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Moisture Transfer During its Evaporation from Sugar Solutions

In this work, studies were carried out on the water evaporation from concentrated solutions of such sugars as
sucrose, fructose, glucose, galactose, to determine the evaporation mechanisms. Differential scanning
calorimetry (DSC) method in the temperature range from —70° C to +200° C, as well as the combined
thermogravimetric analysis with differential scanning calorimetry under isothermal conditions at tempera-
tures of 30°, 45°, 60 °C were used. The analysis of the DSC curves of sucrose solutions at low temperatures
shows that in sugar solutions with a concentration of 65 %, water does not produce melting peaks. Therefore,
it can be considered bound in the first hydration shells of sucrose. Isothermal thermogravimetric measure-
ments give close to linear dependences of mass loss on time, and their slope being determined by tempera-
ture. At higher concentrations of sucrose solutions DSC curves for disaccharides are shifted relative to the
curves for monosaccharides. This may be due to the lower permeability of the film surface for water. The
evaporation model based on the vacancy mechanism of water molecules movement in concentrated sugar so-
lutions was proposed. According to this model, the region enriched with vacancies of water molecules gradu-
ally penetrates deep into the sample. In this case, the number of water molecules in each layer of the region
sets at a certain level. The given model constructions are applicable to the initial stages of water evaporation
from concentrated sugar solutions.

Keywords: moisture, bond, sugar solutions, mathematical model, process, evaporation, thermal analysis, dif-
ferential scanning calorimetry, differential thermal analysis, concentration, glass transition.

Introduction

The study of phase transitions, such as evaporation, and in particular water evaporation from various
materials is one of the important problems of physical chemistry. It can be considered as moisture transfer
from the liquid to the gas phase. This process is both of great theoretical and practical value.

The processes of moisture transfer and, in particular, evaporation, play an important role, for example,
in food production. However, unlike many other cases of moisture transfer, for example, water evaporation
from natural reservoirs, in food technology moisture is often transferred in systems containing not only free,
but also the so-called bound water, that is, water present in the hydration shells of food material molecules.
For example, the productivity of membrane technological processes, accompanied by the formation of polar-
ization layers at the membrane boundary, depends directly on their rheological characteristics (viscosity, ul-
timate shear stress), which, in turn, depend on these particles hydration. Drying of food systems is greatly
slowed down at a certain stage of dehydration, which is caused by some peculiarities of moisture transfer in
materials containing bound water.

In recent years, bound water was actively studied by modern physical methods, such as X-ray
microtomography, analysis of the microbalance of quartz crystals with a deposited material that binds water
[1], absorption spectroscopy of electromagnetic radiation in the terahertz range [2], proton nuclear magnetic
resonance [3], T -2 magnetic resonance relaxometry [4], etc.

Differential scanning calorimetry DSC [5] and differential thermal analysis DTA in combination with
thermogravimetry are of special importance among the physical methods that can be effectively used for
bound water characteristics measuring [6].

Isothermal DSC methods are of particular interest for the analysis of the bound water state [7]. They
make it possible to choose the temperature which does not cause any structural transformations of the sam-

ple.
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DSC is a very informative method for studying physical characteristics of intermolecular bonds in vari-
ous materials. Thermal effects associated with phase transitions and chemical reactions depending on tem-
perature are studied within the framework of this method. Information about the composition and
thermophysical properties of food systems can be obtained with the help of DSC curve (heat flux versus
temperature). Some researchers used DSC and DTA methods to study water binding in various food materi-
als and additives, for example, in beef [8] and starch-gelatin food films [9]. Oxygen-functionalized porous
activated bio-carbons with a large surface area obtained from grape seeds with the DSC method were studied
in [10].

These bio-carbons are aimed to absorb CO, from the atmosphere. Samples with the largest surface area,
pore volume, and the maximum number of surface oxygen functional groups showed the largest endothermic
peak in terms of area according to DSC data, as well as the largest weight loss in the range of 80-100 °C.

The authors of [11] studied the sludge remaining after wastewater filtration by DTA and DSC methods.
It was found out that the average binding power of water with the dry matter of sludge at a sufficiently high
moisture content (above 50 %) ranges from 38 to 68 kJ/kg, depending on the type of sludge, and increases
almost 10 times in the moisture range of 0-50 %.

Some modern thermal analysis instruments allow simultaneous thermal analysis (STA), i.e. combine the
DSC or DTA method with the thermogravimetry (TG) method. Attempts to quantify bound water in food
systems by this method were made earlier. Thus, in [12], thermogravimetry (TG) data were processed by the
method of nonisothermal Kinetics. It consisted of determining the logarithm dependence of the transfor-
mation degree o on temperature with thermogravimetric curves. The slope tangent of this graph, up to a con-
stant factor, is equal to the amount of energy spent on the sample dehydration. The type of water binding
with the material studied is determined by the range of dehydration powers. Therefore, this method can be
used to characterize the distribution of water in a sample according to binding forms. However, an enormous
spread in the values of kinetic parameters is considered to be one of the disadvantages of the non-isothermal
approach [13].

However, there are no works using DSC and DTA methods that would clearly describe the mechanism
of moisture transfer in systems with bound water.

The purpose of this work is to study a particular case of moisture transfer (evaporation) in systems with
bound water, namely in concentrated solutions of food sugars such as sucrose, glucose, fructose, lactose,
galactose.

Experimental

Samples of sugar solutions were produced in the laboratory at FSBEI HE VSUET (Federal State Budget
Educational Institution of Higher Education “Voronezh State University of Engineering Technologies™).

DSC analysis at low temperatures and simultaneous thermal analysis (hereinafter STA) (DSC+TG)
were performed on a STA 449 F3 Jupiter® simultaneous thermal analysis apparatus from NETZSCH (Ger-
many). Calibration of the E-sensor by temperature and enthalpy taken from calibration substances (C10H16,
C12H10, In, Bi, Zn) was previously carried out. Samples of raw materials weighing 15-22 mg were taken
for analysis and placed in aluminum crucibles.

Differential scanning calorimetry (DSC) in the temperature range from —70° to +20° C, heating rate of
5 deg/min was used in the DSC method of analysis. The system was cooled with liquid nitrogen at a rate of
5 deg/min. The measurements were taken in a helium atmosphere (purge gas flow rate 10 ml/min, shield gas
flow rate 10 ml/min). Temperature measurement accuracy was +0.3° C.

Isothermal conditions at temperatures of 30°, 45°, 60° C were used in TG measurements. Measurements
were carried out in the high-purity nitrogen atmosphere (purge gas flow rate 50 ml/min, shielding gas flow
rate 10 ml/min).

Isothermal conditions at temperatures of 30°, 45°, 60° C were used for STA (TG+DSC) measurements.
The measurements were taken in high-purity nitrogen atmosphere (purge gas flow rate 50 ml/min, shielding
gas flow rate 10 ml/min).

Statistical processing of the experimental results was carried out as follows.

The experiment standard error was determined by the formula:
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where s is the number of array; i is the number of point in the array; m is the array number for point y on the
chart; n is the number of points in each array, vy, is the data value of array s and i-th point;

n, is the total number of data values in all arrays.

Results and Discussion

Studies by differential scanning calorimetry method at low temperature were carried out to determine
the concentration of sugar solutions at which all water molecules are bound in the first hydrate shells.
The results of differential scanning calorimetry of a 45 % sucrose solution are shown in Figure 1.
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Figure 1. Thermogram of a 45 % mass concentration of sucrose solution melting DSC, mW/mg-10?

As can be seen in Figure 1, the frozen sucrose solution melts in the temperature range of —35...0 °C, and
the largest area of the melting peak falls in the range of —7°...-3 °C. Comparing the peak melting area for the
sigmoidal baseline (100.1 J/g of solution) with the corresponding pure water surface area (334.3 J/g), we
come to conclusion that it is only 0.30 of this value.

Taking into account the water content in a 45 % sugar solution and comparing the peak areas, we obtain
approximately 55 % of the water frozen and then melted in this solution. The rest part is hon-frozen and con-

sidered to be bound water.

The DSC curve for a 65 % sugar solution (Fig. 2) shows the presence of two exo- and endothermic
peaks of approximately the same area. These areas are very small compared to the peaks corresponding to
ice melting. This dependence is characteristic of the glass transition of a sugar solution [14] and is not direct-
ly related to water melting. Therefore, we can conclude that all water is in a bound state in a 65 % solution.
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Figure 2. Thermogram of a 65 % mass concentration of sucrose solution melting
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If we count the number of water molecules bound with hydroxyl groups per one sucrose molecule, their
mass assessment will give about 35 % of the entire solution mass, i.e. all water in the 65 % sugar solution is
hydrogen bonded to sucrose.

TG measurements in isothermal mode were also carried out. To do this, a container with a sugar solu-
tion was placed in the measuring cell of the calorimeter, which was openly placed in a nitrogen atmosphere
and thermostated at a temperature of T, =29 °C. The sample mass relative to the initial mass was recorded as
a function of time (the value of TG in Fig. 3).

Figure 3 shows that the sample temperature sets at a level close to 29 °C in approximately 12 minutes
after the experiment start.

change in the mass
of the solution (%)
o
(%)

0 5 10 15 20 25 30 35

time (min)
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Figure 3. TG measurements in the isothermal mode of a sucrose solution
with a mass concentration of 65 % at 30 °C

In practice, water evaporation usually occurs from systems containing both bound and free water.
Therefore, we took isotherms of water evaporation from solutions of various sugars with a concentration of
20 % at a raised temperature. Under such conditions, water from the crucible is almost completely evapo-
rated during the experiment, i.e., the solution concentration increases with time due to evaporation.
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Figure 4. Results of simultaneous thermal analysis (TG + DSC) of measurements of sugar solutions
with a mass concentration of 18 % at a temperature of 60 °C

Figure 4 shows that the curves slope remains constant both over time and for different sugars up to a
sugar concentration of 60-70 %. However, the slope of m versus t graph turns out to be smaller than that one
for distilled water under the same conditions (Fig. 5). The reason for this phenomenon requires further re-
search. However, a monolayer sugar film is possible to be formed on the surface of solutions with a weak
concentration, preventing partially the evaporation of water. The level at which the mass stabilizes at an
evaporation time of more than 50 minutes is different for all solutions. It is the highest for lactose solution.
This means that a certain amount of water still remains in it after the end of active evaporation.

Great differences between sugars appear at 62—67 % solutions concentration. This is especially evident
in the DSC curves. The amount of heat used to evaporate moisture decreases rapidly at a certain concentra-
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tion due to a sharp drop in the evaporation rate. The DSC curve for lactose disaccharide runs more to the left
than for a mixture of lactose and galactose monosaccharides. A similar pattern is observed for sucrose and its
hydrolysis products — glucose and fructose (Fig. 5).
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Figure 5. DSC curves of 20 % mass concentration of sugar solutions and distilled water at 60 °C

This means that unlike monosaccharides a dense, weakly permeable film begins to form on disaccharide
solutions surface at a lower concentration. In other words, disaccharides films are less permeable to water at
the same concentration.

Let us present some model ideas about the evaporation process from such solutions.

Let there be a solution where all water molecules are bound in sugar molecules first hydrate shells, i.e.,
they are attached to the hydroxyl groups of the sugar molecule by a hydrogen bond. Since water molecules
are much smaller than sugar molecules, let us imagine the sugar molecules as immobile, and the water mole-
cules moving relative to them and then moving into the gas phase in the process of evaporation. Water mole-
cules movement can be as follows in such a system. If a water molecule leaves the solution due to evapora-
tion, a vacancy forms in the hydrate shell of the sugar molecule. It is filled with a water molecule from the
hydrate shell of the same or neighboring sugar molecule, leaving a vacancy filled by the next water mole-
cule, and so on. That is, the sucrose molecules hydroxyl groups, to which water molecules can be attached by
hydrogen bonds, can be represented as a positions grid that can or cannot be filled with water molecules.

Let us consider the solution volume, imagining the evaporation mechanism as shown in Figure 6. There
are fixed positions, marked with light circles, in which molecules can reside (dark circles).
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Figure 6. Graphical representation of the mechanism of evaporation from sugar solutions
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As an initial approximation, we accept that a molecule transition in some characteristic time is possible
only horizontally and vertically to an unoccupied place. Let Nq be the total number of seats in one layer, N;
be the number of occupied seats in the layer with number i. Let there be three probabilistic parameters:

— probability r of the molecule exit from the first layer into the gas;

— probability p of a molecule transition from one layer to another, and the motion direction along the z
axis does not matter;

— probability s of a molecule transition within one layer.

Let us consider changes kinetics in the population of layer i in one “cycle” of time. We will take the
directions as shown in Figure 7.

Figure 7. Graphical representation of the directions of the layer i population for one time “cycle”

The probabilities that the positions indicated in the figure will be free are, respectively, for positions 1

and 3: 1-% zl—% ; for position 2: 1— ; for position 4: 1——'\,1;*1 .

0 0 0 0
Let us take into account the probabilities of molecular migrating accepted in the model. Then, with a

one-step movement, we get:

N. . N. . . N. . N,
ANi:NOp_[ ._1(1_m} '+1[1—ﬂj—ﬂ[1— ._1J_ﬁ(l_ 1}] M
N, N, ) N, N,) N, N, | N, N,

Let us take into account the probabilities of molecular migrating accepted in the model. Then, with a
one-step movement, we get:

AN, =N,p- N, 1—m N 1—& —Nor-m. (2)
NO NO NO NO NO

After simplification, we obtain the system of equations
AN, =p (N, +N;,; =2N);

Ni -1

' (©)
AN, =p-(N,=N,)-rN,.
After introducing the notation v, = N—' these equations can be written as differential equations
0
dv, dv
{E:_p(zvi ~Vii=Via); d—tlz—p(vl =v,)=rvi; v, (t)=1. (4)

It is easy to write the system of equations for three layers together with the initial and boundary condi-
tions in an explicit form:

{E‘ﬁ (t)==p(vi(t)=v, (t))-rv, (1), %vz (t)==p(v,(t)=v,(t)) = vs (), v, (0) =1, v, (0) =1, v, (0)=1} (5)

dt
The third layer is assumed to be always filled. We can write the solution in the form:
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1
p+r o 2P [2ch(tq) +2 pq_ r sh(tq)]
t)= ; 6
vi(t) p+2r ©)
1
per.e 2 (ch(tq)+ 3pz+ d sh(tQ)]
v, (t)= . , @)
p+2r

where the g parameter is:

q=%,/5p2—2pr+r2 :

Graphs for arbitrarily chosen values of the parameters p = 0.03, r = 0.1 are shown in Figure 8.
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Figure 8. Graphs of the dependence of layers 1, 2 and 3 population on time (s)

Figure 8 shows that the number of molecules in the first layer tends to a certain stationary value in the
interval of 0—20 minutes. That is, in some time after the process start, we can assume that % =0.

At the same time, the number of water molecules in the second layer decreases in this time interval,
while in the third layer it remains at the maximum level. This means that the front of the area depleted of
water molecules penetrates gradually deep into the sample, the number of water molecules in each layer of
this area setting at a certain level.

The probability r included in system (5) can be expressed in terms of the binding power of water with a
sucrose molecule in a layer of sucrose solution adjoining air with the Boltzmann distribution:

r=e K, (8)
In this case, a water molecule bound to a sucrose molecule is represented as a particle in a potential well
with depth U, , where U, is the binding power of a water molecule with a sucrose molecule

The probability p can be expressed in a similar way:

p=e . (9)
Here U, is the binding power of a water molecule with a sucrose molecule in the solution second layer.

Let us introduce the value 6 as the ratio of the number of molecules leaving the layer to the total number of
molecules in the layer:
g=AN (10)
NO
where AN is the number of molecules leaving the layer in some time t,, equal to the particle oscillation
period in the potential well.
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Expressing 6 in terms of water mass Am leaving the layer in time t, and the water molecule mass
m_, we obtain:

me !

Am

0= N, (112)

On the other hand, it is obvious that:
O=v,r. (12)
Taking into account expressions (10)—(12), for the stationary case, the solution of the system of equa-

tions (5) is as follows:
(i —ek;jek; —2. (13)
7,0

If the evaporation process is carried out at temperatures T, and T,, then the following equations will
take place in the first and the second cases, respectively:

1 U —U,

—— " =M : (14)
Tr0;
1 e i
—ez =2e'"
T020,

Here 6, and 6, are the values determined by formula (11) by the mass loss of the sample at tempera-
tures T, and T,, respectively. Having determined their values from the experiment and taking into account
(11), we can find the binding powers u, and u,, and then the values r and p respectively with formulas
(14).

The value Am included in equation (11) can be determined from the slope of the experimental graph
m(t) during 12-15 minutes from the start of the experiment.

Substituting the obtained values Am, for a temperature of 29 °C and Am, for a temperature of 45 °C in-
to formula (11), and solving the system of equations (14), we obtained the following values of the binding
power of water with a sucrose molecule in the layer, adjacent to air U, = 2875 J/g and in the second layer

U, = 3520 J/g.
In this case, the characteristic period of thermal vibrations of a water molecule near a sucrose molecule
was t,=0,32:10°c.

The theoretical graph m(t), built with the found values, is shown in Figure 8.

It is linear, while the slope of the experimental graph decreases with time. This means that the above
considerations can be applied to the initial stages of the evaporation process. Apparently, at a sufficiently
large depletion area width, stationary diffusion of water molecules occurs through the depletion area. How-
ever, it is necessary to choose the vacancy mechanism for the movement of water molecules in solution as a
basis for diffusion describing process. To build a theoretical graph of m versus t, for example, for sucrose
solutions, it is necessary to know the specific values of p and r for solutions of a certain concentration.

The binding powers values obtained here are approximate, since it is not known exactly which part of
the curve Am versus t corresponds to the stationary filling of the upper layer. However, it is obvious that
E __ inthe sample depth is much larger than that one on the surface.

One water molecule falls on one OH- group of the disaccharide molecule at concentrations of 62—67 %.
This means that if at lower concentrations there is free water, which is not bound to hydroxyl groups, in the
surface film, then in this case, on the contrary, vacancies of water molecules appear in hydrate shells of sugar
molecules. At the same time the mechanism of water diffusion through the surface film changes greatly.

The water molecule evaporates, forming a vacancy in the hydrate shell of the sugar molecule.
A molecule of water occupies the vacated seat from the hydrate shell of the neighboring sugar molecule.
Then another water molecule gets there, and thus the diffusion flow of water from the depth to the surface of
the solution goes. Since disaccharide molecules are larger than monosaccharide molecules, in the first case,
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the water molecule moves mainly from one OH-group to another within one molecule. And only after a few
jumps they move on to another. And in the second case, the number of jumps from one molecule to another
is greater. It is possible that the stereometry of the molecules in the film is such that the latter transition is
more probable. Then the diffusion coefficient of water in monosaccharides films will be higher than in the
case of disaccharides, which is observed experimentally.

Conclusions

Thus, the results of the work show that the parameters of bound water transfer can be determined from
dehydration isotherms not only at the boundary with the gas phase, but also in the bulk of the water-binding
material. The vacancy mechanism of moisture movement in high concentration sugar solutions was proposed
and mathematically substantiated in the work. The surface film with an increased concentration of sugar in
the case of disaccharides solutions is less permeable to water than to monosaccharides.
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