
ORIGINAL PAPER

Unfreezable Water in Apple Treated by Pulsed Electric Fields:
Impact of Osmotic Impregnation in Glycerol Solutions

Oleksii Parniakov1 & Olivier Bals1 & Viacheslav Mykhailyk2
& Nikolai Lebovka1,3 &

Eugene Vorobiev1

Received: 4 July 2015 /Accepted: 22 September 2015 /Published online: 11 October 2015
# Springer Science+Business Media New York 2015

Abstract The effects of pulsed electric fields (PEF) and os-
motic impregnation in glycerol solution on the amount of
unfreezable water in apple were determined by means of
low-temperature differential scanning calorimetry (DSC).
The obtained data were compared with behaviour of pure
water–glycerol solutions (sample WG). PEF treatment was
applied using a near-rectangular monopolar generator with
pulse duration of 100 μs at electric field strength of 800 V/
cm. The osmotic impregnation of PEF-treated apple discs was
done using water–glycerol (sample AWG) and apple juice–
glycerol (sample AJG) osmotic solutions at different concen-
tration of water or juice in glycerol, W = 30–100 wt%. The
data evidenced that for the PEF-treated samples the glycerol
was able to penetrate successfully inside apple tissue. The
state diagrams for WG, AWG and AJG samples were rather
similar. It was observed that free water existed only for mois-
ture content above some minimum value. The unfreezable
water content was the largest in AJG, followed by WG and
AWG. The juice concentration in glycerol W ≈ 80 wt% was
found to be optimal for preservation of the texture of PEF-
treated samples.
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Nomenclature
°Brix Dry matter content of intrinsic juice in the sample
d Diameter of apple disk (mm)
E Electric field strength (V/cm)
F Force (N)
F* Texture index
h Thickness of apple disk (mm)
ΔH Enthalpy (J/g)
m Total mass of water in sample (g)
mu Mass of unfreezable water (g)
mf Mass of free or freezable water (g)
md MASS of dry matter in the sample (g)
ms Mass of the sample (g)
n Number of pulses in one train
N Number of trains of pulses
R Fraction of unfreezable water, mu/m
t Time of osmotic treatment (min)
tPEF Time of PEF treatment (s)
ti Pulse duration (μs)
Δt Pulse repetition time (μs)
Δtt Pause between trains (s)
T Temperature (K)
ΔT Temperature increase (K)
W Wet basis content of water or juice in

glycerol (% wt)
Ws Wet basis moisture content in the sample
Wd Dry basis moisture content in the sample
Wu Wet basis unfreezable moisture content in the sample
Wd

u Dry basis unfreezable moisture content in the sample
Z Electrical conductivity disintegration index
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Greeks
σ Electrical conductivity (S/cm)
Subscripts
d Completely damaged
i Initial, intact
f Final
Abbreviations
PEF Pulsed electric field
WG Water-glycerol sample
AWG PEF-treated and osmotically treated apple in water +

glycerol mixture
AJG PEF-treated and osmotically treated apple in juice +

glycerol mixture

Introduction

A growing interest has been shown for partially dehydrated or
intermediate-moisture foodsmainly due to their acceptable eating
quality and reasonable storage stability (several months) under
ambient conditions (Barbosa-Cánovas et al. 2008).

Usually, the moisture content of these products is in the range
of 20–50 wt% and some amount of their water is bound by
osmotic agents such as sugars (sucrose, glucose and fructose),
alcohols (sorbitol, glycerol), salts (sodium chloride) or other sub-
stances preventing the growth of microorganisms. The convec-
tive drying (Calín-Sánchez et al. 2015), freeze-drying (Pei et al.
2014) and osmotic treatment (Garcia Loredo et al. 2013) are the
most popular techniques for removal of water from fruit and
vegetable tissues. The process of freezing of the partially
dehydrated foods, known as dehydrofreezing, is also rather pop-
ular (James et al. 2014). In addition, it is noteworthy that
dehydrofrozen fruits and vegetables have better quality than con-
ventionally frozen products (Li and Sun 2002).

Different examples of successful applications of pulsed
electric field (PEF) for the enhancement of the dehydration
of fruit and vegetable tissues were demonstrated (Donsi
et al. 2010; Vorobiev and Lebovka 2011). The efficiency of
PEF was explained by electroporation phenomenon (Lebovka
and Vorobiev 2010) and this technique allows avoidance of
undesirable changes in materials that are typical for other
techniques, such as thermal, chemical and enzymatic ones
(Donsi et al. 2011; Jaeger et al. 2012; Odriozola-Serrano
et al. 2013; Raso and Heinz 2006). Moreover, the positive
effects of PEF on drying, freezing and freeze-drying processes
in different biomaterials were demonstrated (Ben Ammar
et al. 2010; Jalte et al. 2009; Shynkaryk et al. 2008; Wiktor
et al. 2015). The substantial improvement of the freezing tol-
erance of spinach leaves was obtained using the PEF-assisted
vacuum impregnation of a cryoprotectant (trehalose) inside
the cells (Phoon et al. 2008). The combined PEF treatment
associated with cryoprotectant and texturizing agents (differ-
ent salts, glycerol, trehalose and sucrose) allowed prevention

of tissue softening after defrosting (Shayanfar et al. 2013,
2014).

Recently, the effects of PEF and osmotic impregnation in
aqueous glycerol solution (20 wt%) on the structure of apple
tissue and its freezing/thawing behaviour were studied
(Parniakov et al. 2015). It was shown that glycerol acted as a
cryoprotectant and texturing agent, and the pronounced reduc-
ing of both freezing and thawing duration, as well as strength-
ening of the apple texture were observed after the PEF treat-
ment. In foods and beverages, glycerol serves as humectant,
sweetener and hygroscopic ingredient, allowing more water at
a specific water activity (Farahnaky et al. 2009). It should be
noted that glycerol is easily digested, non-toxic and is recog-
nized as safe by food and drug administration. At low temper-
atures, glycerol may serve as penetrating cryoprotectant that
inhibits the growth of ice crystals (Fuller 2004). Due to its
strong interactions with water in the plant system, some parts
of water become unfreezable or bound. The concept of bound
water (Wolfe et al. 2002) is of great significance with regard to
texture, chemical deterioration and microbial stability of foods
(Blanch et al. 2015). The amount of unfreezable water in
aqueous glycerol solutions was experimentally deduced from
the differential scanning calorimetry measurements (DSC)
(Weng et al. 2011b) and was estimated using molecular dy-
namics simulations (Dashnau et al. 2006; Weng et al. 2011a;
Zhang et al. 2013a, 2013b). Data have shown that glycerol
molecules serve as Bwater blocker^ and bound water fraction
increases with rising glycerol concentration. The temperature
effect on the bound water fraction was unessential (Weng et al.
2011a). However, impact of PEF-assisted osmotic glycerol
impregnation on the changes in unfreezable water content in
biological tissues was not previously discussed. Impregnation
of glycerol or other osmotic agents such as sugars, alcohols,
salts can prevent the growth of microorganisms and can be
useful for improving the quality of the dehydrofrozen fruits
and vegetables (Li and Sun 2002).

Therefore, this manuscript studies unfreezable water con-
tent in apple tissue treated by PEF and subjected to osmotic
impregnation in water–glycerol and juice–glycerol solutions
(30–100 wt%). The content of unfreezable water was deter-
mined using the low-temperature DSC. The obtained data
were compared with thermal behaviour of pure water–glycer-
ol solutions.

Materials and Methods

Materials

Commercial apples (Jonagold) were purchased in a local su-
permarket (Compiegne, France). They were stored (not more
than 1 week) in a plastic bag in a laboratory refrigerator at
278 K until required. The moisture content, measured by
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drying 25 g of the fresh apple tissue at 378 K to constant
weight, was about 82 wt%. The apple disc-shaped samples
(29 mm in diameter and 10 mm in thickness) were manually
prepared immediately before experiments using a special cy-
lindrical knife.

Electric Field Treatment

Pulsed electric field (PEF) treatment was applied using a
monopolar PEF generator (5 kV–1 kA, Hazemeyer, Saint-
Quentin, France). The PEF generator provided pulses of a near-
rectangular shape, and N trains of pulses were applied. Each
separate series consisted of n pulses with pulse duration ti, time
interval between pulses Δt and pause Δtt after each train. The
total time of PEF treatment was regulated by the variation of the
number of series N and was calculated as tPEF = N·n·ti. The
current and voltage values were measured during the period be-
tween two consecutive series of pulses. The following protocol
was used in PEF experiments:E = 800V/cm, n = 10, ti = 100μs,
Δt= 100ms,Δtt= 10 s, and the value ofNwas varied in order to
obtain the desirable tPEF, e.g. N = 100 corresponded to
tPEF = 0.1 s. The chosen protocol of successive trains with long
pause after each train allowed controlling the plant tissue perme-
abilization without any significant temperature elevation
(ΔT ≤ 3 K) during PEF treatment. Electrical treatment cell
consisted of a Teflon cylindrical tube with ≈110-mm inner diam-
eter and an electrode at the bottom. The seven apple disc-shaped
samples (with diameter of d = 29mm)were placed inside the cell
on the bottom electrode and covered with fresh apple juice. After
that, the second electrode was put on the top of the samples. The
distance between the electrodes was determined by the thickness
of the sample (h = 10 mm). Fresh juice was chosen as a natural
medium in order to reduce the sample degradation and to im-
prove electrical contact between the electrodes and the sample.
The temperature inside the geometrical centre of the central sam-
ple was recorded in the online mode by a teflon-coated thermo-
couple Thermocoax type 2 (AB 25 NN). All data (electrical
conductivity, voltage, current, temperature) were collected using
a data logger and software adapted by Service Electronique
UTC, Compiègne, France.

The degree of apple tissue damage was estimated by elec-
trical conductivity disintegration index, Z (Lebovka et al.
2002):

Z ¼ σ−σið Þ= σd−σið Þ; ð1Þ
where σ is the measured electrical conductivity and subscripts
i and d refer to the conductivities of the intact and completely
damaged tissue, respectively. All values of σweremeasured at
the same temperature, T = 293 K. The value of σd was esti-
mated as the maximum attainable level of σ for the given
mode of treatment. It can be attained using long-lasting treat-
ment (e.g. treatment during the time of 1 s at 800 V/cm for

PEF treatment).
The Z(tPEF) dependence for the same apple variety

(Jonagold) was previously investigated in detail (Parniakov
et al. 2015). In this work, the two protocols of PEF treatment
were applied for obtaining the apple samples with high
(Z ≈ 0.95, tPEF = 0.1 s) and intermediate (Z ≈ 0.6,
tPEF = 0.004 s) damage degree.

Osmotic Impregnation

The osmotic impregnation of water–glycerol (sample AWG)
and apple juice–glycerol (sample AJG) osmotic solutions was
studied at different water or AJG content, W = 30–100 wt%.
The apple juice was freshly prepared from the same apples
(Jonagold) used in the experiments. The anhydrous glycerol
(BioUltra, Sigma-Aldrich) and double distilled water with
electrical conductivity of ≈0.18 μS/cm were used throughout
this study.

After the PEF treatment, the samples were placed into a
600-ml beaker, the solid–liquid ratio in the beaker was main-
tained at 1:20 (w/w), the temperature was held at T = 293 K.
Samples were carefully kept under agitation using a magnetic
stirrer (0–1, 250 min−1, Bioblock Scientific, Heidolph,
Germany) and the beaker was closed in order to avoid any
evaporation. The level of osmotic impregnation was con-
trolled by periodical measurements of the changes in °Brix
of intrinsic juice in the sample. In order to measure °Brix,
the sample was taken from the osmotic solution periodically
and the juice was expressed from this sample. °Brix was mea-
sured using a refractometer PR-201 (Atago, Japan) which
reflected the concentration of total soluble matter in intrinsic
juice inside the sample. Figure 1 presents examples of excess
values of Δ°Brix = °Brix − °Brixi for PEF-treated apples
(Z ≈ 0.95) in juice–glycerol solutions (sample AJG) at differ-
ent values of W. The value of Δ°Brix increased slowly with
increase of t in untreated tissue. The observed changes in
°Brix of intrinsic juice during osmotic treatment can reflect
the saturation of tissue by the osmotic component (glycerol)
and, also, the migration of water outside the tissue into osmot-
ic solution (sample dehydration). Such behaviour evidently
reflects the impact of electroporation on the enhancement of
osmotic impregnation of glycerol by apple tissue and the ef-
fects of apple tissue dehydration. Similar osmotic effects were
reported for different fruit and vegetable tissues subjected to
electrical treatment (Vorobiev and Lebovka 2011).

It is interesting that the values of Δ°Brix in PEF-treated
samples practically got saturated after 210 min (≈3.5 h) of
osmotic impregnation, reaching the levels that are close to
the values of Δ°Brix ≈ 13.5 (W = 80 wt%) and
Δ°Brix ≈ 42.0 (W = 30wt%) in apple juice–glycerol mixtures.
In this work, the time of osmotic impregnation was always
fixed at 3.5 h.
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Differential Scanning Calorimetry Experiments

The low-temperature DSC was used to determine the amount of
bound water in untreated, PEF-treated and PEF-treated and sub-
jected to osmotic impregnation apples. Note that tightly bound
water remains fluidic below freezing temperature (273 K) and
does not display a distinct phase transition. The DSC method
allows subdividing the Bfree^ and Bbound^ water by analysing
low-temperature thermograms. The samples were sealed using
the standard 120-μl aluminium pans by pressing. Then, pans
were placed into the calorimeter cell of DSC131 evo (Setaram,
France). During the measurements, the calorimeter cell was
blown by dried gaseous helium at the rate of 30 ml/min.

In order to avoid the effects of thermal history upon the
phase behaviour of the studied aqueous glycerol systems
(Bohon and Conway 1972), all DSCmeasurements were done
using the same protocol: (1) cooling (293 K → 123 K) with
the high rate of 32K/min (in order to prevent the growth of big
ice crystals) and holding for 5 min at 123 K; (2) rapid heating
(123 K→ 173 K) with the rate of 32 K/min followed by slow
heating (173 K → 293 K) with the small rate of 4 K/min (in
order to measure the thermal effects more accurately).

The amount of unfreezable water, mu, was calculated as

mu ¼ m−mf ð2Þ
wherem is the total mass of water in the sample [m =msWs;ms

andWs are the mass and the moisture content (wet basis mois-
ture content) in a sample, respectively] and mf is the mass of a
free (freezable water).

The mass of freezable water mf was experimentally deter-
mined by the comparison of the melting enthalpies of a given

sample (ΔHs) and the reference sample consisting of distilled
water (ΔHr):

mf ¼ msΔHs=ΔHr ð3Þ
where ms is the total mass of the sample (sample WG for
water–glycerol mixture or samples AJG and AWG for PEF-
treated apple subjected to osmotic impregnation).

The mass of dry matter in the sample was determined as
md = ms-m. Dry basis moisture content Wd in the sample was
defined as the ratio of the mass of water to the mass of dry
matter, Wd = m/md and Wd

u = mu/md for total water and
unfreezable water, respectively. Fraction of unfreezable water
R was defined as the ratio of unfreezable and total water
masses mu/m.

Textural Properties

The textural properties of tissues were measured using a
Texture Analyser TA-XT plus (Rhéo, Champlan, France).
The apple samples were placed on the flat platform of the
texture analyser and stress relaxation tests were carried out.
Pre-loading with 15 % deformation compensated non-
uniformity of the structure. In the force relaxation tests, the
applied force was set at the level of 5 N, the speed of piston
displacement was 1.0 mm/s and stress relaxation curves were
recorded with 0.1 s resolution during 60 s.

In order to quantify the difference in the sample texture at
different modes of apple tissue treatment, the texture index
defined as

F* ¼ F−Fið Þ= Fd−Fið Þ ð4Þ
was used.

Here, F is the force measured at t = 50 s, and subscripts i
and d refer to the values of intact and completely damaged
tissue, respectively. The value of Fdwas estimated as the min-
imum level of F attainable after long-lasting (≈90 h) freezing
and thawing treatment of apple issue. Texture index is conve-
nient for understanding the viscoelastic properties of tissues.
The value of F* is equal to 0 for completely damaged tissue,
while for intact material F* is 1.0.

Statistical Analysis

All experiments and measurements of characteristics were re-
peated using, at least, five replicates. One-way analysis of
variance was used for statistical analysis of the data using
the Statgraphics plus (version 5.1, Statpoint Technologies
Inc., Warrenton, VA). For each analysis, significance level of
5 % was assumed. The error bars presented on the figures
correspond to the standard deviations.

Fig. 1 Examples ofΔ°Brix = °Brix − °Brixi of intrinsic juice versus the
time of osmotic impregnation t for PEF-treated apples (Z ≈ 0.95) in juice–
glycerol solutions (samples AJG) at different values ofW. Here, subscript
i refers to the initial value of °Brixi at t = 0
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Results and Discussions

Figure 2a presents the examples of DSC melting curves for
water + glycerol mixtures (sample WG) at different water
content W (on wet basis). At concentration of water above
W ≈ 40 wt%, the endothermic peaks of water melting (a
first-order solid–liquid transition) in the interval 223–273 K
were observed and the increase of concentration of water re-
sulted in an increase of melting temperature Tm (the formation
of a liquid phase from a solid). Note that forW < 80 wt%, the
DSC patterns also shown the typical second-order transition
glass-transition peaks at the low-temperature interval ≈158–
193 K (Fig. 2b). Moreover, at rather low water content the

low-temperature crystallization was observed, e.g. at ≈175 K
forW ≈ 50 wt%. This exothermic transition corresponds to the
formation of a crystalline (or more stable amorphous) phase
from a glassy state. However, the melting peaks become in-
significant for W < 40 wt%. and glycerol tends to supercool,
rather than crystallize. The observed data for WG mixtures
were in good correspondence with that obtained earlier for
the same systems (Bohon and Conway 1972; Weng et al.
2011b).

Note that similar DSC melting curves were also observed
for PEF-treated and subjected to osmotic impregnation apples
in juice + glycerol (samples AJG) and in water + glycerol
(sample AWG) mixtures at different concentration of water
W. These data were used for determination of melting temper-
ature Tm and amount of the unfreezable water (using
Eqs. (2)–(3)). It is interesting that the phenomenon of low-
temperature crystallization during heating was also observed
in PEF-treated and subjected to osmotic impregnation samples
AJG and AWG at appropriated values of W and T (Fig. 2b).
The observed thermal behaviour reflects that glycerol was
able to penetrate successfully inside PEF-treated tissue. This
conclusion is in correspondence with our data reported in a
previous study (Parniakov et al. 2015).

Figure 3a presents melting point Tm versus concentration of
water or apple juice W for WG sample or PEF-treated
(Z = 0.95) and subjected to osmotic impregnation samples
AJG and AWG. The obtained Tm(W) for WG sample were
in good correspondence with previously reported data (dashed
line (Association 1963; Bohon and Conway 1972) and filled
squares (Weng et al. 2011b)). At W ≈ 33.3 wt% WG solution
forms eutectic mixture with a melting point of 226.7 K.

The state diagrams for WG, AWG and AJG samples were
rather similar (Fig. 3a). It is interesting that melting curve
Tm(W) for WG solutions was located between the melting
curves for the samples AWG (upper curve) and AJG (lower
curve). The difference between WG and AJG samples may
reflect the supplementary effect of the apple tissue on the
depression of melting temperature Tm of WG mixture trapped
inside tissue. On the other hand, the elevation of the melting
temperature Tm for the sample AWG may reflect the osmotic
effects related with the difference of the aqueous medium
inside the tissue (juice) and outside (water + glycerol).
Figure 3b compares the concentrations of water inside sample
Ws and in osmotic solution W. Note that for the WG sample
Ws = W. However, the concentration of water inside the sam-
ples AWG and AJG, Ws, was higher than that in osmotic
solutions, W, at least for W < 80 wt%.

Figure 4 presents a schematic illustration of the possible
differences of mass transfer processes for PEF-treated and
subjected to osmotic impregnation apple tissues in water +
glycerol (sample AWG) and in apple juice + glycerol (sample
AJG) solutions. It is well-known that water in food tissues has
heterogeneous structure and can be divided into intercellular

Fig. 2 DSC melting curves for water + glycerol mixtures (samples WG)
at different concentration of water W (a) and DSC low-temperature
heating curves for WG (W = 50 wt%) mixture, PEF-treated (Z = 0.95)
and subjected to osmotic impregnation apples (samples AJG and AWG)
at different concentration of water or juice W (b)
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or capillary water (free water), multilayer water (weakly
bound water) and monolayer water (tightly bound to the polar
sites of apple tissues) (Okos et al. 1992). Osmotic impregna-
tion of the sample AWG results in the glycerol gain by the
tissue, but also leads to the water and solutes loss. Note that
active mass transfer can occur only between electroporated
cells and osmotic solution. However, the intact cells are most-
ly isolated from the mass transfer processes. The similar mass

transfer processes take place during osmotic impregnation of
the sample AJG with the exception of exchange of the soluble
matters. In this case, the soluble matter is present inside both
apple tissue and juice–glycerol solution. Therefore, the ex-
change of the soluble matter may occur only for the small
concentration of juice.

The studies have shown that the application of PEF treat-
ment following glycerol osmotic impregnation may greatly
affect the amount of unfreezable water in samples. PEF treat-
ment destroys membrane integrity and causes redistribution of
moisture between the cytoplasm and cell wall regions.
Unfreezable moisture content for PEF-treated apple
(Wd

u = 0.53 ± 0.02,Wu = 0.095 ± 0.003) was higher than that
for intact apples (Wd

u = 0.42 ± 0.02,Wu = 0.075 ± 0.003), and
it can reflect the enhancement of interactions between the
cytoplasm fluids and cell wall compartments. Note that ob-
tained value ofWu for intact apples is in good correspondence
with recently estimated value of amount of bound water in
apples (Mykhailyk and Lebovka 2014) and is comparable
with that corresponding to the monolayer moisture content
of fresh apple, W = 0.039–0.084 (Mrad et al. 2012). It evi-
denced that unfreezable moisture in fresh apple presumably
corresponds to monolayer water (tightly bound to the polar
sites of apple tissues) (Okos et al. 1992).

Figure 5 presents the unfreezable moisture contents Wd
u

versus the total moisture contents Wd (on dry basis) in the
samples WG, AJG and AWG. The unfreezable water content
Wd

u increased with increasing of the total water content Wd

(Fig. 5). The obtained data evidenced that the free water can
be present in the samples only for the moisture content above
some minimum value, i.e. for Wd > (Wd

u)min (Inset to Fig. 5).
Themost pronounced unfreezable water content was observed
for the sample AJG and the values ofWd

u may be arranged in
the order AWG < WG < AJG.

It is interesting that for the water glycerol mixture, the value
of (Wd

u)min = 0.60 ± 0.05 corresponds to the following number
of bound water molecules by one glycerol molecule (hydra-
tion number) Nu

w/Ng = (Wd
u)minMg/Mw = 3.07 ± 0.25.

Fig. 4 Schematic illustration of mass transfer processes for the PEF
treated and subjected to osmotic impregnation apple tissues in water +
glycerol (sample AWG) and apple juice + glycerol (sample AJG)
solutions

Fig. 3 Melting point Tm (a) and concentration of water in the sampleWs

(b) versus concentration of water (samples WG, AWG) or juice (sample
AJG) in glycerol, W. The samples of apples (AJG and AWG) were PEF-
treated (Z = 0.95) and then subjected to osmotic impregnation. Dashed
line in a shows concentration dependence of freezing point for WG
solutions (Association 1963; Bohon and Conway 1972), filled squares
correspond to the reported DSC data (Weng, Li, et al. 2011), arrow at
W ≈ 33.3 wt% shows eutectic concentration with a melting point of
226.7 K
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Where Mg = 92.09 and Mw = 18.02 are the molecular
weight of glycerol and water, respectively. It was suggested
that bound water molecules in the first hydration shell become
more likely to be associated with the glycerol OH groups than
the alkyl backbone (Dashnau et al. 2006). The hydration num-
ber increased with the rising water content in full correspon-
dence with previously reported data (Weng et al. 2011a).

Figure 6 presents the fraction of unfreezable water R versus
the concentration W of water or juice in osmotic solutions for
different samples WG, AJG and AWG. Note that our data for
water glycerol solutions (sampleWG) were in satisfactory corre-
spondence with previously reported DSC measurements for wa-
ter glycerol solutions (the filled squares connected by dashed
line) (Weng et al. 2011b). Before osmotic treatment the values
of R were 0.092 ± 0.004 and 0.116 ± 0.004 for intact and PEF-
treated (Z = 0.95) apple tissues. The PEF treatment for the sam-
ples AJG was done to a high (Z = 0.95) and intermediate
(Z = 0.6) levels of Z. For the samples WG, AJG (Z = 0.95) the
water inside them became totally unfreezable (i.e. R ≈ 1), below
the concentrations that approximately correspond to the eutectic
concentration, W ≈ 33.3 wt%. However, for the samples AWG
and AJG (Z = 0.6), the fraction of unfreezable water was notice-
ably smaller than 1, even for osmotic treatment in eutectic mix-
tures. It evidently reflected the poor penetration of glycerol inside
partially electroporated apple tissue for the sample AJG (Z = 0.6)
and presence of mass transfer of soluble matter from
intensively electroporated apple tissue into the WG os-
motic solution for the sample AWG (Z = 0.95). At the
given value of W the values of R were arranged in the
raw: AJG (Z = 0.95) > WG > AWG > AJG (Z = 0.6).

Note that subjection to osmotic impregnation of PEF-treated
apples can result in noticeable changes of the textural properties
of samples. Figure 7 presents the example of the texture indexF*
versus concentration of juice in osmotic solutionW for the sam-
ple AJG (Z = 0.95). The value of F* gone through the maximum
at W ≈ 80 wt% (F* = 0.93 ± 0.05) with increasing of W.
Therefore, the osmotic treatment in juice–glycerol mixture with
juice content of concentration W ≈ 80 wt% was optimal for

Fig. 5 Unfreezable moisture contents Wd
u versus the total moisture

contents Wd (both are on dry basis) for the samples WG, AJG and
AWG. The Wd

u attains the minimum value of (Wd
u)min when the free

water is absent in the sample. Inset shows (Wd
u)min values for the

samples AWG, WG and AWG

Fig. 6 Fraction of unfreezable water R versus concentration of water or
juiceW in the osmotic solutions for the samples WG, AJG (Z = 0.95 and
Z = 0.6) and AWG (Z = 0.95). The samples of apples (AJG and AWG)
were PEF-treated and subjected to osmotic impregnation. The filled
squares connected by dashed line are the data of previously reported
DSC measurements for water glycerol solutions (Weng, Li, et al. 2011)

Fig. 7 Texture indexF* versus concentration of juice in osmotic solution
W for the sample AJG (Z = 0.95). The relaxation measurements were
done at T = 298 K
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preservation of the texture of PEF-treated samples. The high
value of texture index F* = 1.29 ± 0.35 was also observed pre-
viously for AWG (Z = 0.95) sample (Parniakov et al. 2015).

Conclusion

The content of unfreezable water in PEF-treated and subjected to
osmotic impregnation in glycerol apple was determined by
means of low-temperature DSC in dependence of water or apple
juice content in glycerol. The data evidenced that, for PEF-
treated samples, the glycerol was able to penetrate successfully
inside apple tissue. The state diagrams for WG, AWG and AJG
samples were rather similar. The melting curve Tm(W) for WG
solutions was located between that for the samples AWG and
AJG. The mass transfer processes between electroporated cells
and osmotic solution may explain the observed behaviour. For
the sample AWG, the glycerol and water are transferred inside
the tissue, while soluble matter is transferred into the osmotic
solution. From other hand for the sample AJG the exchange of
the soluble matter between apple tissue and osmotic solution is
not so important. The mass transfer processes between apple and
osmotic solution were noticeably constrained for partially
electroporated or intact tissues. The free water was observed in
the samples only for the moisture content above some minimum
value, i.e. for Wd > (Wd

u)min. The most pronounced unfreezable
water content was observed for the sample AJG and the values of
Wd

umay be arranged in the rowAWG<WG<AJG. The impact
of osmotic impregnation on the texture of PEF-treated apples
was also demonstrated. The juice concentration in glycerol
W ≈ 80 wt% was found to be optimal for preservation of the
texture of PEF-treated samples.

The obtained experimental data may be useful for optimi-
sation of the scaled up industrial applications of PEF-assisted
dehydrofreezing of fruits and vegetables, e.g. sliced apples,
potatoes, carrots and onions. The proposed method allows
facilitation the non-thermal dehydration of products as well
as the impregnation of special additives that prevent oxidation
and greying. More detailed investigations on impact of PEF-
assisted dehydrofreezing on the colour, flavour and texture of
the rehydrated products is desirable in future.
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