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Abstract: The processes of crystallization and melting, and the structure of ice formed under freezing
in an alternating electromagnetic field with a frequency of 2.45 GHz have been studied using
thermometry, differential scanning calorimetry, and X-ray diffraction. Using X-ray powder diffraction
at 85 K, it was determined that the obtained samples consisted of several phases of hexagonal ice
I, with a density 0.43 <+ 2.58% higher than that of ordinary ice. The time necessary for this ice to
crystallize was approximately 2.2 times shorter than that of ordinary ice not exposed to an alternating
electromagnetic field. According to the data of differential scanning calorimetry, the melting of
this ice was accompanied by an endothermic heat effect 9% greater than that of ordinary ice, and a
melting point that was 1 °C lower. A similar effect is typical of the melting of metastable phases. We
assume that the formation of ice I}, with increased density results from the action of an alternating
electromagnetic field on the network of hydrogen bonds of liquid water which is a precursor for
ice formation.

Keywords: water ice; microwave radiation; X-ray diffraction; phase transitions

1. Introduction

The central problem in the food industry during the freezing and subsequent defrost-
ing of foods is the degradation of their organoleptic qualities. This is mainly related to two
factors that accompany the process of freezing of water and water systems in biological
products: (i) the resulting crystalline ice has a larger specific volume than water and de-
stroys the cellular structure of the product; (ii) during the storage of a frozen product, ice
crystals grow due to the dehydration of adjacent tissues until they are completely dehy-
drated. Both of these factors have a highly negative effect on the organoleptic properties
and physical and chemical characteristics of frozen foods: the cellular and intercellular
structures of a product are destroyed, and the concentration of substances dissolved in
water changes.

The problems of damage to the cellular structure and dehydration of foods by growing
ice crystals are partially solved in practice by accelerating the process of freezing (the
so-called shock freezing). Its use leads to a decrease in the size of crystals and somewhat
increases the time of their growth to critical sizes during storage. Since this method is energy-
consuming, a lot of studies suggest using alternative freezing methods. One of the proposed
methods is the freezing of water under the action of an alternating electromagnetic field
or a static electric field [1]. According to the experimental data, static electric fields reduce
the temperature of water supercooling and increase the nucleation rate of ice crystals [2,3].
The theoretical calculations [4] show that a strong electrostatic field close to the electrical
breakdown of water can result in the formation of new crystalline phases of ice and a
significant change in the H,O phase diagram. However, both experimental and theoretical
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results on the effect of a static electric field on water crystallization are hardly suitable for
practical application due to the use of small samples and very high electric fields.

A lot of experimental studies demonstrate that alternating electromagnetic fields with
frequencies of several GHz cause a significant increase in the water crystallization rate,
which is accompanied by a decrease in the crystallite size. It is assumed that this effect
may result from thermal fluctuations under crystallization [5] or disturbance and partial
destruction of hydrogen bonds in liquid water, which is a precursor of ice formation,
caused by the action of microwave electromagnetic radiation [6]. Recent theoretical and
experimental studies performed by X-ray tomography [7] have shown that the most likely
reason for this effect is the action of microwave radiation on the network of liquid water
hydrogen bonds. In this case, this should lead to a change in the structure of HO molecule
clusters in liquid water as well as a change in the structure, phase composition, and
density of ice obtained under its freezing. As stated above, the density of ice formed
after crystallization and the crystallite size are key characteristics for the preservation of
biological objects. However, a change in the specific volume (density) of water after its
freezing under the action of an EMF has not been studied before.

The present study is focused on determining the time of the crystallization of ice
under the action of electromagnetic radiation with a frequency of 2.45 GHz; it is also an
X-ray diffraction study of its structural state (amorphous or crystalline one, the type and
parameters of the cell). Our investigation has shown for the first time that the freezing of
water in a specially organized alternating electromagnetic field (EMF) not only significantly
reduces the crystallization time but also allows the formation of ice with a specific volume
significantly smaller than that of ordinary hexagonal ice Ij,.

2. Materials and Methods

Figure 1 depicts the scheme of a laboratory setup that was employed for ice synthesis
in an alternating EMF and for measurements of a change in the temperature of a sample
over time during its cooling.

2 2

3 2

Figure 1. The working chamber of the freezer for obtaining ice in an alternating electromagnetic field.
1—sample; 2—modules of an alternating EMF generation; 3—body of the working chamber; 4—cold
air supply sleeve.
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The freezer consisted of an air-cooled refrigerator and a heat-insulated working cham-
ber. The air from the refrigerator evaporator circulated in a closed circuit through the
working chamber along heat-insulated flexible sleeves (see Figure 1). The power of the
freezer compressor was 2.5 kW. The temperature of the air supplied to the chamber was up
to —30 °C. The heat-insulated working chamber was a cube with external dimensions of
1140 x 1140 x 1140 mm. Thus, the freezer enabled the simulation of conditions of a shock
freezing chamber and provided a sufficient operating volume to perform experiments. The
module of EM field generation was located in the working chamber of the freezer and con-
sisted of three sources of electromagnetic radiation with a frequency of 2.45 GHz, uniformly
spaced on a plane in a circle around the object to be frozen, and a control unit working on
an Arduino processor. The processor controlled three solid-state relays (Shockley diodes)
designed for a single-phase alternating voltage of up to 300 V and current up to 10 A. For
control during the experiment, the current and voltage measurements were provided for
each of the channels. The radiation sources were sequentially turned on using the program
and generated EM radiation pulses with a duration of 0.5 s.

As an object of freezing, distilled water was used in two types of test tubes: hydropho-
bic plastic and hydrophilic glass. The volume of water in the plastic test tube was 1 mL,
and that in the glass test tube was 8 mL.

To measure the temperature of the object during the experiment, a Micronor FOTEMP1-
OEM-MNT fiber-optic thermometer was used since a fiber-optic sensor can operate in a
medium with microwave radiation, and the device itself can record the dynamics of the
temperature changes. The temperature readings were recorded every 10 s.

The melting of ice obtained in an EMF was studied by differential scanning calorime-
try using a Perkin Elmer calorimeter. In contrast to the crystallization thermograms
obtained under the action of EM radiation on a sample, the melting was investigated
on a sample obtained after its synthesis in an alternating EMF and quenched to liquid
nitrogen temperature.

Several ice samples frozen in electromagnetic fields were then immersed in liquid nitro-
gen, removed from the test tubes, and studied using X-ray powder diffraction at 85 Kon a
Siemens D500 diffractometer using Cu Ko » radiation extracted by a secondary monochro-
mator. The diffractometer was equipped with a specially designed nitrogen cryostat that
allowed loading powdery samples from a bath with liquid nitrogen without their intermedi-
ate heating. The structure and the lattice parameters of the formed crystalline phases of ice
were determined by full-profile Rietveld analysis of the X-ray diffraction patterns using the
POWDERCELL2 .4 program.The ice volume was also measured in two ways:

- Visually in a graduated test tube;
- Visually in a system with anti-freeze oil.

For the last measurements, we used AMG-10 anti-freeze oil that does not thicken
down to T = —60 °C and is not miscible with water in the required temperature range
of —30-25 °C.

3. Results

The kinetics of water crystallization were studied by measuring the temperature of
water over time under its cooling. Figure 2 shows thermograms of the sample of water
cooled in an alternating electromagnetic field and in its absence. The thermograms were
obtained on samples with the same mass, i.e., m = 8 g, and had the close initial temperature
of 22-24 °C.
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Figure 2. (a) Temperature change over time for water cooled under the action of EM radiation with a
frequency of 2.45 GHz and (b) without radiation. Differently colored curves stand for different but
very similar water samples cooled in the same mode.

As can be seen from the figure, the temperature of ice crystallization onset was in the
range of T= —3 — 0 °C both in the presence and absence of an electromagnetic field. In
the thermogram of water cooling without an EMF, the average time of the isothermal part
at T~0 °C corresponding to ice crystal nucleation and growth was 1280 (+159) seconds.
When water was cooled under the action of electromagnetic radiation, the duration of the
isothermal part was reduced 2.2 times to 576 (£93) seconds. Moreover, in some cases, instead
of one pronounced isothermal part, the thermograms of water in an EMF had several such
parts, followed by temperature rises and drops. It should be noted that the heating of ice
and water under the action of microwave radiation should have increased the crystallization
time and the temperature inside the sample after ice formation and also decreased the rate
of liquid water cooling. However, no such effects were observed in all four thermograms,
which may indicate a relatively weak intensity of electromagnetic radiation.

The melting of ice obtained in an EMF was studied by differential scanning calorimetry.
In contrast to the crystallization thermograms obtained under the action of EM radiation
on a sample, the melting was investigated on a sample obtained after its synthesis in an
alternating EMF and quenched to liquid nitrogen temperature. An ice sample with a mass
of 7.6 mg was loaded into the calorimeter cell at —170 °C and heated at a rate of 20 °C/min
to 20 °C with subsequent cooling to —170 °C. In total, three such cycles of heating and
cooling were completed. The resulting heating curves are shown in Figure 3.

All three curves had only one heat absorption peak associated with ice melting. The
amount of absorbed heat was 356 ] /g for curve 1 and 338 and 332 J /g for curves 2 and 3.
Considering the measurement error related to water evaporation from the DSC cell, the
melting heats for curves 2 and 3 can be considered identical and coinciding with the melting
enthalpy of ordinary ice [8]. However, the onset of the peak in curve 1 is shifted lower by
approximately one degree on the temperature scale relative to the peaks in curves 2 and 3.
This may indicate the beginning of heat absorption by the sample synthesized in an EMF
at approximately —1 °C. Considering that the sample was loaded into the calorimeter
cell in the form of individual particles, its poor heat contact with the ampoule bottom,
on the contrary, should have increased the melting point. In addition, the heat effect in
curve 1 was 356 ] /g, which was 7% greater than the enthalpy of ice melting and beyond
the instrumental error (+5%). Thus, one can assume that both a decrease in the time of
the crystallization of ice under the action of a high-frequency EMF and a great heat effect
during its melting may be related to the formation of ice with properties different from
those of the ordinary one.
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Figure 3. Endotherms of the melting of ice obtained under the action of EM radiation with a frequency
of 2.45 GHz. The heating rate was 20 °C/min. The black line is the first heating of the sample, the
red line is the second heating, and the blue line is the third heating. The sample was cooled down to
—170 °C after each heating.

The structure and phase composition of ice formed in an alternating electric field
were studied using X-ray diffraction at 85 K. It should be noted that all the investigated
polycrystalline samples of ice frozen in plastic and glass test tubes were characterized by
a strong texture, which could not be eliminated even by grinding in a mortar in liquid
nitrogen. This greatly hampered the analysis of the X-ray diffraction patterns using full-
profile Rietveld analysis; therefore, it was necessary to focus mainly on the angular position
of the diffraction lines instead of their intensity. The grinding of the samples and the
duration of their storage in liquid nitrogen did not affect the phase composition and
parameters of the crystalline structure of the phases. Figure 4 illustrates a typical diffraction
pattern of the sample of ice obtained in the glass test tube under the action of an alternating
EMF in comparison with the calculated diffraction spectra of metastable ice I [9], ice I}, [10],
as well as ices A and B, whose formation at normal pressure and under the action of an
electric field was predicted earlier using theoretical calculations [4].

As can be seen from the figure, the spectral lines of ice I. partially coincide with the
obtained diffraction spectrum. However, the calculated spectrum of cubic ice contains a
peak at an angle of 20 = 58°, which was not observed in all the spectra of the obtained
samples. In this case, it can be assumed that the obtained sample did not contain ice L. in
an amount sufficient for its registration by X-ray diffraction. This statement is also suitable
for the so-called “stack” ice [11]: its diffraction spectrum should contain intense lines of
ice I. The spectra of ices A and B contain a larger number of lines that were not observed
in our spectra and, consequently, are also not suitable for describing the structure of the
ice obtained. The calculated spectrum of ice I, has the best agreement with the observed
spectrum. However, the diffraction spectrum of this sample contains a significant number
of split lines as compared with the spectrum of ordinary ice. The positions of these lines
are shifted toward larger angles relative to ice obtained without the action of an EMF. We
assumed that the obtained spectrum corresponded to hexagonal ice I}, with different unit
cell volumes.
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Figure 4. Typical diffraction spectrum of ice synthesized under the action of EM radiation of 2.45 GHz

(lower panel), calculated spectra of ices I, A, B, and Iy, (upper panels).

Figure 5 shows the calculation of the phase composition and molecular volume for this
sample, which demonstrated that it contained a 41 vol.% of hexagonal ice with a molecular
volume of 32 A3 and a 59 vol.% of ice with a molecular volume of 31.75 A3,
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Figure 5. Powder diffraction patterns of the ice samples measured at T = 85 K on a Siemens D500
X-ray diffractometer using Cu K« radiation. The black curve is for the sample crystallized without
a field (sample no. 1 from Table 1). The red curve is for the two-phase sample crystallized in an
electromagnetic field (sample no. 4 from Table 1). A row of blue and red vertical bars under the
diffraction patterns are the calculated positions of diffraction lines of the phases with a smaller and
larger specific volume observed in sample no. 4.

Similar spectra were also observed for other ice samples crystallized in electromagnetic
fields. The results of the measurement of the water molecule volume V = (\@ / 8) a%c

obtained for these samples in comparison with the data on ordinary ice measured in the
present study and by the authors of [10] are listed in Table 1.
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Table 1. Parameters of the hexagonal phase cell in ice samples crystallized in electromagnetic fields
and investigated using X-ray diffraction at 85 K with Cu K« radiation. For comparison, the data [10]
of the X-ray diffraction study of ice I}, (space group P63/mmc) crystallized in the absence of a field at
85K, as well as our data at 100 K (sample no. 1), are provided.

V= (\/5/8> a’c, Phase Fraction, AV =(V — V(100

Sample a, A c, A R cla o o
A3 /H,O Molecule Vol.% K)/V) x 100%

Crystallization without a field, data 4 jo¢1 73198 32036 16280 100 ~0.32%

from [10]

Sample no. 1:

Crystallization without a field, data of ~ 4.500 7.330 32.14 1.629 100 0

the present work T = 100 K

2;31}’12 f:’m zt:he plastic test tube 449 7.29 31.82 1624 71 —0.99%

measurement 24 h after the synthesis 4458 7277 31.31 1632 29 —2:58%

Sample no. 3:

Synthesis in the glass test tube, 4488 7299 3183 1626 100 ~0.96%

measurement three hours after the

synthesis

Sample no. 4: 4.496 7.312 32.00 1.621 41 —0.43%

Synthesis in the glass test tube 4.486 7.286 31.75 1.624 59 —1.20%

The difference in the unit cell volumes was calculated relative to the volume of initial
ice measured at 100 K since both spectra were registered on the same diffractometer. In turn,
we considered the difference between the unit cell volume of ice obtained without an EMF
and the literature data (0.32%) to be the maximum possible error of our X-ray diffraction
measurements of the unit cell volume of hexagonal ice. In sample no. 2, approximately
30% of the ice crystalline phase with a volume 2.58% smaller than that of ice I}, was found.
This value far exceeds the possible measurement error.

In all other samples shown in this table, the volume effect was significantly lower. As
an example, the diffraction pattern for sample no. 4 is presented above. It contained 59% of
the crystalline phase of ice with a volume 1.20% smaller than that of ice I}, and 41% of the
crystalline phase of ice with a decrease in volume of 0.43%. The latter volume effect is the
lowest of all the obtained values and is close to the maximum possible error of our X-ray
diffraction measurements (0.32%).

We performed 327 measurements of the density of ice obtained by cooling water in
an EMF in the graduated test tube, as well as in a system with anti-freeze oil. In two
experiments carried out, the density of the sample at T = 248 K turned out to be equal to the
density of liquid water of 1.01 g/ cm3. In a much larger number of experiments, however,
the density of ice was somewhat lower than that of water. It is worth noting that the greater
the difference between the final density of ice and the density of initial water, the more
often this value was obtained. For example, an ice density of 0.97 g/cm? was obtained in
15 experiments; 0.96 g/cm? was obtained in 36 experiments; and 0.95 g/cm? was obtained
in 178 experiments. Such a large variation in the obtained density values obtained by the
volumetric method was caused by a significant error in the visual estimation of the volume
of ice obtained in the presence and absence of an alternating EMF [12]. The difference in
the volume effect obtained by different methods may be related to the peculiarities of X-ray
powder diffraction measurements. Whereas in volumetric measurements the value of the
entire ice volume was recorded, X-ray powder diffraction allowed determining the volume
of crystalline phases only. Smaller ice crystals are known to be formed under the action of
an alternating EMF. In this case, in the sample of ice obtained in this field, the fraction of
the grain-boundary phase with an amorphous structure should increase, but its volume
cannot be determined by X-ray diffraction.
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However, another explanation for this difference is possible. It is known that with
an increase in density (under the action of pressure), hexagonal ice has a lower thermal
expansion coefficient [13-15]. In this case, with an increase in temperature, the denser ice
obtained in an EMF should increase the volume by a smaller extent than the ordinary one.
Correspondingly, at a temperature of 248 K, the difference between the volume of ordinary
hexagonal ice and that of ice synthesized in an EMF can be much greater than the difference
at a temperature of 85 K used for X-ray diffraction studies. Nevertheless, the X-ray powder
diffraction method unambiguously indicates the formation of a denser phase of hexagonal
ice under its crystallization in a high-frequency electromagnetic field.

4. Discussion

The use of low radiation power in our experiment did not result in the heating of
water preventing its crystallization. It is known that, in this case, the penetration depth of
EM waves with a frequency of 2.45 GHz in liquid water is small due to its high permittivity
and, according to various data, is approximately 5-20 mm [16,17]. However, when ice
crystals first arise, the penetration depth of radiation should significantly increase due to
lower ice permittivity [18]. According to the literature data, during the crystallization of
water, which is included in methylcellulose gel, the action of electromagnetic radiation
with a frequency of 2.45 GHz reduces the average size of ice crystals by approximately
25% [6]. In this case, a smaller average size of crystallites correlates with a decrease in the
time necessary for the crystallization of water to be present in the system. Considering that
continuous EM radiation with a frequency of 2.45 GHz was also used in our study, as in [6],
we assume that the decrease in the time of ice crystallization observed in our study should
also be accompanied by the emergence of ice crystallites with reduced sizes.

A decrease in the crystallization time can be induced by both a decrease in heat gener-
ation and an increase in heat removal from the system [19]. According to our DSC data, the
specific heat of melting and, correspondingly, crystallization, increased by approximately
9% for ice obtained under the action of microwave radiation. Thus, the total heat generation
during water crystallization should have increased and, while preserving the same value
of heat removal, the total crystallization time should have also increased. A change in heat
removal from the system, while maintaining its geometry, is possible with an increase in
the thermal conductivity of its constituent elements only. According to the data from [20],
an increase in the density of ice with an increase in pressure does not change its thermal
conductivity coefficient. Thus, we believe that the thermal conductivity coefficient of ice
that is obtained under the action of radiation and contains a phase with increased density
does not differ from that of ordinary ice. Moreover, we assume that the effect of microwave
radiation does not change the physical properties of the test tube material. In this case,
the only possibility for the heat removal of the system to increase is an increase in the
thermal conductivity coefficient of liquid water. The use of three magnetrons switched on
in series one after another can lead to the emergence of circulation in liquid water due to
the interaction between radiation and the dipole moment of a water molecule. Furthermore,
due to the low radiation power, the amplitude of water molecule oscillations is low, and,
correspondingly, no heating of the sample occurs. The vortices arising under the action
of radiation promote heat transfer from the inner part of the sample to the surface and,
thus, lead to an increase in the rate of its cooling. The emergence of ice crystals additionally
increases the rate of heat transfer since the thermal conductivity of ice is four times greater
than that of liquid water. Thus, the decrease in the time of water crystallization under
the action of electromagnetic radiation can be explained by an increase in the rate of heat
transfer inside the sample. The emergence of smaller ice crystallites under the action of
radiation can be explained by the appearance of additional nucleation centers.

In addition, it was assumed in [6] that the smaller size of ice crystallites formed in
a high-frequency EMF is related to the disturbance of the network of hydrogen bonds
in liquid water. Our X-ray diffraction data show that the effect of low-intensity EMF
radiation with a frequency of 2.45 GHz, which is similar to that used in [6], leads to the
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formation of a denser phase of hexagonal ice I,. According to the model published by
Ponyatovsky and Sinitsyn [21], liquid water consists of clusters of H,O molecules whose
structure corresponds to high- and low-density amorphous ices. The molar ratio between
these clusters changes under the action of temperature and pressure, which results in the
observed maximum density of liquid water at 277 K and normal pressure. We assume that
the action of microwave radiation may also lead to an increase in the fraction of high-density
molecular clusters in liquid water that is a precursor for ice formation. The oscillation
period of an electromagnetic field and, correspondingly, water molecules at a frequency
of 2.45 GHz, is approximately 1 ns. This value is much less than the 100-200 ns necessary
for the formation of a critical ice nucleus [22]. This may be the reason for the suppression
of the growth of ice crystals and may lead to a decrease in their size under the action
of electromagnetic radiation. In turn, a possible increase in the fraction of high-density
clusters in liquid water under the action of electromagnetic radiation is the reason for the
formation of high-density hexagonal ice.

It is known that, in the absence of the transition of metastable phases to a state stable
under given conditions, they should melt at a lower temperature [23]. We assume that the
decrease in the melting temperature of the sample synthesized in EM radiation by one
degree, detected using differential scanning calorimetry, is related to the presence of a
significant fraction of denser hexagonal ice in a metastable state in the sample.

Water into and between cells is divided into three categories: bound water, immobilized
water, and free water [24]. When frozen, ice crystals are formed from free water first [25].
The formation of large crystals leads to mechanical damage of the cells, their dehydration,
and protein denaturation [26]. The data obtained in this study are primarily related to free
water and the formation of ice crystals in it. As can be seen from our data, the effect of
electromagnetic radiation with a frequency of 2.45 GHz on free water, which was organized
in the manner indicated in the Materials and Methods section, significantly reduces the
time of its crystallization, which in turn should lead to the formation of more desirable
small ice crystals [6]. The discovered formation of a denser modification of hexagonal ice I},
under the action of EM radiation additionally reduces the size of crystallites and, thus, can
significantly reduce the probability of damage to the cellular structure during freezing.

5. Conclusions

A comparative study of the characteristic times of crystallization, the heat effects of
melting, and the phase composition of H,O with and without the action of electromag-
netic radiation at a frequency of 2.45 GHz was carried out. The measurements of the
time dependencies of the sample temperature showed that the action of a high-frequency
electromagnetic field lead to a 2.2-fold decrease in the ice crystallization time as compared
with control samples not subjected to electromagnetic radiation. According to the data
obtained by DSC, the melting of ice crystallized under the action of electromagnetic radia-
tion occurred at T = —1 °C, which might indicate the presence of a metastable phase in the
sample. The studies performed using X-ray diffraction at 85 K demonstrated the presence
of several phases of hexagonal ice which differed in the unit cell volumes. The unit cell
volume of all the crystalline structures was 0.43 <+ 2.58% smaller than that of hexagonal ice
obtained by the traditional method without an alternating EMF. The data of the volumetric
studies confirmed the compaction of most water samples (229 measurements out of 327)
up to 0.95-0.97 g/cm? after their crystallization in an alternating electromagnetic field. We
assume that, under the action of electromagnetic radiation with a frequency of 2.45 GHz,
disturbance or partial destruction of hydrogen bonds in liquid water occurs, leading to an
increase in the fraction of clusters of HyO molecules with a short-range order corresponding
to high-density amorphous ice. Under the continuing action of radiation, the cooling of
such water leads to the emergence of a metastable phase of hexagonal ice I, with increased
density and reduces the time of its crystallization.
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