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Abstract: The article is devoted to the study of the forms of moisture bond in mature cheeses. The
kinetics of mass transfer processes depend on the mobility and binding energy of water with solid and
dissolved substances. Therefore, the removal of bound water is accompanied by deterioration in kinetics
and increased energy consumption. In this regard, information on the state of bound water in substances
during dehydration is very important from a scientific point of view and from a practical one. Based on
the studies carried out, the forms of moisture bond in various types of cheese were determined by strain-
gauge and thermographic methods. Based on this, it has been established that the forms of moisture
bond in cheeses can be determined by strain-gauge and thermographic methods.
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1. Introduction

Moisture removal from materials is accompanied by a violation of its connection with
the consumption of certain energy; therefore, it is advisable to evaluate moisture-bound forms
with the material using energy characteristics [1-4].

Academician P.A. Rehbinder, using the basic thermodynamic relations, gives a
quantitative characterization of the binding energy of moisture with material and takes the
value of the free energy of isothermal dehydration as the only criterion for classifying the forms
of water bond with a material. The binding energy of moisture with the material, as defined by
P.A. Rehbinder, equals to work spent to isolate one mole of water from the material without
changing its aggregation state and is determined by the formula [5-9]:

E=R-T-Ih-(P,/R,)=-R-T-he 1)

where R - absolute gas constant, kJ/(kg-K);
T - absolute temperature, K;

Po_ partial pressure of saturated vapor of free water over a flat surface at a given temperature,

mPa,;
Fu partial pressure of saturated water vapor at the same temperature over the material, mPa.

(Fo/Ry) = ?  where? - relative humidity at equilibrium state, when the product does not
absorb or lose water, fractions of units.
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2. Materials and Methods

Two of the most common and accurate methods were used to determine the forms of
moisture bonding in cheeses: strain-gauge and thermographic. The use of two methods will
make it possible to objectively determine the quantitative content of moisture bond forms in
cheeses, as well as to assess the accuracy of the methods used [10, 11].

The strain-gauge method for studying moisture bound with the material is to study
sorption and desorption processes. In the strain-gauge method, the test samples of cheese were
placed in weighing cups installed in desiccators. Sulfuric acid was preliminarily poured into
each desiccator; its concentration corresponded to a certain relative humidity of the air. To
obtain desorption isotherms, the studied cheeses samples were placed in 10 desiccators, where
the relative air humidity was maintained from 10 to 100% with a step of 10%. The cups with
weighed samples of the material were periodically weighed until a constant mass was reached,
which means the onset of an equilibrium state of the material with air in the desiccator. The
standard method determines the moisture content of the material, which will be an equilibrium
one. Then there will be a graphical relationship between the material's equilibrium moisture
content and the air's relative humidity.

3. Results and Discussion

As a result of experimental studies, there were obtained nomograms to determine the
forms and binding energy of moisture in cheeses (fig. 1-3).

These nomograms are based on isotherms of moisture desorption from cheese obtained
by the strain-gauge method. Isotherms of moisture desorption from cheese have an S-shaped
character, which is typical for capillary-porous colloidal materials. The nature of desorption
isotherms depends on the type of moisture-material bond.
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Figure 1. Nomogram for determining the forms and binding energy of moisture in cheese “Sovetskiy”.
1-wetting moisture and macro-capillaries; 2-moisture of micro-capillaries and osmotic moisture;
3-moisture of poly-molecular adsorption; 4-moisture of monomolecular adsorption.
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Figure 2. Nomogram for determining the forms and binding energy of moisture in the cheese "Gollandskiy".
1-wetting moisture and macro-capillaries; 2 - moisture of micro-capillaries and osmotic moisture;
3-moisture of poly-molecular adsorption; 4 - moisture of monomolecular adsorption.
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Figure 3. Nomogram for determining the forms and binding energy of moisture in the cheese "Ozernyy".
1-wetting moisture and macro-capillaries; 2 - moisture of micro-capillaries and osmotic moisture;
3-moisture of poly-molecular adsorption; 4 - moisture of monomolecular adsorption.

The cheeses’ S-shaped isotherms of sorption and desorption initially in the region of
low values of relative air humidity and equilibrium humidity up to a relative air humidity of
10-20% are convex to the abscissa axis, which corresponds to the moisture of monomolecular
adsorption. The curve's convexity is then directed to the ordinate axis up to a relative humidity
of 60-80%. This area is characterized by poly-molecular moisture adsorption. Subsequently,
the isotherm in the area of relative humidity after 60-80% smoothly passes to a flat curve
inclined to the equilibrium humidity axis. Capillary condensation begins at the transition point.

According to the nomograms, the quantitative content of various forms and the binding
energy of moisture in cheeses were determined (Tables 1, 2).

Table 1.The quantitative content of various forms of moisture bond in cheeses,%.

Type of cheese Physical-chemical bond Physical-mechanical
bond
adsorbed bound moisture osmotically bound moisture and moisture of wetting
monomolecular polymolecular moisture of micro-capillaries and macro-capillaries
«Sovetskiy» 7,0 11,0 12,0 10,0
«Gollandskiy» 5,0 8,0 19,0 12,0
«Ozernyy» 4,0 6,0 21,0 17,0
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It should be clarified that the moisture mass fraction in the cheeses was the following:
"Sovetskiy" - 40%, "Gollandskiy" - 44%, "Ozernyy" - 48%. The highest content of bound
moisture is found in "Sovetskiy" cheese - 18.0%, "Gollandskiy" - 13.0%, "Ozernyy" - 10.0%.
"Sovietskiy" cheese with the smallest amount of total moisture of the three considered brands
of cheeses contains the largest amount of bound moisture. The content of energy-intensive
bonds in cheeses depends on their production technology and the ripening process's duration.

P.F. Krashenin, V.P. Tabachnikov [12] found a general increase in water-holding
capacity as the cheese ripens. The duration of ripening can be taken into account as a first
approximation as a factor on which the amount of bound moisture in the cheese depends - the
longer the ripening process is, the more bound moisture is contained in the cheese. These
dependencies in good agreement with our results [13-17].

Table 2.Moisturebindingenergy in cheeses -10®, J/kg.

Form of moisture bond with the material Type of cheese

«Sovetskiy» | «Gollandskiy» | «Ozernyy»
Physical-chemical bond
Monomolecularadsorption 4,20-2,70 3,90-2,50 3,40-2,50
polymolecular adsorption 2,20-0,50 2,30-0,70 2,20-0,70
osmotically bound moisture 0,45-0,12 0,65-0,10 0,60-0,10
Physical-mechanical bond
moisture of micro-capillaries 0,45-0,12 0,65-0,10 0,60-0,10
moisture of wetting and macro-capillaries <0,10 <0,10 <0,10

The studies carried out have shown that the energy characteristics of dissimilarly bound
moisture are different. However, when passing from free moisture (wetting and
microcapillaries) to bound moisture (mono- and polymolecular adsorption), moisture's binding
energy with dry cheese substance increases significantly.

The binding energy (10°, J/kg) for wetting moisture and macro-capillaries is <0.10, for
osmotically bound moisture and micro-capillary moisture, it is 0.45-0.12, for poly-molecular
adsorption moisture - 2.30-0.50, and the moisture of monomolecular adsorption - 4.20-2.50.
Consequently, mono- and polymolecular adsorption moisture due to the highest binding energy
is strongly bound. In this connection, it is obvious that the moisture of monomolecular
adsorption is the main indicator of the hydration of the constituent parts of the product and is
important for the recoverability of food after drying. Table 3 shows the hygroscopic
characteristics of the cheeses.

Table 3. Hygroscopic characteristics of cheeses.

Relative air humidity,% |10 |20 |30 |40 |50 | 60 | 70 | 80 | 90
«Sovietskiy» cheese

Equilibrium moisture, % [70 100 115 [135 155 [175 [195 [220 | 265
«Gollandskiy»cheese

Equilibrium moisture, % [50 |65 [80 [95 [110 [130 J170 [250 [330
«QOzernyy»cheese

Equilibrium moisture, % [40 [50 [60 [70 [80 [100 [150 [220 310

According to table 3, it can be seen that if the relative humidity of the air decreases, the
equilibrium moisture content of the product decreases as well. With a simultaneous decrease
in the equilibrium air humidity, there is an increase in moisture's binding energy with the
product's dry part. At a relative humidity of less than 40%, a sharp increase in the binding
energy with the material occurs. With a decrease in the material's moisture content, the
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proportion of removed moisture increases, which is adsorptively bound to the substance [18-
21].

A.S. Ginzburg [22] notes that the analysis of thermographs of heating a wet material
during the drying process according to the method of M.F. Kazanskiy [23] gives results
consistent with the analysis of sorption isotherms. In this connection, the current research was
to determine the forms of moisture bond in cheeses using thermographs of M.F. Kazanskiy
[23]. Moisture bond forms were determined in the same cheese samples that were used in the
strain-gauge method.

For the drying process, it is very important to link the classification of the forms of
water bond with the state of the material directly during the drying process. Therefore, the
thermographic method for analyzing the types of moisture-material bonds proposed by M.F.
Kazanskiy [23] is of great interest. According to this method, there was carried out the analysis
of thermographs characterizing the change in temperature of a thin sample of cheese in the
process of slow isothermal drying. Under such experiments' conditions, the sample's
temperature and humidity fields are close to uniform ones.

The advantage of this method is its speed compared to the considerable duration of
removing sorption isotherms. Simultaneously, this method makes it possible to visualize the
kinetics of sequential removal of water from a thin layer of water of various forms and types
of connection with the material skeleton. In the course of taking thermographs during
isothermal drying of cheese, the weight of the dried cheese sample was also controlled.

Figures 4-6 show thermographs of isothermal drying of cheese and graphs of changes
in weight, cheese samples in the process of isothermal drying. Based on the analysis of drying
thermographs and graphs of weight change, a number of singular points were established that
characterize various forms of moisture bound in cheeses. The thermographs' characteristic
points determine the beginning of removing moisture that is differently bound with the material
at different stages of the drying process. On the thermographs of cheese drying, the four most
characteristic areas can be noted.
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Figure 4. Thermographs of isothermal cheese drying and graphs of changes in the mass of "Sovietskiy" cheese
in the process of isothermal drying: 1 - moisture of wetting and macro-capillaries; 2 - moisture of micro-
capillaries and osmotic moisture; 3 - moisture of polymolecular adsorption; 4 - moisture of monomolecular
adsorption.
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Figure 5. Thermographs of isothermal cheese drying and graphs of changes in the mass of "Gollandskiy" cheese
in the process of isothermal drying: 1 - wetting moisture and macro-capillaries; 2 - moisture of micro-capillaries
and osmotic moisture; 3 - moisture of polymolecular adsorption; 4 - moisture of monomolecular adsorption.
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Figure 6. Thermographsof isothermal cheese drying and graphs of changes in the mass of "Ozernyy" cheese in
the process of isothermal drying: 1 - wetting moisture and macro-capillaries; 2 - moisture of micro-capillaries

and osmotic moisture; 3 - moisture of polymolecular adsorption; 4 - moisture of monomolecular adsorption.

Micro-capillaries’ moisture is located in capillaries (pores) with an average radius
greater than 10-5 cm. The partial pressure of water vapor above the macro-capillary meniscus
is almost the same as the partial pressure of saturated vapor above the free water's surface.
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The first section of the thermographs smoothly turns into the second. Suppose the first
section shows the heating of the material in volume and an increase in the drying rate. In that
case, the second section is characterized by a constant drying rate. According to a linear law,
an increase in temperature and a decrease in the mass fraction of moisture in cheese occur.

In the second period, moisture from micro-capillaries and osmotic moisture is removed.
The micro-capillaries' moisture fills narrow pores, the average radius of less than 10-5 cm. The
liquid fills any micro-capillaries, not only in direct contact but also by the moist air's sorption.
The moisture of micro-capillaries moves in the body both in the form of a liquid (usually from
the central layers to the evaporation zone) and vapor (from the evaporation zone through the
dry layer to the outside).

Osmotically bound moisture is absorbed by a complexly structured micelle (theory of
S.M. Lipatov) [24], and immobilization moisture (theory of P.A.Rebinder) [25], captured
during the formation of the gel. This moisture is free as it corresponds to a very low binding
energy.

The second section's point of transition to the third one corresponds to the maximum
hygroscopic moisture content. To the right of it, a period of decreasing drying speed begins.
The beginning of the third section corresponds to the removal of the physicochemical form of
the bond. This form corresponds to adsorbed moisture.

Adsorptionbound moisture has a number of properties that distinguish it from ordinary,
free water. Films of bound water in their physical properties resemble more a solid form than
a liquid one. Moreover, the strictly defined orientation of the molecules brings them closer to
the crystalline substance.

Adsorption bound moisture is a liquid retained by a force field on the outer and inner
surfaces of "micelles" - colloidal particles. Colloidal materials (bodies) are characterized by a
very significant particle size, the conditional radius of which is 0.1-0.001 microns.

The adsorbed moisture is divided into mono- and polymolecular adsorption moisture.
The greatest amount of heat is released when the first monomolecular layer is attached, which
is most strongly associated with the material. S.M. Lipatov [24] proved the thermal analogy of
the processes of swelling and dissolution. The removal of adsorptive moisture firmly bound to
the body is associated with corresponding energy expenditure. A.V. Lykov [26] found that to
remove adsorptive moisture, it must be converted into vapor, after which it begins to move to
the body's outer surface.

The m, The moisture of polymolecular adsorption, is removed during the third section.
In the fourth section, moisture is removed by monomolecular adsorption.

Thus, the joint analysis of the graphs of changes in mass and thermographs, that display
the thermodynamic picture of the drying process of cheese samples and show the dependence
of mass transfer on the types of connection, determines the boundaries of the periods of removal
of individual forms and types of connection of moisture with the material. By the critical points
of the thermograph located at these boundaries and by the drying curve, it is possible to
accurately determine the mass fraction of moisture at a given time.

The quantitative content of various forms of moisture bond in cheeses, determined by
using thermographs of isothermal drying of cheese and graphs of changes in weight, cheese
samples in the process of isothermal drying is given in the table 4.

With the help of mathematical modeling of the graphs of changes in the mass of
"Sovietskiy"”, "Gollandskiy" and "Ozernyy" cheese shown in Fig. 4-6, the equations are
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obtained for calculating the mass fraction of cheese moisture depending on the duration of
drying.

Table 4. The quantitative content of various forms of moisture bonds in cheeses determined by using
thermographs of isothermal drying,%.

Types of cheese Physical-chemical bond Physical-mechanical bond
adsorbed bound moisture osmotically bound moisture and moisture of wetting
monomolecular | polymolecular moisture of micro-capillaries and macro-capillaries
"Sovietskiy" 7,0 10,0 14,0 9,0
"Gollandskiy" 5,0 8,0 18,0 13,0
"Ozernyy" 4,0 5,0 22,0 17,0

For "Sovietskiy" cheese:
W = 44,417 - e—l,49.1073.t

)
For "Gollandskiy" cheese:
W =43,672 - 670'0017't (3)
For "Ozernyy" cheese:
_ . a-0,0018t
W =80,208 -e ’ (4)

where - drying time, minutes.

Thus, based on the studies carried out, the forms of moisture-binding in various types
of cheese were determined by strain-gauge and thermographic methods. Differences in the
forms of moisture bonds in cheeses determined by two methods do not exceed 1-2%. Based on
this, it has been established that the forms of moisture bond in cheeses can be determined by
strain-gauge and thermographic methods. It should be noted that the disadvantage of the strain
gauge method for determining the forms of moisture bond in the product is its duration since
the equilibrium humidity between the product and the surrounding air occurs on average in 20-
30 days. This situation's thermographic method can be called an express method; the
thermograph recording duration is 6-7 hours.

The specific heat of moisture evaporation is of considerable interest in studying the
drying process of food products. Figure 7 shows the results of studies on the specific heat of
evaporation from cheeses with a different mass fraction of moisture.
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\Q |
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Specific heat of vaporization, kl/kg

0 10 20 30 40 50 60

Equilibrium moisture, %

Figure 7.Energygraphs of isothermal cheese drying with a mass fraction of moisture.
1 - 40%; 2 - 50%; 3 - 60%

The specific heat of vaporization was produced on an automated calorimeter based on
automatic compensation of the heat spent on moisture evaporation. In this case, the heat spent
on evaporation of moisture is used to convert water into steam and break the bond between
https://biointerfaceresearch.com/ 11061
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moisture and material. Isothermal drying of cheeses was carried out at 50 °C. It is known that
the specific heat of vaporization of water is approximately equal to 2400 kJ/kg.

Regardless of the cheese mass fraction from the beginning of the experiment to an
equilibrium moisture content of 30%, the specific heat of vaporization was at the level of 2400-
2700 kJ/kg. This confirms that the evaporation of wetting moisture and macro-capillaries
occurs. The specific heat of vaporization increases from 30 to 15%, while micro-capillaries’
moisture and osmotic moisture are removed.

A significant increase in the specific heat of vaporization occurs in the range of
equilibrium air humidity from 15 to 2%, with moisture removal from poly- and monomolecular
adsorption.

A monotonic increase in the specific heat of evaporation with a decrease in the
equilibrium humidity indicates the imposition of the thermal effects of evaporation of various
moisture types. That is, various types of moisture bonds are removed not sequentially one after
another, but simultaneously.

It should be noted that the lower the mass fraction of moisture in the original cheese is,
the higher the specific heat of evaporation at the same equilibrium moisture content presents.
So, at an equilibrium moisture content of 30% for cheese with a mass fraction of moisture 40%,
the specific heat of vaporization is 2600 kJ/kg, 50% - 2500 kJ/kg, 60% - 2400 kJ/kg; at an
equilibrium humidity of 10%: 40% - 3300, 50% - 3000, 60% - 2800 kJ/kg; at an equilibrium
moisture content of 2%: 40% - 4200, 50% - 4000, 60% - 3700 kJ/kg.

There are no sharp boundaries between the heat of evaporation of capillary-bound
moisture and moisture of polymolecular adsorption. As the adsorbed moisture evaporates up
to the equilibrium moisture content corresponding to the filling of the monolayer, the curves
of the specific heat of evaporation smoothly rise upward; then, with a further decrease in the
equilibrium moisture content, a steep rise in the curves is observed for all the studied cheeses.
Of greatest importance are the heats of evaporation of monomolecular adsorption moisture,
firmly associated with cheeses' dry matter.

The division of moisture into levels is largely arbitrary since moisture distribution in
the cheese mass by binding energies is constantly changing. We should talk about a dynamic
balance between certain values of energies at specific stages of cheese production, that is, there
is a spectrum of binding energies of water in the cheese mass, which is continuous in the range
from minimum values corresponding to free moisture to maximum values corresponding to the
moisture of monomolecular adsorption.

Experimental measurement of the activation energy gives sufficient accuracy in
assessing the levels of the binding energy of moisture in the material. The thermographic
method of measurement obtained the binding energy (activation) of water in the cheese
"Ozernyy", "Gollandskiy", "Sovietskiy" in the energy range from 10 to 4200 kJ/kg (fig. 8).

N
2 NQQ\C
3 \~C

4200

Activation energy, kJ/mol
Figure 8. Graphs of the statistical distribution of the activation energy of water in cheese.
1-"0zernyy"; 2 - "Gollandskiy"; 3 - "Sovietskiy"
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The energy graphs analysis showed that the greatest changes in water distribution in the
three types of studied cheeses occur according to the same patterns. In all studied cheeses, an
increase in the proportion of water with binding energy from 200 to 1200 kJ/kg was observed
due to a decrease in its amount in the energy range from 5 to 100 kJ/kg.

This is due to the formation of mono- and polymolecular layers of water. From the point
of view of technology, the most important is water with average values of binding energies:
adsorbed-bound and osmotically retained, since it plays a decisive role in the formation of
consistency, determines the rheological parameters of cheeses of conditioned maturity.

4. Conclusions

The following results were obtained based on the studies carried out:- forms of moisture
bound in various types of cheese have been determined by strain-gauge and thermographic
methods. Differences in the forms of moisture bonding in cheeses determined by two methods
do not exceed 1-2%. On the basis of this fact, it has been established that the forms of moisture
bond in cheeses can be determined by strain-gauge and thermographic methods. It should be
noted that the disadvantage of the strain gauge method for determining the forms of moisture
bond in the product is its duration. The equilibrium humidity between the product and the
surrounding air occurs on average in 20-30 days. The thermographic method in this situation
can be called an express method; the thermograph recording duration is 6-7 hours;- the specific
heats of evaporation of moisture from cheeses with different moisture content were determined
by using an automated calorimeter. It has been established that the highest value of the specific
heat of vaporization has the moisture of monomolecular adsorption;- thermographic method of
measurement obtained the activation energy of water in the cheese "Ozernyy", "Gollandskiy",
"Sovietskiy". The graphs of the static distribution of the water activation energy in cheeses
confirm the content of various forms of moisture bond in cheeses determined by strain-gauge
and thermographic methods.

Foods usually contain both bound and free moisture at the same time. The quantitative
relationship between them depends on the nature of a particular object. For the drying process,
it is very important to link the classification of the forms of water connection with the state of
the material directly during the drying process.

The obtained data on the forms of moisture bond in cheeses must be used to correct the
drying process. The drying mechanism of wet materials is mainly determined by the form of
moisture-material bond and the drying mode. The kinetics of mass transfer processes depend
on the mobility and binding energy of water with solid and dissolved substances. Therefore,
the removal of bound water is accompanied by deterioration in kinetics and increased energy
consumption. In this regard, information on the state of bound water in materials during
dehydration is very important not only from a scientific but also from a practical point of view
since it opens up the possibility of predicting and optimizing drying.
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