
O.P. Rudenko, O.V. Saienko, R.O. Saienko et al.

https://doi.org/10.15407/ujpe65.9.810

O.P. RUDENKO ,1 O.V. SAIENKO,1 R.O. SAIENKO,1 O.S. SVECHNIKOVA 2

1 V.G. Korolenko National Pedagogical University of Poltava
(2, Ostrograds’kogo Str., Poltava 36003, Ukraine; e-mail: Saenkooleg1966@gmail.com)

2 Taras Shevchenko National University of Kyiv
(64/13, Volodymyrs’ka Str., Kyiv 01601, Ukraine; e-mail: oksana.svechnikova@gmail.com)

THERMODYNAMIC PARAMETERS
OF THE VISCOUS FLOW IN THE AQUEOUS
SOLUTIONS OF POLYOLS

Data experimentally obtained for the kinematic viscosity are used to calculate the thermody-
namic characteristics of viscous flows in some polyols and their aqueous solutions. The so-
lutions of glycerol, erythritol, xylitol, adonite, sorbitol, mannitol, and dulcite are studied, as
well as the melts of erythritol, xylitol, and sorbitol. The entropy, enthalpy, and free energy of
the viscous flow are calculated in the framework of the theory of reaction rate constants. A
linear dependence between the true entropy and the enthalpy of the viscous flow in the re-
searched systems is found, which allowed us to determine the isokinetic temperature, calculate
the transmission coefficient, draw a conclusion about the mechanisms of bond formation in the
reaction centers of active complexes, and estimate the vibration energy of those bonds.
K e yw o r d s: viscosity, polyols, aqueous solutions, isokinetic temperature.

1. Introduction

Interest in studying the properties of sugar alcohols
(polyhydric alcohols) and solutions on their basis is
associated with a wide range of human activities,
where those substances are applied; first of all, in
food industry [1, 2] and medicine [3, 4]. A large num-
ber of works dealt with the study of those proper-
ties that are crucial for those industries, in particu-
lar, the influence on the progress of various diseases
[3, 4], changes in the taste of food, and transport pa-
rameters [1,2]. Much less attention, in our opinion, is
paid to the study of the thermal motion of molecules
in such objects and its thermodynamic characteris-
tics [5–8]. In this work, we report the results of our
studies concerning the thermodynamic parameters of
a viscous flow, which were obtained on the basis
of the data obtained for the shear viscosity coeffi-
cients of polyols, their aqueous solutions, and some
of their melts.

Today, there are two approaches that can be used
to calculate the thermodynamic parameters of a vis-
cous flow. One of them is the so-called “activation”
approach. It is used in the theories by Frenkel [9] and

c○ O.P. RUDENKO , O.V. SAIENKO, R.O. SAIENKO,
O.S. SVECHNIKOVA, 2020

Eyring [10], as well as in the theory of reaction rate
constants [11]. The other approach is called “non-acti-
vation” [12,13]. In this work, the activation approach
was used to calculate the thermodynamic parameters
of viscous flows in the aqueous solutions of some poly-
ols that were studied experimentally.

2. Research Methods and Objects

The kinematic viscosity coefficient 𝜈 = 𝜂𝑠/𝜌 in the
aqueous solutions of some polyols was measured in a
temperature interval of 283–353 K. The temperature
was stabilized by an ultrathermostat with an error of
±0.1 ∘C. The solutions were studied at a temperature
of 293 K and in a wide range of concentrations: from
diluted (with the concentration 𝐶 = 1 wt%) to al-
most saturated ones. The upper concentration limit
for the solutions of each researched object was de-
termined by the individual solubility of the specific
polyol. For example, the studies were performed with
the solutions of the following concentrations: glycerol
(10, 20, 40, 50, 70, 80, and 100 wt%), erythritol (1,
5, 15, 25, 30, and 35 wt%), xylitol (5, 10, 20, 30, 40,
50, and 60 wt%), adonite (10, 20, 30, and 40 wt.%),
sorbitol (5, 10, 20, 30.40, 50, 60, and 70 wt.%), man-
nitol (1, 2, 3, 5, 10, 12, and 15 wt%), and dulcite (1,
2, and 3 wt%).
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Polyhydric alcohols with a basic substance content
of at least 99% and twice-distilled water were used
to prepare the solutions. The solutions were prepared
following the weight method. All required weighings
were performed on an analytical balance with an error
of ±2 × 10−4 g. Before the solution preparation, the
polyols were predried in a vacuum desiccator, with
the temperature gradually increased to about 70 ∘C.

Besides the aqueous solutions, the melts of erythri-
tol, xylitol, and sorbitol were also studied. The lat-
ter were investigated within a temperature interval
of 393–473 K. The corresponding error of the tem-
perature stabilization was ±0.2 ∘C.

The selected set of researched objects made it pos-
sible to trace the influence of such parameters as the
carbon chain length and the number of OH- groups
in the molecules (from 3 to 6), as well as the loca-
tion of those groups, on the magnitude of the kine-
matic viscosity coefficient and the thermodynamic
characteristics of the viscous flow. The latter is pos-
sible, because xylitol and adonite are pentahydric,
whereas sorbitol, mannitol, and dulcite hexahydric
alcohol isomers with the general formulas C5O5H12

and C6O6H14, respectively.
The shear viscosity of aqueous solutions was mea-

sured using a closed capillary viscometer with a hang-
ing level, the design of which is described in patent
[14]. The error of the shear viscosity measurements
was 1–3%.

3. Experimental Results
and Their Model Interpretation

The experimental part of the work consisted in ob-
taining the temperature, 𝜈 = 𝑓(𝑇 ), and concentra-
tion, 𝜈 = 𝑓(𝑁), dependences of the kinematic vis-
cosity coefficient for the researched objects. In the
selected temperature interval from 283 to 353 K,
the temperature dependences for all studied solutions
were similar both among themselves and to the tem-
perature dependences of the kinematic viscosity in
water and water-based liquid systems. As an exam-
ple, the temperature dependences of the kinematic
viscosity coefficient measured for the erythritol solu-
tions are depicted in Fig. 1.

All concentration dependences of the kinematic vis-
cosity coefficient demonstrate a monotonic growth
with the polyol content in the solutions. This growth
is especially rapid, if the solution temperature is

Fig. 1. Temperature dependences of the kinematic viscosity
coefficient in the aqueous erythritol solutions with various con-
centrations: 1 (1 ), 5 (2 ), 15 (3 ), 25 (4 ), 30 (5 ), and 35 wt% (6 )

Fig. 2. Concentration dependences of the dynamic viscosity
coefficient in the aqueous erythritol solutions at various tem-
peratures: 283 (1 ), 293 (2 ), 313 (3 ), and 343 K (4 )

“low”. In Fig. 2, the concentration dependences of the
kinematic viscosity coefficient for the erythritol solu-
tions at temperatures of 283, 293, 313, and 343 K are
shown.

The application of the theory of reaction rate con-
stants [11], which was used to describe shear defor-
mations, implies that there are such processes in a
liquid system which are conventionally classified as
monomolecular reactions that break and form inter-
molecular bonds between associates and complexes
in a dynamic system, e.g., the bulk of any liquid. In
the framework of this model, it is also assumed that
active complexes arise as a product of normal reac-
tions. The latter are linear combinations of a number
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of elementary reactions giving rise to the break of in-
termolecular bonds between associates and complexes
in the examined liquid systems [11].

The application of the theory of reaction rate con-
stants when studying the viscous flow makes it possi-
ble to more deeply understand the physical nature of
the kinetic compensation effect, as well as other rela-
tions. In particular, as was shown in work [11], in the
framework of the theory of reaction rate constants, it
is possible to obtain the Eyring equation by assum-
ing that the liquid is “ideal”. In the framework of the
theory of reaction rate constants, it is also possible to
determine the transmission coefficient and calculate
the true changes in the entropy and free activation
energy of a viscous flow.

The calculation procedure for the thermodynamic
characteristics of a viscous flow in the framework of
activation models is well known and described in the
literature [16, 17]. Its main stages are as follows.

1. On the basis of experimental data obtained for
the kinematic viscosity coefficient 𝜈 and assuming the
linear character of the dependence ln 𝜈 = 𝑓(𝑇−1), the
enthalpy Δ𝐻 ̸=

𝜂𝑠
is calculated using the formula [15,16]

Δ𝐻 ̸=
𝜂𝑠

= 𝑅
𝜕 ln 𝜈

𝜕𝑇−1
. (1)

2. The empirical free energy Δ�̸�=
𝜂𝑠𝑒 is calculated

with the help of the formula [9]

Δ�̸�=
𝜂𝑠𝑒 = 𝑅𝑇 ln

𝜈𝜇

ℎ𝑁A
, (2)

where 𝑅 is the universal gas constant, ℎ Planck’s con-
stant, and 𝜇 the molar mass of the solution (sub-
stance). Expression (2) was obtained under the con-
dition that the transmission coefficient is equal to
unity (the values obtained under this assumption
were called empirical [9]).

3. The empirical entropy Δ𝑆 ̸=
𝜂𝑠𝑒 is determined from

the equation

Δ�̸�=
𝜂𝑠𝑒 = Δ𝐻 ̸=

𝜂𝑠
− 𝑇Δ𝑆 ̸=

𝜂𝑠𝑒. (3)

4. By plotting the dependences Δ𝐻 ̸=
𝜂𝑠

= 𝑓(Δ𝑆 ̸=
𝜂𝑠𝑒),

the presence (or absence) of the kinetic compensa-
tion effect [15,16], i.e. the linear relation between the
enthalpy and the empirical entropy of a viscous flow
described by the equation

Δ𝐻 ̸=
𝜂𝑠

= 𝐴+ 𝑇 ̸=
𝑘 Δ𝑆 ̸=

𝜂𝑠𝑒, (4)

is established. Here, 𝑇 ̸=
𝑘 is the isokinetic temperature

of the active complex.
5. Provided that relation (4) is satisfied, the quan-

tities 𝐴 and 𝑇 ̸=
𝑘 in it can be determined, which allows

the true parameters of the viscous flow activation to
be calculated by the formulas

Δ�̸�=
𝜂𝑠

= Δ�̸�=
𝜂𝑠𝑒 +𝑅𝑇 ln(4𝜋𝑒æ), (5)

Δ𝑆 ̸=
𝜂𝑠

= Δ𝑆 ̸=
𝜂𝑠𝑒 −𝑅 ln(4𝜋𝑒æ), (6)

where æ is the transmission coefficient [11].
There are a few possible interpretations of the

quantity 𝑇 ̸=
𝑘 . For instance, this is a temperature at

which the process changes abruptly [15]. Or this a
temperature that determines the vibration frequency
of those bonds in the reaction center of the active
complex that will be broken [11]. Note also that if the
temperature of the system is equal to the isokinetic
temperature, 𝑇 = 𝑇 ̸=

𝑘 , the equation obtained for the
kinematic viscosity in the framework of the Eyring
theory coincides with its counterpart obtained from
Newton’s formula for viscous friction forces.

Attention has also to be focused on the fact that
Eq. (4) is only a necessary but not a sufficient con-
dition for establishing the presence of compensa-
tion effect. The sufficient condition consists in that
the relation Δ�̸�=

𝜂𝑠𝑒 = 𝑓(𝑇 ) should be described by
Eq. (3). Only the simultaneous satisfaction of Eqs. (3)
and (4) testifies to the presence of the compensation
effect.

The transmission coefficient œ in Eqs. (5) and (6)
is the probability ratio between the appearance of a
transition state in the active complex and all other
possible ways of the active complex deactivation. This
quantity determines a fluctuation in the vibrational
energy of the active complex, Δ𝐸+, that is necessary
for the complex to transit into an unstable state fol-
lowed by the break of intermolecular bonds,

Δ𝐸+ = 𝑅𝑇 ̸=
𝑘

√︀
− ln(2æ). (7)

In the framework of the analyzed model, the prod-
uct 𝑅𝑇 ̸=

𝑘 is the standard fluctuation of the active
complex energy. From Eq. (7), we can determine the
number of phonons with the energy 𝑅𝑇 ̸=

𝑘 per mole
that are required for the transition state of the active
complex to appear [9].
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4. Discussion of Results

In Fig. 3, the dependences ln 𝜈 = 𝑓(𝑇−1) for the ery-
thritol aqueous solutions are depicted. For the aque-
ous solutions of other polyols, as well as for the
studied melts, the corresponding dependences have
the same linear behavior. Therefore, when calculating
the thermodynamic parameters of a viscous flow, the
model described above and Eqs. (2)–(4) were used.

Figure 4 demonstrates the dependences of the en-
thalpy on the empirical entropy for glycerol, ery-
thritol, and xylitol. For other examined objects, the
corresponding dependences are also linear within
the determination error. In addition, the tempera-
ture dependences of the free energy correspond to
Eq. (3). Hence, we may assert that the kinetic com-
pensation effect is observed in the researched systems
at the viscous flow in the studied temperature inter-
val. This effect allows the isokinetic temperature 𝑇 ̸=

𝑘

to be determined from the slope of the dependence
Δ𝐻 ̸=

𝜂𝑠
= 𝑓(Δ𝑆 ̸=

𝜂𝑠𝑒) according to Eq. (4). From the
magnitude of the segment intercepted by this line on
the abscissa axis, the transmission coefficient and the
true entropy and free energy [Eqs. (5) and (6)] can be
found.

The thermodynamic parameters of viscous flows,
the isokinetic temperature, and the transmission co-
efficient calculated by formulas (1)–(6) for all re-
searched systems are quoted in Table. First of all,
attention is drawn to the negative values of the em-
pirical entropy of the viscous flow activation in the
xylitol and sorbitol solutions. Besides that, the tem-
perature 𝑇 ̸=

𝑘 in most of the considered systems varied
within an interval of 600 ± 90 K. Only for the man-
nitol solutions, this temperature was 𝑇 ̸=

𝑘 = 492 K.
Such a behavior of the calculated quantities can be

explained by the differences in the structure of the
active complexes of the examined systems and the
differences in intermolecular bonds associated with
the molecular structure of each polyol, because we
studied tri- to hexahydric alcohols, including their
isomers. However, if the determination errors for the
isokinetic temperature and the thermodynamic pa-
rameters of the viscous flow, which amounted to
15–20%, are taken into account, such a behavior of
𝑇 ̸=
𝑘 will indicate that the straight lines reflecting the

enthalpy dependences on the empirical entropy will
be parallel to one another, i.e. will have the same
slope.

Fig. 3. Dependences of the logarithm of the kinematic vis-
cosity coefficient on the inverse temperature for the erythritol
aqueous solutions with various concentrations: 5 (1 ), 15 (2 ),
25 (3 ), 30 (4 ), and 35 wt% (5 )

Fig. 4. Dependences of the enthalpy on the empirical entropy
for the aqueous solutions of xylitol (1 ), glycerol (2 ), and ery-
thritol (3 )

Let us consider the enthalpy dependences on the
true entropy that are shown in Fig. 5. From the pre-
sented data, one can see that the enthalpy and the
true entropy of the viscous flow in the studied objects
within their determination errors of 15–20% are accu-
mulated along a straight line, the equation of which
can be obtained using the least-squares method:

Δ𝐻 ̸=
𝜂𝑠

= 608Δ𝑆 ̸=
𝜂𝑠
. (8)

When analyzing the research results, we assumed
that the direction of this line coincides, within the
determination errors for relevant quantities, with the
direction of the linear dependence Δ𝐻 ̸=

𝜂𝑠
= 𝑓(Δ𝑆 ̸=

𝜂𝑠
)

obtained for melts and presented in Fig. 6. In Fig. 6,
besides the values of thermodynamic parameters for
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Thermodynamic parameters
of the viscous flow for the aqueous solutions and melts of polyols

Compound 𝐶, wt% Δ𝐻 ̸=
𝜂𝑠 , kJ/mol Δ𝐺 ̸=

𝜂𝑠𝑒, kJ/mol Δ𝑆 ̸=
𝜂𝑠𝑒, kJ/mol 𝑇 ̸=

𝑘 , K æ Δ𝐺 ̸=
𝜂𝑠 , kJ/mol Δ𝑆 ̸=

𝜂𝑠 , J/(K mol)

Glycerol 10 15.7 9.6 19.8 606 1.1× 10−2 7.4 27.4
20 17.1 10.5 21.6 8.3 29.2
40 19.9 12.7 23.5 10.5 31.1
50 22.2 14.0 26.5 11.8 34.1
70 30.7 17.6 42.3 15.4 49.9
80 36.8 20.3 53.6 18.1 61.2

100 53.1 28.5 79.7 26.3 87.3

Erythritol 1 15.2 8.9 21.6 683 2.6× 10−2 8.7 22.5
5 15.5 9.2 21.7 9.0 22.6

15 17.1 10.0 24.1 9.8 25.0
25 18.8 11.0 26.4 10.8 27.3
30 19.8 11.6 28.1 11.2 29.0
35 20.7 12.1 29.5 11.9 30.3

100 62.1 25.8 90.0 26.4 90.9

Xylitol 5 15.0 26.8 –39.1 620 1.3× 10−5 7.4 25.1
10 15.6 27.3 –38.6 7.8 25.5
20 16.8 28.3 –38.0 8.8 26.1
30 18.3 29.4 –36.9 10.0 27.3
40 22.5 30.9 –27.7 11.5 36.5
50 25.2 32.7 –24.8 13.3 39.4
60 35.5 36.4 –2.8 16.9 61.3

100 78.1 52.5 60.5 29.1 124.7

Adonite 10 20.0 12.2 25.6 570 9.5× 10−3 9.4 35.0
20 21.0 12.6 27.5 9.8 36.9
30 23.3 13.8 31.3 11.0 40.6
40 27.3 15.6 38.5 12.8 47.9

Sorbitol 5 14.8 26.8 –39.8 601 1.6× 10−5 8.6 22.6
10 15.9 27.3 –37.7 9.0 24.8
20 17.6 28.3 –35.4 10.0 27.0
30 20.3 29.7 –31.1 11.5 31.3
40 22.6 31.1 –27.8 12.8 34.6
50 30.2 32.8 –8.5 14.5 53.9
60 36.7 35.2 4.9 17.0 67.3
70 47.1 39.0 26.8 20.7 89.2

100 84.8 55.4 68.8 33.2 131.2

Mannitol 1 14.2 9.1 16.6 492 6.8× 10−3 5.4 28.8
2 14.3 9.2 16.8 5.5 29.0
3 14.4 9.3 16.8 5.6 29.0
5 15.4 9.7 19.5 5.5 31.7

10 16.3 9.8 21.2 6.1 33.4
12 16.6 10.2 21.6 6.2 33.7
15 17.3 11.6 22.6 6.5 34.8

Dulcite 1 14.1 8.8 18.1 624 1.7× 10−2 7.5 22.5
2 14.3 8.9 18.4 7.6 22.8
3 14.5 9.0 18.7 7.7 23.2
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Fig. 5. Dependences of the enthalpy on the true entropy for the aqueous solutions of some
polyols: dulcite (1 ), mannitol (2 ), erythritol (3 ), glycerol (4 ), xylitol (5 ), sorbitol (6 ), and
adonite (7 )

Fig. 6. The enthalpy versus true entropy diagram for the
melts of glycerol (square), erythritol (diamond), xylitol (solid
circle), sorbitol (triangle), and water (hollow circle)

the viscous flows in molten polyols, analogous val-
ues for water are also indicated. The thermodynamic
characteristics of the viscous water flow were cal-
culated by relations (1)–(3) within a temperature
interval of 283 ± 343 K according to the data of
work [17]. From Fig. 6, we see that the dependence
Δ𝐻 ̸=

𝜂𝑠
= 𝑓(Δ𝑆 ̸=

𝜂𝑠
) is linear, and the isokinetic tem-

perature equals 641 K. The latter value agrees with
a value of 608 K within the error limits.

By analyzing the results obtained for the transmis-
sion coefficient values, some conclusions can be drawn
about molecular reconstructions that accompany the
processes of formation and disintegration of active
complexes at the viscous flow. It is known that the
process of active complex formation gives rise to a re-
distribution of bonds in the liquid without changing

their number. In this case, the value of the transmis-
sion coefficient œ has an order of 10−3 [11, 16], and
the composition of the active complex remains similar
to the initial one. The break of weak chemical bonds
of the OH type brings about the value œ ≈ 10−4. In
view of these data, we may assert that the processes
of bond redistribution in the liquid without changing
the bond number dominate during the viscous flow in
such systems as the solutions of glycerol, erythritol,
adonite, mannitol, and dulcite. At the same time, in
the xylitol and sorbitol systems, the viscous flow is
accompanied by the break of weak chemical bonds.

5. Conclusions

Our studies showed that the aqueous solutions of
glycerol, erythritol, xylitol, adonite, sorbitol, man-
nitol, and dulcite, as well as the melts of glycerol,
erythritol, xylitol, and sorbitol, demonstrate the ki-
netic compensation effect, i.e. a linear relation be-
tween the enthalpy and entropy of the viscous flow ac-
tivation. In this case, within the determination errors,
the corresponding dependences Δ𝐻 ̸=

𝜂𝑠
= 𝑓(Δ𝑆 ̸=

𝜂𝑠𝑒) are
parallel to each other, which testifies to the equality
of isokinetic temperatures in all studied systems. In
our opinion, this behavior is associated with the fact
that the vibration energies of those bonds in the reac-
tion centers of active complexes that become broken
during the viscous flow differ insignificantly among
the examined systems or do not differ at all. At the
same time, the processes of formation of active com-
plexes and their compositions in those liquids are dif-
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ferent. For the majority of studied objects, the pro-
cesses of active complex formation occur through the
redistribution of bonds without changing their num-
ber, which favors the stability of a complex compo-
sition in the course of the viscous flow process. On
the other hand, in the solutions of xylitol and sor-
bitol under the viscous flow condition, the formation
of active complexes is accompanied by the break of
weak chemical bonds, which results in a variation of
the complex composition.
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ТЕРМОДИНАМIЧНI ХАРАКТЕРИСТИКИ
В’ЯЗКОЇ ТЕЧIЇ ВОДНИХ РОЗЧИНIВ РЯДУ ПОЛIОЛIВ

Р е з ю м е

У данiй роботi експериментально одержанi данi про кiнема-
тичну в’язкiсть використано для проведення розрахункiв
термодинамiчних характеристик в’язкої течiї деяких полiо-
лiв i водних розчинiв на їх основi. Дослiджувались розчини
глiцерину, еритриту, ксилiту, адонiту, сорбiту, манiту, дуль-
циту. Крiм водних розчинiв, були дослiдженi розплави ери-
триту, ксилiту i сорбiту. Розрахунок ентропiї, ентальпiї та
вiльної енергiї в’язкої течiї розчинiв та розплавiв проводив-
ся у рамках теорiї констант швидкостей реакцiй. Встанов-
лена лiнiйна залежнiсть мiж iстинною ентропiєю i ентальпi-
єю в’язкої течiї дослiджуваних систем дозволила визначити
iзокiнетичну температуру, розрахувати трансмiсiйний кое-
фiцiєнт i зробити висновки про величину енергiї коливань
зв’язкiв реакцiйних центрiв активних комплексiв та спосо-
би їх утворення.
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