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Abstract. The peculiarities of crystallization during the freezing of the inflorescences broccoli of Parthenon sort, zoned
cabbage in Ukraine, have been researched and analyzed. The mass fraction of moisture and the form of its connection with dry
substances in freshly picked cabbage and depending on the methods of pretreatment before freezing were determined: blanch-
ing for 3 minutes at a temperature of 85°C and exposition in the 3% salt solution for 20 minutes.

It is established that in the general part of moisture prevails osmotically-absorbed. When blanching cabbage, the amount
of the colloid-bound moisture is significantly reduced and the amount of osmotic-absorbed increased. It is predefined by partial
denaturation of the protein and by the decline of him to moisture keeping ability. Exposure in solution of NaCl substantially
does not influence on the change of forms of the moisture binding.

Study of the process of the crystals formation was undertaken by the method of differentially thermal analysis. Analysis
of the exothermic processes shows that the optimum temperature for storage of non treating broccoli is —14.5°C, at which crys-
tallization occurs all forms of physical and chemically bonded water, which helps to maximize the preservation of consumer
properties of cabbage The inflorescences exposure in the salt solution, compared with the most commonly used blanching op-
eration, also contributes to reducing the energy intensity of the production, as it provides the crystallization of all forms of wa-
ter at a temperature of —10°C, which is substantially lower than the temperature regulated by the regulatory documents —18°C.

A forecast model of the dependence of the crystallization initiation temperature on the mass fraction of moisture has been
developed. The use of the presented model will help to manage the process of crystallization to improve the quality of the fro-
zen broccoli cabbage.
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AHoTauisi. JlocTiKeHo Ta IpoaHali30BaHO OCOOJIIMBOCTI KPUCTAJIOYTBOPEHHS MiJl Yac 3aMOPOXKYBaHHS CYLBITh pailoHO-
BaHOTO B YKpaiHi copTy KamycTtu Opokouti [lapTreHoH. BusHaueHO MacoBy 9acTKy BOJOTH Ta (OPMH ii 3B’SI3KY i3 CYXUMH peyo-
BUHAMH y CBDXKO310paHIi KarycTi Ta 3alie)KHO BiJ CIIOCOOIB MOTEepeIHb0T OOpOOKH Tepe 3aMOPOKyBaHHSAM: ONaHIIyBaHHS
npotsroM 3 xB npu Temnepatypi 85°C Ta BUTpuMyBaHHS ¥ 3 % po34nHi KyXOHHOI coui mpoTarom 20 XB.

BcTaHoBIIeHO, 110 B 3arajbHiil YacTIi BOJIOTW HepeBakae OCMOTHYHO-TIOrNMHeHa. [Ipy OnaHIIyBaHHI KaIyCTH, YacTKa
KOJIOIZTHO-3B’513aHOT BOJIOTH CYTTEBO 3HMDKYETHCS Ta 30LIBIIYETHCS YacTKa OCMOTHYHOI-TIOrNMHEHOI. [{e 3yMoBieHO YacTKo-
BOIO JICHAaTypallito OiKa Ta 3HWKEHHSIM HOTr0 BOJIOTOYPHMYBAIIbHOI 31aTHOCTI. BUTpUMyBaHHS y pO34HHI KyXOHHOI COJIi CYT-
TEBO HE BIUIUBAE Ha 3MiHY (OopM 3B’3Ky BOJIOTH.

JlocmikeHHs IPoLiecy KPHCTaJOyTBOPSHHSI MPOBEACHO METOAOM Au(EepeHIIHO-TEPMIYHOro aHamizy. AHaii3 ek30Tep-
MIYHUX TPOLECIB 3aCBiIUy€, IO ONTUMAIBHOIO 1711 30epiraHHs 3aMOpPOKEHO1 KarmycTu Opokoti 6e3 00poOKku € Temmeparypa —
14,5°C, 3a sixoi BimOyBa€eThCsl KpUCTaMizalis Beix (GopM (i3HKO-XiMIYHO 3B’sA3aHOI BOJIOTH, IO CHPHUSIE MaKCHMaIbHOMY 30e-
PEXKEHHIO CIIOKMBHHX BIACTHBOCTEH KamycTH. BUTpHMKa CyIBiTh y pO34MHI KyXOHHOI COJIi, HOPIBHSHO i3 HAai{OIbII BUKOpHC-
TOBYBAHOIO Ha MPAKTHI[ TEXHOJIOTIYHOIO OIepali€lo OIaHITyBaHHIM, TAKOX CIIPHsIE 3HIDKCHHIO eHEPrOEMHOCTI BUPOOHHMIITBA,
OCKINBKH 3a0e31edye KpucTaiizamio Beix Gopm Boau npu Temnepatypi —10°C, 110 € cyTTEBO HMKYOIO BiJ] PeriiaMeHTOBaHOI
HOPMAaTUBHUMH JOKyMEHTaMH Temmeparypu 30epiranus —18°C. Po3po6iieHO NporHo3Hy MOJelNb 3ale)KHOCTI TeMIepaTypH
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iHinianii KPUCTAIIOYTBOPEHHS BiJl MacOBOI YaCTKU BOJIOTH. BHUKOpHCTaHHS MpeACTaBIEHOT MOJIEN CIPHATHME MOXKIIMBOCTI Ke-
PyBaTH IPOLIECOM KPHCTAJIOYTBOPSHHS 3317151 i IBUILIEHHS SIKOCTI IIBHAKO3aMOPOXKEHOT KaITyCTH OPOKOJT.
KorouoBi ci1oBa: xamycra 6poKosi, KpHCTAIOYTBOPEHHSI, IIBH/KO3aMOPOKEHA KaIyCcTa OpoKoIi
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Introduction. Formulation of the problem

Quick-frozen fruits and vegetables are long-term
storage products whose quality can be guaranteed to be
stable for 12-24 months of storage if the appropriate
low-temperature storage conditions are observed: tem-
peratures below —18°C, relative humidity 95% [1]. The
ability of frozen food to be stored for so long a time is
due to the phase change of moisture and its transfor-
mation from the partially ordered state into the ordered
one with the formation of a crystal lattice [2,3]. Water,
the proportion of which in fruits is 82-90%, in vegeta-
bles 74-93%, is a solution of substances of different
composition and concentration. The presence of sub-
stances in the cellular juice that form a true solution
causes a change in the characteristic properties of wa-
ter: an increase in the temperature of boiling, a de-
crease in water activity and cryoscopic temperature.
The cryoscopic temperature is subject to Raoult’s law
that states that a decrease in the freezing point of the
solution, as compared with the freezing point of the
pure solvent, is proportional to the total molar concen-
tration of the dissolved substances. Thus, the cryoscop-
ic temperature depends on the concentration of the dis-
solved substances, the degree of their dissociation, the
properties of the solvent, and is not constant [4].

However, in structured systems, which include
plant material, cryoscopic temperature and, conse-
quently, the formation of ice crystals depend not only
on the properties of the solution, but also on the ana-
tomical and morphological features of fruits and vege-
tables and are limited to the structural elements of tis-
sues [5-7]. The state of cell membranes of plant mate-
rial, their permeability, concentration and degree of
hydration of chemical components dissolved in the cel-
lular and intercellular fluid determine the features of
ice formation in fruit and vegetable products. That is
why in different types of fruits and vegetables, the cry-
oscopic temperature is not constant and varies in a
wide range. Therefore, in spite of some common fea-
tures and patterns that take place during freezing and
low temperature storage of plant material (reduction of
the kinetic energy of molecules, increase in the viscosi-
ty of the intracellular solution, increase in the concen-
tration of electrolytes, delayed diffusion processes), the
dynamics of physical, chemical, biochemical changes
is not always consistent with the general laws of chem-
ical kinetics and requires in-depth study.

Due to a sufficiently high moisture content in
fruits and vegetables, different strength of its connec-
tion with soluble and insoluble substances, under con-
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ditions of low temperature refrigeration, recrystalliza-
tion of ice crystals formed is possible, partial diffusion
of uncrystallized water from the interior to the external
parts of the product with condensation on its surface in
the form of rime, which significantly reduces the quali-
ty of frozen foods. International Academy of Cold rec-
ommends storing frozen fruit and vegetable products at
a temperature not higher than —18°C, as fluctuations
and increase of the recommended temperature lead to
activation of biochemical processes, recrystallization
of ice crystals in fruit and vegetable tissues, formation
of frost on the surface, clumping and, consequently,
reduction of consumption product properties [2].

In recent years, scientific literature [8-14] have
provided data on the feasibility of storing quick frozen
fruit and vegetable products at temperatures below —
23°C, during which crystallization of all forms of
moisture occurs, including the one that is most closely
held with protoplasm biocolloids.

Based on the foregoing, it is important to study the
peculiarities of crystallization during the freezing of
various species and varieties of fruits and vegetables to
establish the temperature at which the maximum
amount of bound moisture crystallizes. This will allow
determining the temperature at which crystallization of
all forms of physico-chemically bound moisture occurs
and recommend it as the optimum for long-term refrig-
erated storage of frozen fruit and vegetables. Storing
frozen fruit and vegetables at certain temperatures will
prevent the appearance of one of the most common de-
fects of frozen fruit and vegetable products — ‘snow

bl

cap.

Analysis of recent research and publications

22

The generalization of the results of research by

foreign and domestic scientists, in particular
A. Bartolome [13], I.G. Legaretta [8],
J. Thalheimer [9], C. Kennedy [10], J. Evans [1],

0.V. Vasilishina [6], S.A. Bolshakow [15],
D.M. Odarchenko [7], T.D. Pylypenko [16],
G.B. Chizhov [2,3] has found that the process of
freezing is a set of successive stages: cooling the
product to the cryoscopic temperature; actually
freezing; futher freezing.

The completion of the cooling stage of the product
till it achieves the cryoscopic temperature is the
beginning of the crystal formation process. In the
scientific literature of recent years, there are controver-
sial data on the cryoscopic temperature of individual
berries (temperature ranging —0.8°C to —5°C) and
vegetables (ranging from —0.4°C to —2.4°C) [1,17-20].
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These discrepancies can be explained by the fact that
the plant material is a structured system with different
concentration of the aqueous solution in different parts
of fruit and vegetables and in structural elements of
their tissues. Since the solution concentration inside the
cells is higher than in the intercellular space, the
cryoscopic temperature of the cell solution is 0.2—
0.4°C lower than the intercellular one.

Crystals of ice, which are formed at the cryoscopic
temperature, almost do not contain dissolved substanc-
es. With a further decrease in temperature, the amount
of soluble matter turns out to be dissolved in a smaller
amount of water. Accordingly, the concentration of the
solution increases, and the cryoscopic temperature de-
creases, which is accompanied by subsequent crystalli-
zation of moisture [18]. Thus, free moisture, which is
contained in the intercellular space and is a solvent of
organic and inorganic substances, turns into ice primar-
ily, and the size, shape and localization of ice crystals
depend on the state of cell membranes, the concentra-
tion of solutes, the degree of protein hydration, and the
rate of freezing.

At low freezing rates, crystallization starts from
one nucleation center whose size increases with further
lowering of the temperature. An increase in the freez-
ing rate is accompanied by an increase in the number
of crystallization centers and a decrease in the size of
the crystals. Thus, the cryoscopic temperature is an
important parameter of the freezing regime, since the
rapid passage of the crystallization zone during freez-
ing contributes to the formation of fine ice crystals,
which positively affects the quality of frozen fruits and
vegetables and preserves the structure of plant material
after its defrosting [2,3].

Actually, freezing is the advancement of the ice
front from the surface to the center of the product. The
narrower the range of the freezing process, the higher
the quality of the product is. The completion of the
freezing process is considered to be the complete phase
transformation of the moisture of fruits and vegetables
from the liquid state into solid [16]. It is also known
that in the plant material, a small proportion of the
moisture does not crystallize even at temperatures be-
low —70°C [8,14,21-23].

According to the classification based on the nature
and energy of the chemical bond of water in food
products, it can be free (physico-mechanical) and
linked (physico-chemical and chemical). Free water
participates in chemical and biochemical reactions, and
at 0°C it turns into ice. The bound water is adsorbed by
intracellular systems and is firmly retained by colloids
of proteins and carbohydrates and has altered physical
properties due to its interaction with non-aqueous
components, in particular, the lower crystallization
temperature. Physico-chemical water is divided into
colloid-bound and osmotically-absorbed, which with
varying strength are kept physico-chemical bonds. A
stronger bond is the colloid-bound water, which is held
by the surface molecules of colloidal substances (pro-
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teins and carbohydrates) at the boundary of the solid-
water separation. Osmotically absorbed or structural
water, which is held by the forces of osmosis and dif-
fusion, has less retention power. At the same time, it
should be noted that the division into free and bound
moisture is relatively conditional, since almost all the
water contained in food products is in a bound form
but is retained by tissues of varying strength.

The results of the study of water mobility during
freezing of plant material has confirmed that in vegeta-
tive cells, free moisture freezes at a temperature 0 to —
4°C, weakly bound at —4 to —14°C, firmly bound at —14
to —30°C [11].

The last stage of the freezing process is the freez-
ing of the product to a temperature that isregulated by
regulatory documents and within frozen fruit and vege-
tables should not exceed —18°C. Accordingly, the tem-
perature of their storage and distribution should be the
same as fluctuations and violations of the recommend-
ed temperatures lead to the activation of biochemical
processes, the recrystallization of ice crystals in the
fruit tissues, and the reduction of the product’s proper-
ties.

The analysis of scientific literature reveals lack of
efforts aimed at identifying the features of the crystal-
lization of moisture when freezing broccoli and con-
firms the relevance of scientific research.

The aim of this work is to study the process of
crystallization during the freezing of inflorescences of
broccoli. This will enable to determine the optimum
temperature for its low temperature storage.

Achievement of the goal provided for solving the
following tasks:

1. To determine the moisture content in the variety
Parthenon and the form of its connection with dry sub-
stances;

2. To determine the parameters of exothermic pro-
cesses during the freezing of broccoli;

3. To develop a prediction model for the depend-
ence of the crystallization initiation temperature on the
mass fraction of moisture in broccoli.

Research Materials and Methods

The research was carried out at the Laboratory of
Plant Physiology and Microbiology of the Institute of
Horticulture of the National Academy of Agrarian Sci-
ences of Ukraine.

The object of the study was broccoli's inflores-
cences of sort Parthenon, which was included in the
State Register of Plant Varieties (Experiment 1);
blanched inflorescences for 3 minutes at a temperature
of 80°C (experiment 2); inflorescences that was sub-
jected by exposition in 3% salt solution for 20 minutes
(experiment 3).

The study of the crystallization process was car-
ried out by the method of differential thermal analysis,
using the device for differential thermal analysis of
plant objects designed in the Laboratory of plant phys-
iology and microbiology of the Institute of Horticulture
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of the National Academy of Sciences of Ukraine.
Chromel-alumel thermocouples were used as tempera-
ture sensors, one of which was introduced into the cen-
tral part of the curd, the other, for comparison, into a
sample which did not contain water (standard). The
dimensions of the standard corresponded to the size of
the sample. The samples were cooled in a two-stage
semiconductor micro-refrigerator type TLM-2 with a
uniform velocity with a decrease in temperature of
2°C/min in the range +10 to —40°C. Since the trans-
formation of water into ice is an exothermic process
that results in hidden heat, then the thermograms rec-
orded exothermic peaks, the analysis of which allowed
determining the features of crystallization. Graphic da-
ta was converted into digital, statistical processing of
which was carried out using the Excel program.

The mass fraction of moisture was determined by
the thermogravimetric method till the establishment of
a constant mass; forms of communication of moisture

s Sample 1

with a dry substance, including the share of colloid-
bound and osmotically-absorbed by H. M. Pochinok’s
method of [24] .

Results of the research and their discussion

It is known that the freezing and transformation of
water contained in fruits and vegetables from liquid in-
to solid state is an exothermic process. As a result of
the heat release during the phase transition of water on
thermograms, high-temperature and low-temperature
exotherms that appear in the form of peaks were rec-
orded. Their analysis made it possible to determine the
characteristics of crystallization. The range of observa-
tion of the exothermic process, starting with the tem-
perature of the initiation of ice formation, is divided in-
to sections in 1°C, each of which determines the ampli-
tude of the exothermic process (Fig. 1).

Sample 2 == = Sample 3

10

TN

The amplitude of the dissipation, °C

7 \
7 N A\
0 ey T T T T T T T e—— -
-5 -10  Temperaturkooling, °C ~ -20 -25

Fig. 1. Exotherms of ice fo

The presence of several peaks on the isotherms,
their amplitude and position on the temperature scale
are determined not only by different freezing tempera-
tures of the overcooled aqueous solutions, but also by
the total moisture content, its forms of connection with

rmation in the broccoli curd

the dry matter, and, possibly, the features of the tissue
structure.

The graphs of the exothermic process are translat-
ed into numerical values, the mean of which are given
in Table 1.

Table 1 - Parameters of exothermic processes of ice formation in the curds of broccoli, °C

The temperature of the exothermic Temperature range The amplitude of the exothermic
processes of ice formation processes of ice formation
Variants maximum | maximum curd as a |front ini-| maximum | maximum
Imtiation | "ot pyre | of LTE | HTE | LTE Fiyhole | tiation | of HTE | of LTE
Experiment 1 -11.3 -12.0 145 1.0 11.0 12.0 7.7 9.8 6.3
Experiment 2 6.3 6.3 -10.5 0.3 13.0 13.3 7.6 7.6 6.7
Experiment 3 —4.0 -5.0 -10.0 15 135 15.0 0.7 1.6 5.0

Notes: HTE is high temperature exotherm; LTE is low temperature exotherm.

The above data suggest that the process of crystal-
lization of moisture in the samples of experimental var-
iants 2 and 3 begins much earlier (in the temperature
range —4 to —6.3°C) than in the samples of experiment
1 (-11.3°C), and correlates with the total content mois-
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ture (r=0.72). The results of determination of the con-
tent and forms of moisture communication are con-
firmed by its higher total content in the samples of ex-
perimental variants 2 and 3 (Table 2). Obviously, these
differences are due to a partial residue of water on the
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curd surface after the technological operations (keep-
ing in the table salt solution and blanching) and the
loosening of the moisture bond with the dry matter dur-
ing the heat treatment of the cabbage (experiment 2)
due to the loss of the native properties of the protein.

Table 2 — Mass fraction of moisture
and forms of communication of moisture from
the dry substance, %

Mass frac- Colloid- Osmotically
Variants |[tion of mois-| associated absorbed
ture moisture moisture
Experiment1 |87.42+4.37| 35.75+1.79 |51.37+2.56
Experiment2 |193.94+4.69| 5.44+0.28 |88.49+442
Experiment 3 | 89.12+4.45 | 31.06+1.55 |58.06+2091

A higher crystallization initiation temperature in
samples of experimental variant 3, in comparison with
those of variant 1, can also be explained by the fact
that a salt solution in which the curd has been kept can
retain moisture on its surface.

Establishing the temperature of initiation of crys-
tallization is of great practical importance in the tech-
nology of low temperature preservation, since starting
from this temperature, the maximum cooling rate
should be provided for the formation of crystals of the
minimum size, which will positively effect on the qual-
ity of frozen products.

In the analysis of thermograms, peaks were ob-
served on the exotherms high-temperature (HTE) and
low-temperature (LTE) ones. This confirms the differ-
ences in the crystallization of osmotically absorbed and
colloid-bound moisture, which are due to different
strengths of bonding with dry substances.

The presence of the HTE peaks at a temperature of
—5°C (Experiment 3), —6.3 C (Experiment 2) and —
12.0°C (Experiment 1) confirms the process of crystal-
lization of osmatically absorbed moisture, which has a
less effective connection with the dry substance, com-
pared to that of colloid-linked moisture.

The authors’ previous research agrees with the da-
ta of scientific literature on the presence of 2 to 3% of
protein in broccoli, which, together with carbohydrates
(3-4%), provides the moisture content of molecules of
colloidal substances. The data of Table 2 indicate a
sufficiently high content of colloidal-related moisture —
35.75% in absolute terms (40.9 % of the total water

content). Blanching of the cabbage (Experiment 2) re-
sults in a partial protein denaturation and reducing of
its moisture capacity. When blanching the cabbage, the
proportion of colloidal-bound moisture decreases with
an increase in the osmotic-absorbed particle. Keeping
in the table salt solution is accompanied by slight
changes in the forms of moisture bonding.

Significant differences in the temperature ranges
of ice formation in curds of cabbage of the experi-
mental samples have not been established.

Since the initiation temperature of crystal for-
mation is one of the essential factors in the formation
of the quality of frozen products and is determined by
the moisture content, we have developed a forecast
model of its dependence on moisture.

To determine the most influential factor at the ini-
tiation temperature, the Forward Selection method was
used, according to which a factor best correlating with
the parameter was chosen out of a number of factors.

The correlation coefficient was calculated ac-
cording to the formula:

3 (5 -y -7)
rxy = 5 = 9 (1)
\/_gl (5 -%)° 20 -y)?

where, X; , y; are the value of the i-th factor and
the indicator obtained in the experiment; X,y — aver-
age values of the factor and the indicator.

The result:r, , =-0.871, r, , =-0.759, r,, =—0.335 .

All correlation dependencies are inverse in charac-
ter, that is, an increase in the value of the factor causes
the corresponding decrease in the indicator. The most
significant was the effect of the total mass fraction of
moisture on the initiation temperature, which is why it
was this very factor (X, ) we chose to construct a fore-
cast model.

The Curve Expert system was used to select the best
forecast model. The best for prediction is a polynomial fit
with a determination coefficient R? = 0.882.

The regression equation used for prediction has
the form:

y =1907.73+1224.36x —11.16x> —0.095x° —0.0019x* —0.000015x° +1.15-10°x® —7.33-107°x’ 2

Fisher’s statistical criterion was used to estimate
the adequacy of the model obtained (2) to predict the
initiation temperature. The estimated value of the crite-
rion is

2
SR L @3)

1-R* f;

T

2 . .. o
where R” is the coefficient of determination, f1 and

f, are the number of degrees of freedom of explained
and unexplained variance. If we designate the number
of explanatory variables (factors) through k, and the
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number of experimental values through n, for our mod-
el flzk:l, fzzn*k-].:?.
Fr _ 0882 7 o5
1-0.882 1 .

The critical value of the Fisher criterion
F=F(0.05; 1; 7)=5.591.

Since Fr >R, the resulting polynomial model
(2) is adequate and can be effectively used to predict
the initiation temperature, depending on the value of
the mass fraction of moisture.
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The presented research results are only part of the
complex work aimed at stabilizing the consumer prop-
erties of frozen broccoli during long-term low-
temperature storage. It is promising to study the chem-
ical composition of broccoli during its storage for 24
months at temperatures of —10°C and —18°C, respec-
tively, recommended by the authors and regulated by
regulatory documents.

Conclusions

1. The total moisture content of Parthenon broccoli
is 87,42%, of which 51,37% is osmotically absorbed,
35,75% is colloid-bound. When blanching the cabbage,
the proportion of colloidal-bound moisture decreases
with an increase in the osmotic-absorbed particle. The
maintenance in the solution of the kitchen salt is ac-
companied by slight changes in the forms of moisture
bonding.

2. Based on the analysis of exothermic processes,
it has been established that the optimum for storage of

raw frozen broccoli is the temperature below —14.5°C,
at which the maximum crystallization of all forms of
physico-chemically bound moisture takes place, while
biochemical processes are impossible. This tempera-
ture contributes to the maximum preservation of the
consumer properties of cabbage. Keeping in the salt so-
lution, compared with blanching (because the latter is a
technological operation most used in practice), also
contributes to reducing the energy intensity of produc-
tion, since it provides crystallization of all forms of
water at a temperature of —10°C, which is significantly
lower than the recommended storage temperature —
18°C.

3. The forecast model of dependence of the crys-
tallization initiation temperature on the mass fraction
of moisture and its practical use will enable producers
to control the quality of frozen fruit and vegetable
products by providing the maximum cooling of the
product in the crystallization zone to form small ice
crystals inside the product.
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