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Abstract:

Malnutrition is a global problem that is caused by insufficient sources of vitamins, microelements, and other nutrients. This
creates a need for developing long-term preservation techniques. One of the solutions is to pre-treat food materials before
freeze-drying by applying advanced and safe electrophysical techniques instead of traditional thermomechanical methods.

We reviewed three of the most promising electrophysical techniques (low-temperature plasma, ultrasound, and pulsed electric
field) which have proven effective for a wide range of food materials. In particular, we focused on their mechanism of action and
the equipment required, drawing on successful laboratory and large-scale studies in Russia and abroad.

The electrophysical techniques under review had an etching effect on the material, caused electroporation, and changed the
material’s internal structure. In addition to these effects, we described their process and technology, as well as their advantages
and disadvantages in industrial applications.

Based on literature analysis, we stressed the importance of developing innovative electrophysical techniques for the food
industry. These techniques should ensure high energy efficiency of the freeze-drying process and maintain good quality
characteristics of food products.
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INTRODUCTION

Russia’s food industry prioritizes a transition to hi-
ghly productive and green agriculture and aquaculture,
efficient processing, and formulation of safe and high-
quality products, including functional foods [1]. This re-
quires advanced technology for processing, production,
and preservation of foods and raw materials [2, 3].

Drying is one of the oldest techniques to preserve
food and its vitamins, trace elements, and other macro-
and micronutrients. The quality and safety of the result-
ing product depend on the drying method applied [4].
Freeze-drying is a highly effective method of dehydrat-
ing pre-frozen food by sublimating ice in a vacuum un-
der gentle temperature conditions. The resulting product
is of much higher quality than that provided by other
conventional drying techniques [5].

Energy saving is of major importance in freeze-
drying [6].
freeze-drying are the main technological barriers to its
widespread use [5]. Energy saving is a global trend in
all processing industries, including food and agriculture
(Industry 4.0).

Today, Russian and international research groups

The duration and high energy costs of

are looking for ways to save energy used in the freeze-
drying process. Some are developing better facilities,
while others focus on various techniques for both food
preparation and the process itself [7-11].

Shorstkij described the main technical solutions to
improve freeze-drying such as intensified heat supply,
better vapor removal, and the recycling of thermal re-
sources, including secondary ones [2]. These solutions
also cover the stage of freezing raw materials.

Copyright © 2024, Andreeva et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

341


http://jfrm.ru/en
https://doi.org/10.21603/2308-4057-2025-2-643
https://elibrary.ru/VUADHZ
https://orcid.org/0009-0008-4265-9651
https://orcid.org/0000-0001-5804-7950
https://ror.org/050w9j879
mailto:i-shorstky@mail.ru
https://ror.org/050w9j879
https://ror.org/00ghqgy32
https://doi.org/10.21603/2308-4057-2025-2-643
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2025-2-643&domain=pdf

Andreeva O.1. et al. Foods and Raw Materials. 2025,;13(2):341-354

Physical pre-processing techniques allow for energy
saving and better quality of the resulting product. For
example, the conventional thermomechanical blanching
process inactivates enzymes, removes intracellular air,
reduces the loss of color and taste, and increases the
drying rate [12]. Another technique is osmotic dehydra-
tion, which involves introducing a food matrix into a
hypertonic solution [13]. The resulting loss of water redu-
ces the subsequent drying time and the amount of dry
matter, thus improving the product’s sensory and func-
tional properties [14]. However, these thermomechanical
techniques provide insufficient energy efficiency, espe-
cially during the freeze-drying of berries [15].

In recent years, new electrophysical techniques
have been introduced as a pre-treatment before freeze-
drying, including ultrasound, pulsed electric fields,
and low-temperature plasma. Without using high tem-
peratures, these innovative techniques help reduce the
drying time and improve the quality of the resulting
product. They are also quite economical due to low ener-
gy consumption.

We aimed to review the current uses of innovative
physical techniques for freeze-drying food products.

STUDY OBJECTS AND METHODS

In this review, we presented the most effective physi-
cal techniques used in the freeze-drying process, briefly
describing their mechanism of action, application, and
equipment requirements. For this, we retrospectively
analyzed scientific papers published in 2010-2024 and
indexed in the Scopus, Web of Science, and eLIBRARY.
RU databases. The search was based on the keywords
“freeze-drying” and “emerging technology”.

RESULTS AND DISCUSSION

Physical techniques in freeze-drying. Low-tempe-
rature plasma (LTP) results from gas ionization by an
electric discharge using various media (air, argon, oxy-
gen, etc.). The LTP jet generates cations, anions, free
and excited electrons, and a number of volatile atoms
and molecules [16]. They can be divided into reactive
oxygen species and reactive nitrogen species. Their in-
teraction with a food product causes complex physical
and chemical reactions. These reactions produce vari-
ous effects, including sterilization, enzyme inactivation,
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surface changes, as well as an effect on the anatomical
integrity of plant cells [17, 18]. The variety of active
LTP particles indicates their high chemical (including
bactericidal) activity, which is why LTP was initially
used to sterilize food products.

As technology developed, LTP began to be used
to modify the surface structure of raw materials and
produce an “etching” effect, which changed the capil-
lary-porous structure of the material [19]. This treat-
ment was later used to prepare seeds for sowing to im-
prove their germination [20].

Surface etching effect. Numerous studies show that
the surface effect of low-temperature plasma (LTP) ac-
celerates the freeze-drying of plant materials [21-26].
The mechanism of this effect is shown in Fig. 1. As can
be seen, particles of reactive oxygen species and reac-
tive nitrogen species bombard, and interact with, the
surface (shell and upper layer) of a food material. The
etching effect is mainly due to the decomposition of the
material’s waxy shell, which causes cracks and chan-
nels to form [27]. This waxy shell, commonly present in
most foods exposed to freeze-drying (e.g., berries), is a
“diffusion barrier” to moisture removal [28]. Exposure
to LTP helps remove this barrier and increase drying
efficiency. Miraei et al. found that the LTP treatment of
grapes changed the angle at which water wetted their
surface [29]. The etching effect of LTP on the grape’s
waxy shell increased its hydrophilicity by 40%. This
study showed that changing the structure of a plant ma-
terial’s waxy shell leads to higher wettability and mois-
ture absorption. Similarly, Shorstkij and Mounassar
reported a rise in moisture absorption when wheat
seeds were treated with LTP [30]. In addition, micropo-
res were seen on the surfaces of grapes and wheat seeds,
as shown by the scanning electron microscope images.
Dharini et al. provide more detail about the chemical
reactions in the food product’s shell [31].

The size of temporary pores formed as a result of
LTP treatment may change over time [29]. The size of
pores has a direct effect on the efficiency of moisture
diffusion onto the surface of the material during freeze-
drying. Therefore, further research is needed to maxi-
mize the etching effect of LTP. Sosnin and Shorstkij ex-
posed apple slices to LTP, with a pore diameter set at
100 um [28]. They found that electrically-induced pores
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Figure 1 Effect of low-temperature plasma on the surface of plant material: ROS — reactive oxygen species, RNS — reactive

nitrogen species
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accelerated drying by 15-20%. Similar findings are
presented in a study on honeysuckle berries [21]. Also,
pores and channels form not only on the surface of fruits
but also on other parts of plants, for example, tobacco
stem and leaf or common hyssop [32, 33].

The etching effect of LTP treatment directly depends
on the material’s moisture, as well as the composition
and concentration of active substances involved in reac-
tions on the surface of the plant material. Longer treat-
ment and higher moisture significantly increase the num-
ber of micropores on the treated surface, which affects
the drying time [28]. In other words, the efficiency of
etching is one of the main factors for improving the effi-
ciency of freeze-drying.

Changes in the internal structure. As noted above,
the surface effects of low-temperature plasma (LTP) can
accelerate freeze-drying processes. However, the inter-
nal structure of plant materials is modified as well. Since
moisture is distributed throughout the volume of the ma-
terial, it is not enough to only remove the diffuse barri-
er of the waxy shell. Another barrier to effective mass
transfer is the plant cell membrane. There have been few
recent studies on improving the drying process by mod-
ifying the plant’s internal structure [21-26]. Huang ef al.
reported a modified internal structure of grapes, with
similar results obtained by Miraei ef al. using a spark
discharge [29, 34].

Li et al. reported a high efficiency of treating hone-
ysuckle berries with LTP before freeze-drying [21]. In
particular, the LTP pre-treatment for 75 s reduced the
freeze-drying time by 27% and increased the permeabi-
lity of plant cell membranes by 15%. In a study on straw-
berries, exposure to LTP maintained their quality and
improved their sensory characteristics [35]. Yu-Hao et al.
reported that the cell walls of wolfberry became thin-
ner and more permeable after LTP treatment [36]. Based
on the microscopic analysis, the authors assumed that
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Figure 2 Low-temperature plasma generation schemes: (a) low-

these changes promoted the release of phenolic com-
pounds through the pores formed after extraction. How-
ever, it remains unknown whether this might contribute
to a loss of the target component during freeze-drying.
Therefore, these changes need to be correlated with
varying sizes of the channels formed on the plant’s sur-
face and cell membranes. To sum up, changes in the
structure of the plant cell membrane are a second factor
that affects the efficiency of freeze-drying.

Pectin and cellulose are the main components of a
plant cell wall. Based on [37], we can assume that pec-
tin molecules may break down due to the cleavage of the
C,~O covalent bond during oxidation processes induced
by LTP. In other words, the LTP treatment of plant mate-
rials can promote the breaking of covalent bonds in the
cell walls, thereby increasing the rate of water diffusion.

Thus, etching and electroporation of plant cell walls
are the main effects of the LTP treatment that have
been confirmed by most studies, despite the complexity
of LTP’s action on multi-component foods. Important
factors include the depth of LTP’s penetration into the
plant structure, the nature of its propagation, as well as
the size of pores and channels formed in the material.
Saengrayap et al. found that the drying efficiency is also
determined by the time of the material’s relaxation af-
ter the treatment [38]. In the study on apple slices, LTP
promoted the release of intracellular fluid on the surface
of the material, with higher moisture transfer during the
drying process [39].

Generation of low-temperature plasma and drying
efficiency. The effectiveness of low-temperature plasma
(LTP) depends on the method of its generation, among
other things (Fig. 2). In particular, LTP can be obtained
via a dielectric barrier discharge (two oppositely charged
plates), an arc discharge, a microplasma jet, a corona
discharge, and a microplasma jet supported by thermio-
nic emission [35, 40].
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LTP supported by thermionic emission produces a
thin string of charged particles that have a directed effect
on the object of treatment. Due to thermionic emission,
the electric field strength ranges from 6 to 8 kV/cm, in
contrast to the range of 15-20 kV/cm for other methods
of LTP generation [28]. This method reduces overall en-
ergy consumption and provides a better control of the
process. The material is hardly heated and the process
can be scaled up [28].

With a corona discharge, LTP is generated by using
point-plane electrodes set up 3—10 cm apart from each
other. Low energy consumption is an obvious advan-
tage of this method. However, the corona discharge does
not penetrate into the internal structure of the material,
causing only an etching effect on its surface.

A low-temperature plasma jet with pressurized gas
supply is the most widely used LTP generation system.
The intensity of plasma depends on the generator’s po-
wer and the flow rate of the gas [41]. Compared to
other methods, the plasma jet is more flexible and not
limited to a space between the electrodes. Its main disad-
vantage, however, is a limited impact area and low per-
meability.

In the dielectric barrier discharge method, the ob-
ject of treatment is placed between metal electrodes
(plane-parallel plates), with at least one of them coated
with a dielectric material [42]. To ensure discharge sta-
bility, the distance between the two electrodes is limited
to a few millimeters, and a high voltage sine wave or
switching power supply is required to obtain discharge
at atmospheric pressure. The main advantage of this
method is that it can be used to treat food materials in
dielectric packaging such as polyethylene film. Howe-
ver, given the treatment area of several millimeters, this
method can be used mainly for powders.

“Jacob’s Ladder” exemplifies the generation of a
traveling arc in the air. When two slightly diverging
electrodes are placed vertically and exposed to high-fre-
quency high-voltage power, an arc is first ignited in the
narrowest gap between the electrodes and then it slides

along them due to convection [43]. The sliding arc dis-
charge has high energy and gas consumption, with most
of the energy used to stimulate chemical reactions ra-
ther than heat the gas. Compared to other plasma gene-
rating methods, the sliding arc discharge has a larger
impact area, which is good for drying [29]. For exam-
ple, Miraei et al. reported that the grapes treated for
50 s at an air flow of 10 L/min had their effective water
conductivity at 60°C increased by 30% and their drying
time decreased by 26% [29]. However, the devices ba-
sed on the sliding arc discharge are too complex and
sometimes unstable. This disadvantage makes scaling
the technology difficult. Yet, this method of generating
plasma has high potential in the food industry.

Liu et al. showed that treating brown rice with LTP
generated by a dielectric barrier discharge had a pos-
itive effect on the product’s stability during a short sto-
rage period [23]. The treatment maintained the levels of
aldehydes and alkanes and increased the content of vola-
tile substances. In another study, LTP pre-treatment (200
and 800 Hz) improved the safety of tucum fruits during
storage, causing changes in their tissue structure and im-
proving dehydration [24].

Zhang et al. observed no significant changes in the
color of red pepper depending on the time of LTP treat-
ment [26]. Yet, the treatment of 30 s improved the reco-
very of color pigments during further processing. Table 1
summarizes the effects of pre-treating plant materials
with LTP on the efficiency of their freeze-drying. As can
be seen, most studies aim to assess the energy efficiency
of the freeze-drying process with LTP pre-treatment.
For example, Miraei et al. reported electrically induced
pores on the surface of grapes, with no numerical cor-
relations [29].

Industrial application of low-temperature plasma
for freeze-drying. Figure 3 shows a tray-type commer-
cial unit for pre-treating raw materials with low-tempe-
rature plasma (LTP) created by the Kuban State Univer-
sity of Technology in partnership with manufacturing
companies [45].

Table 1 Effects of low-temperature plasma pre-treatment of food materials on the efficiency of their freeze-drying

Material and mode of treatment

Treatment efficiency

References

Honeysuckle Drying rate increased by 27%, cell permeability increased by  [21]
Low-temperature plasma jet in the reactor 15%

Strawberry Enhanced aroma at zero/average pressure [22]
Low-temperature plasma jet in the reactor

(3 kV, 1 MHz)

Brown rice Free fatty acids reduced by 25.2% [23]
Low-temperature plasma jet (30—100 kV)

Tucum Higher drying and rehydration rates, more phenolic [24]

Corona discharge (200, 500, and 800 Hz)

compounds retained at 500 and 800 Hz

Mushrooms Higher drying rate, accelerated mass transfer, the largest [25]
Corona discharge number of phenolic compounds preserved (463.30 mg/100 g)
Chili pepper Higher drying rate; longer treatment may result in pigment [26]

Plasma flow (3 L/min, 20 kHz, 750 W, treatment
time: 15, 30, 45, and 60 s)

loss due to degradation of bioactive compounds

Plums

Drying time reduced by 5-6 h [44]
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Figure 3 A commercial unit for low-temperature plasma
treatment based at Kuban State Technological University

Figure 4 An industrial machine for low-temperature plasma
treatment of foods for sterilization [47]: 1 — a discharge
chamber, 2 — an electrode unit, 3 — a control panel, 4 —

an ozonation chamber, 5 — a belt conveyor

This LTP unit can treat up to 100 kg of raw materials
per hour, with their subsequent transfer to the freeze-
drier. Recent years have seen a steady rise in the number
of patents on the use of LTP in the food industry [46].
For example, Panka ef al. presented a pilot machine
based on a belt conveyor to treat food products (such
as ground spices) with LTP for sterilization [47]. This
unit can be easily adapted for treatment prior to freeze-
drying (Fig. 4).

Advantages and disadvantages of low-temperature
plasma. The main advantages of treating plant materials
with low-temperature plasma (LTP) to improve the effi-
ciency of their drying are as follows:

1. LTP treatment reduces the diffusion barrier of the
food’s shell and produces an etching effect that facilita-
tes subsequent freeze-drying.

2. The product retains high sensory characteristics be-
cause LTP treatment reduces the drying time.

3. Various methods of generating LTP to treat materials
under atmospheric pressure reduce the cost of proces-
sing (no need for vacuum units) and allow for conveyor-
type processing with a continuous flow of materials.

However, there are a few downsides to LTP appli-
cation, namely:

1. LTP equipment used for drying is expensive and un-
stable. The cost of applying LTP to dry food products
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starts from 50 000 US dollars [17]. There is a lack of
commercial LTP equipment.

2. Scientists do not have a full understanding of how
pre-treating raw materials with LTP affects the proper-
ties of the final product. Drying efficiency varies greatly
depending on different parameters. Finding the optimal
dose of LTP and controlling the pretreatment process
are still challenging.

3. LTP has a low penetrating ability. This limits its ap-
plication to mainly overcoming the surface diffusion
barrier.

4. The quality of LTP treatment depends on the surface
of the material. If the surface is not homogeneous and
has some irregularities or protrusions, some areas may
remain untreated.

To introduce LTP treatment into commercial food
technologies, we need combined efforts of interdiscipli-
nary scientists, manufacturers, and suppliers of agricul-
tural products. This can also be helped by advanced re-
search and equipment design.

Ultrasonic treatment. Effect of ultrasonic treat-
ment on the structure of plant materials. Ultrasonic
treatment is a technology for non-thermal processing of
the food matrix that is used in a wide range of processes.
Ultrasound propagates due to a series of compression
and extension cycles induced by an ultrasonic wave at
a frequency from 2x10* to 1x10° Hz. Cavitation bubbles
form when the power of an ultrasonic wave exceeds the
power of attraction between the molecules in a medi-
um [48]. When the natural frequency of vibration of the
bubbles coincides with the frequency of the ultrasonic
wave, the bubbles collapse quickly at the compression
stage and release energy with a subsequent increase in
pressure (Fig. 5). High pressure from the collapse of the
bubbles, which can reach 100 MPa, can rupture the cell
membranes and damage the cell microstructure [49, 50].
This process may also cause water molecules to disso-
ciate and free radicals (H" and OH") to form. These free
radicals are capable of reacting with other molecules.

The above effects of ultrasonic treatment can cause
a number of physical and chemical effects that can be
used to prepare food materials for freeze-drying. Unlike
low-temperature plasma (LTP), ultrasonic treatment can
affect the size of ice crystals during the freezing stage.
This accelerates the freezing rate and, subsequently, re-
duces the total duration of freeze-drying [50].

Effects of ultrasonic treatment on freeze-drying.
Ultrasonic treatment was used to accelerate the freeze-
drying of bell pepper in [51]. The authors found that ul-
trasonic water removal required lower temperatures and
shorter time. In particular, ultrasonic treatment lasting
10% of the total freeze-drying time reduced the drying
time by 11.5%, ensuring a high-quality product. The fin-
dings were based on the bulk density, color characteris-
tics, ascorbic acid content, and rehydration parameters.

In another study, the ultrasonic treatment of strawber-
ry slices decreased their drying time by 15.25-50.00%,
compared to the untreated samples [52]. Semenov et al.
reported that applying mechanical vibrations was as ef-
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Table 2 Effects of ultrasonic pre-treatment of food materials on the efficiency of their freeze-drying
Material and mode of treatment Treatment efficiency References
Red beetroot Lower water activity, greater shrinkage of the resulting product [55]
40 kHz, 180 W, 5-10 min
Barley tops Energy consumption reduced by 19% [49]
10, 30, 45, and 60 W/L, 10 min
Pear Moisture content reduced to 0.12—0.08 g/g dry material [56]
20 kHz, 360 and 960 W
Bell pepper Total drying time reduced by 11.5%, the product’s color preserved [51]
76,90, and 110 W
Hawthorn Shorter drying time [57]
37 kHz, 70 W, 20 min
Potato Drying time reduced by 7.2—17.8%, energy consumption reduced [58]
30 kHz, 200, 400, and 600 W, 30 min by 12—18%, taste and nutritional properties preserved
Melon Overall carotenoid loss reduced, softer texture, and better color [59]
25 kHz, intensity 4870 W/m? retention
Carrot Drying time reduced due to cell destruction, microchannel [60]
25 kHz, 41 W/L, 30—60 min formation, and cell swelling
Apples Internal water diffusion increased by 93%, external mass transfer [61]
400 W/L, 10 min increased by 10%
Strawberry Drying time reduced by 15.25-50.00% [52]
20 and 40 kHz
Apples Minimum moisture (5% by weight), rehydration rate increased by [62]
1 kW, 40 kHz, 26-40°C 45%
Rowan Drying time reduced 1.28 times [63]

Piezoelectric emitter, 8 kKW

ficient as ultrasonic treatment [53]. They also found that
ultrasound treatment at 20 and 40 kHz reduced the dry-
ing time more greatly than at a single frequency. This
most likely indicated the collapse of bubbles of various
sizes. Finally, the ultrasonically treated samples had bet-
ter quality indicators, including vitamin C content, rehy-
dration parameters, density, color, aroma, total anthocy-
anins and phenols, as well as antioxidant activity.

According to [54], the average rate of freeze-drying
was higher for ultrasonically pre-treated apple samples
than for the control group. In particular, the pre-treat-
ment at 100 kHz for 5 min at 25°C increased the ave-
rage drying rate 1.25 times, compared to the control.
This might be because ultrasound destroys cell mem-
branes, increasing their permeability to water. As a
result, moisture is more easily removed from the cells,
accelerating the freeze-drying process.

Table 2 summarizes the effects of ultrasonic pretreat-
ment on the efficiency of freeze-drying of food materials.
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To improve the penetration of ultrasonic radiation
into the product, the wave resistance needs to be redu-
ced at the medium-product interface. For this purpose,
ultrasonic pre-treatment is often carried out in a liquid
medium (distilled water or osmotic solution). As a re-
sult, the product may lose or gain water during ultra-
sonic pre-treatment depending on the direction of the
concentration gradient at the interface. For example,
Oliveira et al. found that apples absorbed water from
the external medium during their ultrasonic pre-treat-
ment in distilled water and an osmotic solution [64].
When sugar was added, water absorption decreased.
This was because sugar increased the resistance to
moisture transfer on the surface of the apple. Therefore,
the medium parameters are just as important as the fre-
quency, duration, and power of ultrasonic treatment.

Industrial application of ultrasonic treatment for
freeze-drying. Continuous-flow ultrasonic treatment is
mainly applied to liquid and paste-like materials. Ultra-
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sonic treatment is carried out directly in the working
chamber or in an ultrasonic bath of a freeze-drying
equipment [65, 66].

The industrial application of ultrasonic treatment is
described in [67]. The apparatus consists of a station-
ary ultrasonic bath supplied with all necessary utilities
(Fig. 6).

Huang et al. combined ultrasonic treatment with the
drying process [68]. According to the authors, the for-
mation of a pressure gradient at the gas/liquid phase in-
terface during drying intensified moisture evaporation.
As a result, the water went out of the sample without
coming back during the positive pressure phase. Ho-
wever, ultrasonic treatment cannot be combined with
freeze-drying, since this would require a medium con-
ducting acoustic waves. Vacuum-free freeze-drying can
be an alternative to this method [69].

Advantages and disadvantages of ultrasonic treat-
ment. The main advantages of ultrasonic treatment of
plant materials are as follows:

1. Ultrasound pre-treatment greatly aids the freeze-
drying technology.

IV LCas IR ]

Figure 6 An industrial ultrasonic treatment apparatus for food
sterilization [67]

2. Ultrasonic waves activate the rate of heat and mass
transfer, reducing the drying time.

3. The cost of ultrasound pre-treatment equipment starts
from 10 000 US dollars, which is significantly lower
than the cost of low-temperature plasma machinery.

However, there are a few downsides to ultrasonic
treatment, namely:

1. To reduce wave resistance, ultrasonic treatment sho-
uld be carried out in a liquid medium. However, this
may change the composition of the freeze-dried pro-
duct since enlarged pores ease the release of the prod-
uct’s target components into the liquid medium, causing
their loss.

2. Despite its relatively low cost, ultrasonic treatment
is not widely used in the food industry due to several
technological challenges. For example, it is important
to set the optimal frequency and such medium charac-
teristics as temperature, pH, electrical conductivity, and
others. Moreover, the treatment can accidentally destroy
the shell of the freeze-dried product, reducing its consu-
mer appeal.

Pulsed electric field treatment. Effects of pulsed
electric field on the structure of plant material.
Pulsed electric field (PEF) treatment is an application
of short, high-voltage electrical pulses to a liquid or
solid product placed between two electrodes in a con-
ductive medium. During this treatment, the cell mem-
brane becomes polarized, which makes the cell wall
more permeable. The cell wall can even rupture at cer-
tain levels of electric field strength [70]. This mecha-
nism is known as electroporation (Fig. 7). When expo-
sed to an electrical impulse, hydrophilic channels are
formed in the lipid bilayer of the cell membrane. Mo-
ving along the electric field lines to the membrane
boundary, polarized molecules create their internal
electrical potential on both sides. The membrane rup-
tures when the electrical potential reaches a critical
level. Thus, this method can enhance mass and heat
transfer without causing undesirable changes in the
food quality [71]. The electrical conductivity of mem-
branes, as well as pore formation, depends on the criti-
cal strength of the electric field (1-2 kV/cm), the size of
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Figure 7 The process of pulsed electric field treatment
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a treated cell (40-200 um), and its electrical characte-
ristics [72]. Electroporation does not occur if the elec-
tric field strength and pulse duration are less than criti-
cal. Temporary (reversible) pores may form if the elec-
tric field strength is close to the critical level, but does
not exceed it. In this case, the electrical conductivity
of the membranes may change but only temporarily,
with a possibility of returning to the original state [73].
This method is used in medicine to introduce target
components into the cell. Food scientists, however, are
more interested in electroporation caused by the field
strength. If the field strength is higher than the critical
level, with high specific energy costs, electroporation
can become irreversible and the formed electrical pores
can cause cell destruction.

The critical levels of electric field strength vary
greatly, depending on the material’s tissue structure, the
size of its cells, and their electrical characteristics [74].

Pulsed electric field treatment for freeze-drying of
food products. In a research by Lammerskitten et al.,
freeze-dried strawberry cubes pre-treated with pulsed
electric field (PEF) better retained their shape and vo-
lume, as well as had a dense and compact structure [75].
In another study, PEF treatment significantly improved
the freeze-drying process due to better mass transfer
from the electroporation effect [76]. PEF pre-treatment
destroyed the anatomical integrity of cell membranes
and accelerated further moisture transfer [77]. Impor-
tantly, PEF treatment is performed throughout the mate-
rial, which promotes further scaling.

Table 3 shows the effects of pre-treating food ma-
terials with PEF on the efficiency of freeze-drying. As
can be seen, in addition to lower energy consumption
due to a shorter drying time, PEF treatment can im-

prove the textural characteristics and quality indicators
of the resulting product [76]. The extent of shrinkage
during freeze-drying and the preservation of useful tar-
get components are important for consumer acceptance.
Lammerskitten et al. reported that PEF treatment pre-
served the shape and color of the resulting product and
contributed to an even distribution of sugar and mois-
ture inside the material [78]. This had a significant im-
pact on the shock freezing stage, since the channels
formed were not clogged with sugar. Witrowa-Rajchert
and Lewicki noted an improved reducing ability of
plant raw materials after PEF treatment and freeze-dry-
ing [79]. This confirms that PEF treatment causes chan-
ges in the internal structure of the material.

However, the external product evaluation revea-
led lower shrinkage of the PEF-treated material. What
still needs exploring is the relation between PEF’s uni-
form effect on the internal structure of the material
and its shrinkage during freeze-drying. For example,
Parniakov et al. found that PEF-treated samples retai-
ned lower temperature in their core for a longer time,
compared to untreated samples [80]. This means that
frozen water inside the sample retains its original shape,
which impairs further heat and mass transfer processes.

Industrial application of pulsed electric field for
freeze-drying. According to Google Scholar, there are
over 15 000 publications on pulsed electric field (PEF)
treatment and over 55 research groups exploring this
technology [85]. However, its industrial application has
only become possible recently thanks to the advance-
ment of reliable electronics and high-voltage equipment.
In particular, this treatment is mainly used in the pro-
duction of juices (1500 L/h, PulseMaster, the Nether-

Table 3 Effects of pulsed electric field pre-treatment of food raw materials on the efficiency of freeze-drying

Material and mode of treatment Treatment efficiency References
Strawberry Preserved shape, color, and taste; more porous structure with [75]
Unipolar pulses with an interval of 0.5 s, pulse evenly distributed pores; greater crunchiness
duration 40 ps; E =1 kV/cm
Strawberry, bell pepper Reduced shrinkage, increased rehydration, improved mass [76]
E = 1.0 kV/cm; specific energy 0.3-6.0 kJ/kg, transfer
treatment time 2.0-28.6 ms
Apples Drying time reduced, pore size increased to 86 um, rehydration  [80]
E =800 V/cm capacity increased by 1.3 times, shape preserved
Apples Changes in the integrity of the cellular structure, reduced content [81]
E=0.3,0.6,0.9,and 1.2 kV/cm; 5, 10 or 15 pulses of water suitable for freezing
Apples Reduced shrinkage, preserved shape, improved porosity, greater  [78]
E =1.07 kV/cm, specific energy 0.5, 1, and 5 kJ/kg retention of phenols, antioxidant activity reduced by 60%
Red bell pepper Drying time reduced by 70 %, appearance preserved [78]
1 and 3 kJ/kg, E =1.07 kV/cm
Apples Energy consumption reduced by 17.74%, freeze-drying time [82]
E =1000, 1250, and 1500 V/cm' reduced by 22.50%, productivity per unit area increased by

28.50%
Potato Uneven changes in cell viability and microstructure, increased [83]
E =0.2-1.1 kV/cm; pulse duration 20 ps, specific  cell rupture at a constant frequency and higher electric field
energy 1-10 kl/kg strength
Potato Drying time reduced by 22-27% at T, = 40-70°C, significant [84]

E = 600 V/cm; total treatment time z, . = 0.1 s

changes in the texture and microstructure
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lands), French fries (50 t/h, Elea, Germany), and milk
(350 L/h, EnergyPulse) [86].

The application of PEF to plant materials (apples, po-
tatoes, red peppers, etc.) during drying processes started
in the early 2000s [75-77]. Since then, its efficiency has
been experimentally confirmed by many studies. PEF
is industrially applied in Germany, Italy, the USA, and
some other countries. High-performance PEF apparatu-
ses have been developed for potato processing and juice
production [87]. Figure 8 shows one of such systems for
preparing various food materials (such as berries and
fruits) for freeze-drying. The apparatus has a belt con-
veyor passing through a bath with a medium where an
electrode unit is installed. PEF pre-treatment signifi-
cantly reduces undesirable shrinkage of plant materials.
This improves the rehydration ability of the freeze-dried
product, which is especially important for instant soups
or whole berries [80, 88].

Advantages and disadvantages of pulsed electric
field treatment. The main advantages of pulsed electric
field (PEF) treatment of plant materials are as follows:

1. PEF treatment occurs throughout the material, which
is why both whole and sliced products can be treated.

2. The use of cooling systems makes up for increasing
product temperatures during PEF treatment.

3. The size of channels formed on the surface of plant
cell membranes can be controlled by changing PEF’s
electrophysical characteristics.

However, PEF has a few downsides and technologi-
cal challenges, namely:

Figure 8 An industrial pulsed electric field apparatus for pre-
treatment of solid materials (Elea, Germany) [89]

Freeze-drying

Ultrasonic apparatus

Electrode

Electrode

1. PEF treatment requires a conductive medium, which
is usually a liquid electrolyte.

2. PEF treatment consumes a lot of energy due to the
use of high-ampere Marx generators.

3. The use of high voltage and high currents during PEF
treatment requires more effective protection of equip-
ment and personnel.

4. The liquid medium used for PEF treatment may erode
the metal electrodes, with metal traces entering the final
product.

Although the cost of a PEF system starts from
200 000 US dollars (10 t/h), this technology boasts wider
commercial application than low-temperature plasma and
ultrasonic treatment systems described above. Quite a few
companies manufacture PEF systems for industrial use.

Promising areas of research. Industry 4.0, or the
fourth industrial revolution, and the emerging Industry
5.0 require that we move away from the traditional ther-
momechanical processing systems and look for alterna-
tive techniques. They include autonomous intelligent sys-
tems that make use of advanced robotics and smart tech-
nologies at all stages of the food supply chain [90]. In
addition, we need to ensure the safety of nutritious food
products, low energy consumption, and environmentally
clean production.

Introducing advanced electrophysical techniques
into the food production chain is a promising area for
drying technologies (Fig. 9). This approach involves a
synergistic effect which can help produce sufficient amo-
unts of high-quality freeze-dried products.

In this paper, we discussed three innovative physical
techniques that can be applied to prepare materials for
freeze-drying processes, namely low-temperature plas-
ma, ultrasonic treatment, and pulsed electric field. Be-
fore these techniques can be used on a wider scale, we
need to address a few technological challenges.

For low-temperature plasma to be introduced widely,
we need to:

1. understand how chemically active plasma particles
interact with, and affect, individual food components
(such as lipids, proteins, carbohydrates, etc.);

2. optimize ways of generating low-temperature plasma
in order to reduce overall energy costs; develop atmo-
spheric treatment without the use of vacuum; unify me-
thods for calculating energy indicators; and

3. analyze the effect of low-temperature plasma on the
size of pores and channels so that this technique can be
used to produce products with a desirable appearance.

Generator

Figure 9 Preparation of food raw materials for freeze-drying within Industry 4.0
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To promote ultrasonic pre-treatment, it is important to:
1. establish ranges of ultrasonic frequencies for materials
that differ in moisture, size, and composition, as well as
for different treatment media;
2. optimize ways of ultrasonic treatment for continu-
ously supplied raw materials; and
3. develop mechanisms to reduce the loss of target com-
ponents after ultrasonic treatment and further freeze-
drying.

For pulsed electric field to be applied more widely,
we need to:
1. optimize energy costs in order to increase the effici-
ency of freeze-drying; determine the effects of pulsed
electric field treatment on the freezing stage, where moi-
sture distribution throughout the material is an impor-
tant factor;
2. reduce the cost of pulsed electric field equipment, as
well as search for analogues of the Marx generator for
generating high voltage pulses.

CONCLUSION

Vacuum freeze-drying is one of the most effective
and one of the most expensive methods of food preser-
vation. Low-temperature plasma, ultrasound, and pulsed
electric field are innovative physical techniques that can

be used to pre-treat raw materials before freeze-drying.
These techniques can significantly reduce the drying
time and enhance the quality of freeze-dried products.

In particular, they can improve heat and mass trans-
fers during the drying process by causing an etching
effect and electroporation. They also help preserve the
quality characteristics of freeze-dried products. Howe-
ver, pulsed electric field and low-temperature plasma
are quite expensive techniques, while ultrasonic treat-
ment needs to be optimized for continuously supplied
raw materials.

Freeze-drying is an energy-intensive process, al-
though numerous studies have sought to speed it up
while preserving the nutritional and sensory proper-
ties of the final products. Therefore, further research is
needed to optimize pretreatment conditions for different
types of raw materials.
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