This allows the intracellular solution to separate
markedly from the equilibrium concentration, and thus increases the
probability of intracellular nucleation (Zaritzky, 2012). After some high
degrees of supercooling, nucleation is formed and the temperature in-
creases sharply to the initial freezing point, producing numerous

Fig. 1. A general cellular environment with different water components for plant-based food materials (FW = free water, LBW = loosely bonded water,
SBW = strongly bonded water) (redrawn from Karim et al., 2018).
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smaller ice crystals.
Upon nucleation, crystal growth becomes the only mechanism and

no further supercooling is required.
As ice crystal grows, three phases including ice already formed,

crystallized solute, and unfrozen solution co-exist at a constant tem-
perature under an ideal situation. The rate or extent of ice crystal
growth depends solely on the rate of latent heat removal. Once the
interphases between frozen and unfrozen completely disappear, the
temperature freely falls and then releases the latent heat from the
surface of the ice.

The subcooling stage takes place after the completion of the phase
change, during which, some further cooling proceeds to keep the ice in
equilibrium with the external environment or storage temperature. On
the other hand, at a later stage of subcooling or frozen storage, in-
tracellular and extracellular ice crystals sublime, leaving void spaces on
the cell surface. The formation of large extracellular ice crystals affects
cell structure. Fig. 2 illustrates a typical freezing and moisture migra-
tion process, showing the impact of freezing on the cell structure of
plant-based materials.

3. Factors affecting cell structure and moisture transfer

3.1. Cell wall modification and freezing rates

The cell is a unit component of plant tissue, whose structure con-
tributes to the mechanical and structural integrity of plant materials
(Joardder, Kumar, & Karim, 2017). Different plant cell shows a sig-
nificantly different structure. In fruits and vegetables, the cell structure
is closed such as those found in parenchyma cells of the grape berry. A
sequential arrangement of cells with integrated cell walls and the as-
sistance of cellulose fibres form a stabilized plant tissue. However, the
components of cellulose fibres including cellulose, hemicellulose and
pectin substances are important in preventing the cell from failing

under stress. During freezing, cellulose provides the cell wall with
structural rigidity and tearing resistance required for stability, while
hemicellulose and pectin substances enhance the ability of cell wall to
withstand elasticity or plasticity occurrence (Jha, Xanthakis, Chevallier,
Jury, & Le-Bail, 2018). Though some plant species exhibit high cell wall
rigidity, the inability of the cell wall to stress conditions resulted mainly
from large extracellular ice crystals can lead to cell wall modification
(Khudyakov, Kuleshova, & Zaitseva, 2018).

Cell wall modification, depending on temperature, aids in the re-
lease of degradable enzymes and causes cell disintegration (Ochoa-
Jiménez, Berumen-Varela, Fernández-Valle, Martín-Ernesto, &
Hernández, 2018). Chassagne-Berces et al. (2009) studied the changes
in texture, cellular structure and cell composition in apple tissue after
freezing at three different temperatures of −20 °C, −120 °C and
−196 °C, and as shown in Fig. 3, the cell wall modification provoked a
high amount of cell wall damage, larger extracellular spaces and tearing
of the tissue after freezing at a temperature of−20 °C as compared with
freezing at temperatures of −120 °C and −196 °C. Generally, cell
structure with small extracellular space allows minimum moisture
movement and produced compact texture, while that with large ex-
tracellular space can cause more moisture movement and produce
coarse texture (Jha et al., 2018). The structural damage accompanying
cell wall modification shows that turgor pressure preservation remains
critical during the freezing process.

The cell wall integrity of frozen fruits and vegetables can be sig-
nificantly maintained by fortification of pectin substances using dehy-
dration and texturing agents such as sugar (sucrose and trehalose) and
salts (calcium chloride and sodium chloride) (Cichowska & Kowalska,
2018; Suutarinen, Heiska, Moss, & Autio, 2000; Velickova, Tylewicz,
Dalla, & Winkelhausen, 2011). This method is known as osmotic
treatment or water removal process that involves soaking fruits and
vegetables in hypertonic sugar or salt or combined solution before
freezing, to reduce water content while increasing soluble solid content,

Fig. 2. A typical freezing and moisture migration process showing the impact of freezing rates on the cell structure of plant-based food materials.
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thereby, minimizing the negative modification of the cells of frozen
fruits and vegetables.

According to Suutarinen et al. (2000), calcium ion has a great po-
tential to maintain and protect the cell wall of the strawberry against
softening and disintegration, due to the interaction of calcium with the
presence of pectic acid to form calcium pectate.

Similarly, the freezing rate affects cell structure of fruits and vege-
tables. Different freezing rates show varying degrees of mass transport
in cells and can induce significant changes in the microstructure of
fruits and vegetables. Typically, slow freezing rates have been reported
for slowing down moisture movement in cells and cause damage to cell
structures of strawberry (Delgado & Rubiolo, 2005; Kobayashi &
Suzuki, 2018), cucumber (Nachiket et al., 2012) carrot (Voda et al.,
2012), and apple (Chassagne-Berces et al., 2009), as compared with fast
freezing rates (Zhu et al., 2020a). Roy, Taylor, and Kramer (2001)
studied textural and ultrastructure changes in the cell wall and middle
lamella of carrot tissue under different freezing conditions and reported
that fast freezing rates of −4.5 °C/min and −2.4 °C/min led to less
structural damage than slow freezing rates of −0.19 °C/min and
−0.05 °C/min due to the pattern of growing ice crystals and substantial
loss of pectin material.

Blanching prior to freezing can lead to better preservation of mi-
crostructure (Zhan, Zhu, & Sun, 2019b). The maintenance of micro-
structure was reported for carrot tissues that were subjected to cryo-
genic freezing coupled with blanching (at 60 °C) (Ando et al., 2016;
Buggenhout et al., 2006). Meanwhile, tissues exposed to different time-
temperature protocols show varying textural and structural character-
istics (Roy et al., 2001).

Voda et al. (2012) hypothesized that cells were preserved upon
blanching due to the homogeneous distribution of sugar within in-
tracellular space. However, this hypothesis needs more studies for sci-
entific justification.

Apart from blanching, applications of the electric field, microwave,
ultrasound, and high pressure to freezing have also been demonstrated
to be effective in preserving cell wall integrity and maintaining cell
membrane with undamaged microstructure (Cheng et al., 2015; Dalvi-
Isfahan, Mamdami, Xanthakis, & Le-Bail, 2017; Li & Sun, 2002;
Tylewicz et al., 2016; Wang, Li, Sun, & Zhu, 2018).

The above observations indicate that fast freezing rates result in
well-preserved cell structures in fruits and vegetables since moisture

movement is faster and minimal, while low freezing rates slow down
moisture movement and cause damages to cell structures. Table 1
shows the microstructural changes during the freezing of fruits and
vegetables.

3.2. Ice crystal type, size and distribution

Ice crystal is also one of the critical factors that affect cell structure
of fruits and vegetables. This can be large, small, intracellular, and
extracellular, round and dendritic shaped and may partially depend on
cell types (Celli, Ghanem, & Brooks, 2016). For numerous and small ice
crystals that are evenly distributed within the intracellular and extra-
cellular environment of cells, they cause little cell disintegration and
less cell damage, while for few and large ice crystals that are distributed
in the extracellular environment of cells, they can cause cell collapse
and rupture (Ashworth & Pearce, 2002; Chassagne-Berces et al., 2009;
Jha et al., 2018; Voda et al., 2012).

Vicent, Verbonen, Ndoye, Alvarez, and Nicolai (2017) studied and
quantified the distribution of ice crystals in apple tissue frozen using
different freezing rates including slow freezing of 2.0 °C/min, inter-
mediate freezing of 12.6 °C/min, and fast freezing of 18.5 °C/min and
showed that ice crystals size distributions with mean equivalent dia-
meters of about 45 ± 3.5 μm, 55 ± 7.4 μm, and 71 ± 9.6 μm were
obtained for the fast, intermediate and slow freezing rates, respectively.
Although the preference of crystal size depends on the purpose of
freezing. In cellular tissue of frozen fruits and vegetables, the ice crys-
tals must be as small as possible and evenly distributed in the cell so as
to maintain the integrity of the cell wall as much as possible. For in-
stance, many smaller ice crystals were reportedly distributed in the
cellular region in apple subjected to fast freezing at 8.1 °C/min (about
3 μm) with little changes to the cellular structure as compared with
irregular large extracellular ice crystals (mainly between 10 and 30 μm)
formed under slow freezing at 0.9 °C/min, which induced large changes
in the cellular structure and caused cell collapse in the frozen samples
(Chassagne-Berces et al., 2009).

Sman, Voda, Dalen, and Duijster (2013) reported ice crystal inter-
spacing in frozen carrot tissue subjected to four different temperatures
in cold air at −28 °C, immersion in dry ice at −80 °C, in aqueous
nitrogen at −150 °C and in liquid nitrogen at −196 °C and concluded
that the cell structure of the frozen carrot was a function of the size and

Fig. 3. Macroscopic images of apple parenchyma
tissue sections before and after freezing (a) fresh
apple, (b) thawed apple after freezing at – 20 °C, (c)
thawed apple after freezing at – 80 °C, and (d)
thawed apple after freezing in liquid nitrogen at –
196 °C. The field of view was 5.5 × 7.25 mm. The
arrows show tissue cracks (Chassagne-Berces et al.,
2009).
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distribution of ice crystals.
In another study, Kobayashi and Suzuki (2018) demonstrated that

fast freezing has a great potential to form smaller intracellular ice
crystals in strawberry tissue, although the quality of frozen strawberry
was not fully sustained as compared with samples frozen under slow
freezing. It was assumed that high and instantaneous ice nucleation
accompanying supercooling promoted drastic water migration and
consequently caused significant degradation of strawberry cells. This
study shows that not only the size but also the type of ice crystals po-
tentially affects the cell structure.

In addition, Trelea, Passot, Marin, and Fonseca (2009) revealed that
the thermal properties of cellular tissues of plant-based materials in-
cluding viscosity, specific heat, internal heat transfer resistance as well
as internal mass transfer resistance contributed to the size of ice crystals
and integrity of cells. However, it is evident that cell structure de-
gradation is strongly related to ice crystals and predominantly depends
on the freezing rates and type of cells.

Besides cell structure degradation, there is a tendency of physic-
chemical changes such as a change in colour, and loss of water holding
capacity resulting in drip loss. These changes normally occur at the ice/
liquid interphase and increasingly depend on water-phase solute con-
centration (Jha et al., 2018; Silva et al., 2008). An increase in water-
phase solute concentration changes pH level, most often towards acidic,
thereby impacting on the micronutrients of frozen produce (Oliver &
Palou, 2000). Andres-Bello, Barreto-Palacious, Garcia-Sergovia, Mir-
Bel, and Martinez-Monzo (2013) demonstrated the significant effects of
pH on plant pigments (e.g. chlorophyll, carotenoids, and anthocyanin)
that are responsible for the colour of fruits and vegetables. Therefore,
the process of ice formation can affect the microstructure and quality of
frozen fruits and vegetables, thus making control of the freezing process
essential.

4. Heat and mass transfer modeling

The modelling of moisture transport phenomena during the freezing
of fruits and vegetables has great practical importance for process
control and optimization. The freezing models can be classified into
heat transfer models and coupled heat and mass transfer models, and
they are broadly based on numerical (finite difference, finite element,
and finite volume) and empirical methods (Delgado & Sun, 2001; Pham,
2006; Singha & Muthukumarappan, 2016). The empirical models are
simple and approximate for practical applications, while numerical
models are complicated but accurate, which normally includes effects
of changes in boundary conditions, phase change over a range of
temperature, and variation in thermal properties (Delgado & Sun,
2001).

In the heat and mass transfer during freezing, the temperature dif-
ference between the product and freezing medium is the driving force,
which depends on many intrinsic and extrinsic factors. The intrinsic
factors are those related to product size (particularly thickness), shape
and composition, while extrinsic factors are those related to the
freezing systems including cooling medium, relative humidity and heat
transfer coefficient between the cooling medium and the products
(Campanone, Viviana, & Rodolfo, 2005).

Blija, Beitane, Aboltins, & Boca, 2017 used a numerical approach to
model heat and mass transfer in freezing a layer of berries and showed
the role of freezing temperature in predicting freezing times.

Mass transfer occurs during freezing, where moisture transfer is
paramount, however, the solute transfer also happens in some cases like
immersion freezing. Therefore, changes can be analyzed through the
diffusion of substance (Pham, 2006). This is mostly expressed using a
thermal energy transport equation in an enthalpy form with the mass
flux being assumed to follow the Fick's law of diffusion:

∂

∂
= ∇ ∇ + ∇

ρH
t

k T H m
( )

( ) ( ˙ )w w (1)

where ṁw is the mass flux (kg/s m2), Hw is the enthalpy of diffusing
substance (J/kg), ρ is density (kg/m3), t is freezing time (s), T is the
temperature (K), k is thermal conductivity (W/m K), and H is specific
enthalpy (J/kg K).

Campanone et al. (2005) and Kouznetsova, Brekelmans, and
Baaijens (2001) proposed to solve the Fick's law based on numerical
methods and modelled the mass transfer successfully in cellular tissues.
However, due to lack of adequate data, most previous studies on
moisture transport-related modelling of frozen cellular tissue assumed
plant cell as a unit and that moisture movement followed a single dif-
fusion-equation with an effective diffusivity as shown below (Pham,
2016):

∂

∂
= ∇ ∇

w
t

D w( )w (2)

where w is the mass ratio of total moisture to dry solids (kg/kg dry
solid) and Dw is the effective diffusivity constant.

Meanwhile, plant-based food materials are heterogeneous in nature,
having cells with different water compositions and morphology, each of
which has its own diffusion rate (Khan et al., 2016). Therefore the
above assumption of a single unit cannot accurately depict the true
moisture movement if the cell nature is to be considered. For example,
mass transfer is much faster in porous fruits such as pear and apple than
in dense fruits such as raspberries and broccoli (Nakagawa & Ochiai,
2015; Pham, 2006).

It should be also noted that at phase change, where the liquid-solid
stage and solid-vapour stage are recognized, the part of sample close to
coolant where solidification first starts has a low mass diffusivity value,
while the mass diffusivity value increases along with the distance away
from coolant and reaches the maximum close to the surface where
water vapour transport occurs. The differences in water composition
and mass diffusivity in cellular tissues make the surface close to the
coolant to be the only portion to have undergone any deformation after
freezing (Pham, 2006). However, few studies have reported the sig-
nificant changes in moisture diffusivity values on the entire cell during
freezing.

Attempts have also been made to consider the heterogeneity of
plant-based foods and the effects on the accuracy of modelling moisture
movements, normally using the numerical method. Campanone et al.
(2005) used the finite difference method to simulate the heat and mass
transfer during freezing. The model enabled the evaluation of tem-
perature and moisture movements, leading to the prediction of mass
losses for different products. However, the finite-difference approach
was not suitable for products with large latent heats over a wide range
of temperatures (Pham, 2006). On the other hand, apparent specific
heat and enthalpy values are normally be used to account for the sharp
changes in these values during phase change.

Norton, Delgado, Hogan, Grace, and Sun (2009) used the finite
difference approach on enthalpy formulation to predict temperature
profile and freezing times during high-pressure shift freezing for cel-
lular tissues and results showed that the model could satisfactorily
describe the freezing process.

The finite volume approach has also been used for model heat and
mass transfer during freezing with successful prediction similar to ex-
perimental results (Nicolaï, Verboven, Scheerlinck, & Leuven, 2001).
However, numerical methods developed up till now still lack the cap-
ability to analyze large deformation of cells, thereby such modelling
relies on many assumptions (Delgado & Sun, 2001; Rahman, Joardder,
Khan, Pham, & Karim, 2017).

5. Emerging techniques for controlling the formation and growth
of ice crystals

As discussed previously, transport phenomena during freezing of
cellular tissue of fruits and vegetables induce nuclei formation and
growth, thereby producing ice crystals of different sizes, which affect
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cell walls, microstructures and the quality of frozen products. The
control of ice formation and growth is therefore crucial to optimize
quality preservation.

Although widely used in the food industry, conventional freezing
techniques including immersion, air blast, and plate contact freezing
could produce large ice crystals that cause cell rupture and affect the
microstructure of fruits and vegetables. To better preserve cell struc-
tures and maintain the microstructure of frozen products, innovative
freezing techniques have been developed (Cheng et al., 2015;
Zhu, Zhou, & Sun, 2019), which include microwave-assisted, ultra-
sound-assisted, electric field-assisted, high-pressure freezing (HPF), and
isochoric freezing. The mechanisms, advantages, and limitations of
some of these techniques are summarized in Table 2.

Microwave-assisted freezing involves low energy consumption and
much less freezing time. By influencing the characteristics of cellular
water in plant tissue, the microwave field attempts to reorient the water
molecules and break the hydrogen bonds connecting the water net-
work, thus controlling ice formation in cells and tissues of fruits and
vegetables (Dalvi-Isfahan et al., 2017; Jiang, Zhang, Mujumdar, & Lim,
2015, 2010, 2014). Jiang, Zhang, and Mujumdar (2010a, 2010b) ex-
amined the variation of structure and some physicochemical changes
during different stages of microwave-assisted freezing of banana chips
and showed that ice crystals size was directly correlated to the number
of nuclei formed during nucleation stage, which consequently influ-
enced microstructure. They further reported that different times and
temperatures of the cold trap significantly affected the freezing rate and
microstructure.

In other studies, Wang, Zhang, and Mujumdar (2012) and Jiang
et al., (2014, 2015) applied pulse-spouted microwave-assisted freezing
for lettuce slices and banana cubes, respectively and revealed that the
pulse-spouted microwave assisted freezing improved the uniformity of
temperature distribution with minimal moisture movement as com-
pared with the steady freezing mode.

In ultrasound-assisted freezing, the ultrasound waves can generate
uniform bubbles following sponge effect, leading to the creation of
microscopic channels in products (Islam, Zhang, & Adhikari, 2017;
Khandpur & Gogate, 2015; Xu, Zhang, Bhandari, Cheng, & Islam, 2015).
The technique can be applied to preserve the cell structure of frozen
products through the initiation of ice nucleation, control of ice crystal
size, and acceleration of the freezing process (Zhang, Zhu, & Sun,
2018). Several studies have reported the effects of ultrasound on pre-
serving the cell structures of strawberry (Cheng, Zhang, Adhikari,
Islam, & Bao-guo, 2014, 2015), broccoli (Xin, Zhang, & Adhikari,
2014), and red radish (Xu et al., 2015), showing the formation of mi-
croscopic channels in the cell structures that reduced the adhesion
among cells and increased cell interspaces, consequently resulting in an
increase in the diffusion of water. Thus, ultrasound-assisted freezing
can induce faster ice formation with preserved cell structures.

For electric field-assisted freezing, an electric voltage is applied to
control the size of ice crystals by realignment of water molecules pre-
sent in the cells. The realignment of water molecules causes sponta-
neous nucleation through the breakage of the hydrogen bonds, making

the water less structured and polarized (Woo & Mujumdar, 2010).
However, when dissolved solutes in the water solution are considered,
the field-effect in controlling ice crystal growth is influenced by the
amount of the dissolved solute (Woo & Mujumdar, 2010). For instance,
additives such as sodium chloride (NaCl), sucrose, trehalose, glycerol,
and glucose can significantly influence the nucleation temperature and
ice crystal sizes under direct current (DC) electric field application
(Petersen, Schneider, Rau, & Glasmacher, 2006). Jha, Sadot, et al.
(2017) and Jha, Xanthakis, et al. (2017) categorically stated that the
use of electric field-assisted freezing through either alternating current
(AC) or DC electric field applications in an aqueous solution containing
ionic solutes was able to interfere with ice crystal growth, due to the
potential difference generated between the forming ice and solution.

While the electric current sustained in the growing interphase can
reduce the diffusion coefficient of water, the formation of ice crystals is
suppressed depending on the nature of solute in terms of concentration
and the freezing rate. Apart from solute concentrations, other factors
like strength of the applied electric field and the properties of the
electrode (i.e. electrode type, ionization tendency, polarity, surface
roughness and shape of electrode materials) can also contribute to
nuclei formation and ice crystal growth during electric field-assisted
freezing (Jha et al., 2017).

For HPF, pressure decreases the freezing point (0 °C) of water to a
minimum of−22 °C at 208 MPa (Sanz & Otero, 2014). This implies that
when cellular tissue of fruits and vegetables is kept in a liquid state at
sub-zero temperatures combined with high pressure, upon pressure
release, a large degree of supercooling is achieved, promoting rapid ice
nucleation. The method is safe and energy-efficient, which supports the
uniform distribution of pressure over the sample, resulting in homo-
genous nucleation throughout the sample. The number and size of ice
crystals formed during HPF are directly proportional to the extent of
supercooling reached in the sample before nucleation and the sub-
sequent growth of ice crystals. So far, three strategies have been iden-
tified for HPF including pressure shift freezing (PSF), pressure-assisted
freezing (PAF) and pressure-induced freezing (PIF). The comparative
differences among each process are extensively discussed by Cheng,
Sun, et al. (2015) and Cheng, Zhang, et al. (2015). The first two
methods (i.e. PSF and PAF) are commonly studied in literature due to
their easy operation, mainly about their effects on the texture, ap-
pearance, microstructure, and colour of fruits and vegetables. Mean-
while, the PSF technique has the advantage over PAF because it ac-
celerates the rate of nucleation, and consequently promotes the
formation of small ice crystals (Sanz & Otero, 2014).

Study on PSF (at 210 MPa and −20.5 °C) of cellular tissue of
broccoli as shown Fig. 4, indicates a well-preserved microstructure,
with no major changes on colour, and lower drip losses and better
texture as compared with samples frozen under conventional freezing
in atmospheric conditions (Fernandez & Prestamo, 2006).

On the other hand, Otero, Martino, Zaritzky, Solas, and Sanz (2000)
evaluated the microstructure modifications of peach and mango under
PSF (at 200 MPa and −20 °C) as compared with samples frozen under
conventional air blast (−40 °C) and cryogenic freezing in liquid

Table 2
Advantages and limitations of emerging freezing techniques.

Freezing techniques Mechanisms Advantages Limitations

Microwave freezing Dipole polarization of water molecules due to
electromagnetic field effect

Energy-saving and flexible, temperature and weight
loss can be measured while freezing

Poor rehydration property

Electric field freezing Same as microwave, but with the electric field component Short nucleation time, on-line measurement of
changes in products

Corona discharge affects nucleation
and freezing capability

Ultrasonic freezing Ultrasound propagates to the molecules of cellular water Energy-efficient and short nucleation time, capable
of facilitating crystallization and recrystallization

High intensity leads to heating effects

High-pressure
freezing

Samples are cooled under pressure at sub-zero
temperatures to induce extensive supercooling throughout
the sample

Large supercooling promotes instantaneous
crystallization, high nucleation rate

It cannot be used for products with
high porosity or high air content
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nitrogen, and showed that PSF prevented the quality loss, whereas air
blast freezing formed large ice crystals and negatively influenced the
cell structure and the final quality. However, the most challenging issue
in applying HPF is the substances or mixtures including silicon oil,
propylene glycol, glycol/water, ethylene/glycol ethanol/glycol, and
ethanol/water used in the pressure vessel (Sanz & Otero, 2014) as li-
quids are unhygienic, and pre-vacuum packing of the samples in a
polythene bag is needed.

Another novel freezing technique reported by Preciado and
Rubinsky (2010), called isochoric freezing, preserves fruits and vege-
tables at subfreezing temperatures without ice damage. In isochoric
freezing, produce is immersed in a solution in osmotic equilibrium with
the produce processed inside a pressure chamber. This technique has
been demonstrated for producing less damaging ice crystals and better-
preserved texture, structure and nutritional property of sweet cherry
and spinach (Bilbao-Sainz et al., 2018, 2019).

6. Conclusions and future prospects

Transport phenomena can greatly influence the cell walls and mi-
crostructure of fruits and vegetables during freezing. However, the
occurrence of phase change during the freezing process allows the
diffusion of cellular water across the cell membrane, thereby producing
ice crystals of different sizes.

The formation of large ice crystals causes damage to cell structure,
which normally occurs due to slow moisture movement in cells with
conventional freezing techniques. On the other hand, emerging freezing
techniques can potentially produce small ice crystals throughout the
sample, thus maintaining the integrity of cells and microstructure of the
frozen product.

So far, the emerging techniques used in controlling the size of ice
crystals have not yet completely solved the problems of degrading the
microstructure of fruits and vegetables caused by conventional freezing
methods. This is mainly due to the ionic composition of fruits and ve-
getables, leading to high osmotic stress achievable at low temperatures
and causing an increase in the diffusion coefficient of cellular water.
Although it was hypothesized that the application of the electric field
during freezing of a food system could reduce the diffusion coefficient
of water and thus has the capability of producing small ice crystals, it
has not been demonstrated in the cellular tissue of fruits and vegetables.

In addition, the presence of intracellular space and variation in cellular
water plays a significant role in moisture transport in fruits and vege-
tables, however, there is not yet any study available that considers the
effects of intracellular space and cellular water on cellular tissues
during freezing, therefore, more studies should be conducted at the cell
level.

In regard to modelling, the effects of heat and mass transfer on the
freezing process have been widely studied, however, other phenomena
accompanying the freezing process including ice nucleation, crystal
growth, thermal expansion, and volume changes, and cellular dehy-
dration, stress, and crack are much neglected. Future studies should
thus focus on combining the modelling of heat and mass transfer with
these phenomena so that the model can not only predict the freezing
process but also the overall product quality. One possibility is to use
multiphase modelling with the capability of analyzing cell deformation,
which should provide a better understanding of moisture transport to
ensure adequate preservation of microstructure.

For microwave-assisted, ultrasound-assisted, electric field-assisted,
and high-pressure freezing, most of the studies are still at the experi-
mental stage, while their potentiality in preserving the microstructure
of plant-based materials have been demonstrated, more studies should
focus on the effect of different freezing parameters on ice crystal size
distribution and the microstructure of fruits and vegetables in order to
optimize the freezing processes.
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