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Abstract. The structural features of water-ethanol, water-urea and water-ethanol-urea systems were 

studied on the basis of experimental estimates of kinematic viscosity at different temperatures and con-

centrations. For this purpose, the concentration dependences of the Gibbs energy of activation of the 

viscous flow, the enthalpy of activation of the viscous flow and the entropy of activation of the viscous 

flow of the studied systems were analyzed. The results show that ethanol has a structuring and then 

destructive effect on water up to a concentration of 0.15 molar, and urea has a destructive effect on the 

structure of water, starting from such small concentrations. The addition of urea to the ethanol-water 

system does not affect the inversion point. 
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1.   Introduction 

 

Water is the most abundant substance in nature. This substance, which plays a great 

role in the geological history of our planet, in the formation of climatic conditions and in 

the formation of the living world as a source of life, has always attracted the attention of 

scientists due to its miraculous properties (Halonen et al, 2017; Capuci et al, 2016; Konto-

georgis et al, 2022). Although water is at first sight a simple substance, the study of its 

physical and chemical properties shows that it is a very complex substance. Almost all 

physical and chemical properties of water are anomalous. The unusual properties of water 

help it to perform a number of functions in a living organism. Water, like the environment, 

performs very important functions, such as transporting substances through osmosis and 

diffusion in the body, protecting cells and organs, and protecting the body from cold and 

heat due to its high heat capacity and evaporating temperature. Changes in the structure 

or thermodynamics of water for various reasons are reflected in all biochemical processes 

in living organisms (Gailus et al, 2018; Bercea and Wolf, 2021; Monteiro and Avelino, 

2023; Aghayeva & Baghiyev, 2022). 

Recent studies (Dakar & Korableva, 1998; Endo, 1973; Belousov & Panov, 1983; 

Nadeem, 2022) have shown that inversion of concentration-dependent isotherms of some 

physicochemical parameters found in practice for aqueous solutions of a number of 

organic substances is observed. For example, in the curves of adiabatic compression in 

the water-ethanol solution and the partial molar volume of ethanol in the solution, the 
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minimum of the molar fraction of ethanol is observed at values of 𝑥𝑖𝑛𝑣
𝛽𝑠 =0.06 (Endo, 

1973a, 1973b) and 𝑥𝑖𝑛𝑣
�̃� =0.07 (Belousov & Panov, 1983), respectively, and the first 

maximum of molecular light intensity at 𝑥𝑚𝑎𝑥
𝑅 =0.09 (Vuks, 1977). Researchers claim that 

quasi-crystalline or clathrate-like (ice-like structures of 100-150 water molecules) 

structures are formed at inverted concentrations (Ignatov & Mosin, 2015). Since water, 

ethanol, and urea molecules are present in living organisms, especially in humans, the 

study of water-ethanol-urea systems is of great interest. 

In the presented work kinematic viscosity of systems of 1) water-ethanol in the 

range of 𝑥𝑒𝑡. ∈ [0 − 0.37] at temperature of 10-50 °C, 2) water-ethanol-urea (𝑥𝑢𝑟. =
0.02) at temperature of 20-500C, in the range of 𝑥𝑒𝑡. ∈ [0 − 0.39], 3) water-ethanol-urea 

(𝑥𝑢𝑟. = 0.12) at temperature of 20-500C, in the range 𝑥𝑒𝑡. ∈ [0 − 0.35], 4) water-urea at 

temperature of 20-50 °C, in the range 𝑥𝑢𝑟. ∈ [0 − 0.15], 5) water-urea-ethanol (𝑥𝑒𝑡. =
0.05) at temperature of 20-50 °C, in the range of 𝑥𝑢𝑟. ∈ [0 − 0.098], was measured. 

Using the experimental results, the Gibbs energy (∆𝐺𝜂
≠), the enthalpy of activation of the 

viscous flow (∆𝐻𝜂
≠) and the entropy of the activation of the viscous flow (∆𝑆𝜂

≠) at the 

considered temperatures and concentrations were calculated and the structural properties 

of the solution were analyzed based on changes in these parameters. 

 

2.  Method of calculation 

 

One of the convenient ways to study the structural changes and existing interactions 

in solutions is the study of the activation parameters (∆𝐺𝜂
≠, ∆𝐻𝜂

≠, ∆𝑆𝜂
≠) of the viscous flow 

of solutions (Dakar & Korableva, 1998; Saleh et al., 2006). Activation parameters 

characterizing the process of viscous flow in liquids are determined by the difference 

between the corresponding thermodynamic functions of 1mol liquid molecules in the 

active (Ga, Ha, Sa) and bound (Gb, Hb, Sb) states: ∆𝐺𝜂
≠ = 𝐺𝑎 − 𝐺𝑏,  ∆𝐻𝜂

≠ = 𝐻𝑎 − 𝐻𝑏,  

∆𝑆𝜂
≠ = 𝑆𝑎 − 𝑆𝑏 (Masimov et al., 2013; 2020). 

Activation of viscous flow Gibbs energy (∆𝐺𝜂
≠) according to Eyring's theory 

(Belousov and Panov, 1983) has been defined as (dos Santos et al., 2020):  

∆𝐺𝜂
≠ = 𝑅𝑇𝑙𝑛(𝑀𝜈/𝑁𝐴ℎ) 

Here ν is the kinematic viscosity of the solution corresponding to the absolute 

temperature T, 𝑅 = 8.31 𝐽/(𝐾 ∙ 𝑚𝑜𝑙) - universal gas constant, 𝑁𝐴 = 6.02 ∙ 1023 𝑚𝑜𝑙−1 - 

Avogadro's number, ℎ = 6.63 ∙ 10−34 𝐽 ∙ 𝑠 - Planck constant, 𝑀 = 𝑥1𝑀1 + 𝑥2𝑀2 + ⋯ +
+𝑥𝑁𝑀𝑁 which is the molar mass of the solution. Viscous flow activation enthalpy (∆𝐻𝜂

≠) 

has been defined as (Kancharla et al., 2020): 

∆𝐻𝜂
≠ = 𝑅

𝜕(𝑀𝜈/𝑁𝐴ℎ)

𝜕(1/𝑇)
 

Viscous flow activation entropy (𝑆𝜂
≠) has been defined as (Cao et al., 2019; Kaneko 

et al., 2023): 

∆𝐺𝜂
≠ = ∆𝐻𝜂

≠ − 𝑇∆𝑆𝜂
≠. 

 

3.    Experimental 

 

Aqueous solutions of different concentrations, consisting of water-ethanol-urea 

systems, were taken as research objects. Used ethanol (C2H5OH) and urea (NH2CONH2) 

are chemically pure substances and were purchased from Sigma-Aldrich. Measurements 
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were made at normal atmospheric pressure. The solutions were prepared by gravimetric 

method. Bidistilled water was used to prepare the solutions. During the preparation of the 

samples, an analytical scale manufactured by "KERN 770" was used and the 

measurements were taken with an accuracy of 0.0001 g. In the study, the viscosity was 

measured with a 0.34 mm diameter CLV-2 capillary viscometer. The flow time of the 

liquid was determined with an accuracy of ± 0.01 s. on the viscometer. All measurements 

were made three times and their average values were taken as a result of the experiment. 

The temperature was measured with an accuracy of ± 0.05 K. 

 

4.    Results and discussions 

 

The dependence of the activation parameters of the viscous flow of water-ethanol, 

water-urea and water-ethanol-urea systems (∆𝐺𝜂
≠, ∆𝐻𝜂

≠, ∆𝐺𝜂
≠) on the concentration (x) at 

a temperature of 200C is shown in Figures 1-6.  

 

 
Fig.1. Dependence of Gibbs energy of activation              Fig. 2. Dependence of Gibbs energy of activation 

of viscous flow of water-ethanol-urea systems on             of viscous flow of water-urea-ethanol systems on 

molar part of ethanol (t = 200C).                                        the molar fraction of urea (t=200C). 

1 - xur.=0,   2 - xur.=0.02,   3 - xur.=0.12                               1 - xet.=0,   2 - xet.=0.05 

 

 
Fig.3. Dependence of the enthalpy of activation               Fig. 4. Dependence of the enthalpy of activation 

of the viscous flow of water-ethanol-urea systems            of the viscous flow of water-urea-ethanol systems 

on the molar part of ethanol (t = 200C).                            on the molar part of urea (t=200C). 

1 - xur.=0,   2 - xur.=0.02,   3 - xur.=0.12                              1 - xet.=0,   2 - xet.=0.05 
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Fig. 5. Dependence of the enthalpy of activation           Fig. 6. Dependence of the enthalpy of activation 

of the viscous flow of water-ethanol-urea systems        of the viscous flow of water-urea-ethanol systems 

 on the molar part of ethanol (t = 200C).                        on the molar part of urea (t=200C). 

1 - xur.=0,   2 - xur.=0.02,   3 - xur.=0.12                           1 - xet.=0,   2 - xet.=0.05 

 

As a result of our research, it was determined that the concentration dependence of 

all three parameters at other temperatures studied varies with the same regularity at a 

temperature of 200C. Therefore, only graphs of results corresponding to a temperature of 

200C are given in the study. 

As can be seen from Figure 1 and 2, the temperature and concentration in the 

considered range ∆𝐺𝜂
≠ increase with increasing concentration for the aqueous solutions 

studied, as well as for a given temperature and concentration ∆𝐺𝜂
≠(water-ethanol)≈ ∆𝐺𝜂

≠ 

(water-ethanol-urea (xur.=0.02)) < ∆𝐺𝜂
≠(water-ethanol-urea (xur.=0.12)) and ∆𝐺𝜂

≠(water-

urea) < ∆𝐺𝜂
≠(water-urea-ethanol (xet.=0.05)). According to Eyring's theory, ∆𝐺𝜂

≠ 1 mole 

is the energy expended to cross the potential wall of a molecule. It is clear that in the 

solutions we studied, along with water molecules, ethanol, urea, or ethanol and urea 

molecules, respectively, will become active. This will lead to an increase in ∆𝐺𝜂
≠ with the 

increase in the concentration of both ethanol and urea. 

As can be seen from Figure 3, in the water and ethanol and water-ethanol-urea 

systems in the considered temperature and concentration range, first ∆𝐻𝜂
≠ increases as the 

ethanol concentration increases, exceeds the maximum and then decreases, as well as for 

a given temperature and concentration ∆𝐻𝜂
≠(water-ethanol) > ∆𝐻𝜂

≠(water -ethanol-urea 

(xur.=0.02)) > ∆𝐻𝜂
≠(water-ethanol-urea (xur.=0.12)). Figure 4 shows that in the considered 

temperature and concentration range, water-urea and water-urea-ethanol systems ∆𝐻𝜂
≠ 

only decrease with increasing urea concentration, but also ∆𝐻𝜂
≠(water-urea) < 

∆𝐻𝜂
≠(water-urea-ethanol (xet.=0.05)). Note that the changes in the solution ∆𝐻𝜂

≠ are 

characterized in terms of energy. Thus, as the concentration increases, the increase in 

∆𝐻𝜂
≠ indicates that the system in question has become relatively more structurally 

structured, and vice versa (Masimov et al., 2015; 2017). 

Due to the interactions between water molecules and molecules of solute in aqueous 

solutions, the structure of such solutions differs significantly from the structure of water 

(Dakar, 2001). Structural changes in the solution are characterized by the parameter ∆𝑆𝜂
≠. 

Thus, as the concentration increases, the increase in ∆𝑆𝜂
≠ indicates that the system 

becomes more structured, and the decrease becomes relatively structured (Dakar & Kora-

bleva, 1998; Pashayev & Rajabov, 2022). As can be seen from Figure 5, the temperature 
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and concentration in the considered range ∆𝑆𝜂
≠ first increase with increasing ethanol 

concentration in water-ethanol and water-ethanol-urea systems, exceeding the maximum 

at 𝑥𝑒𝑡. ≈ 0.15 and then decreasing, as well as for a given temperature and concentration 

∆𝑆𝜂
≠(water-ethanol) > ∆𝑆𝜂

≠(water-ethanol-urea(𝑥𝑢𝑟. = 0.02)) > ∆𝑆𝜂
≠(water-ethanol-urea 

(𝑥𝑢𝑟. = 0.12)). Figure 6 shows that in the considered temperature and concentration 

range, the increase in concentration of urea in water-urea and water-urea-ethanol systems 

only decreases ∆𝑆𝜂
≠, but also ∆𝑆𝜂

≠(water-urea) < ∆𝑆𝜂
≠(water-urea-ethanol (𝑥𝑒𝑡. = 0.05). 

The increase in ∆𝑆𝜂
≠ with the increase in the concentration of ethanol is primarily due to 

the structuring effect of ethanol on water at low concentrations, and the decrease in ∆𝑆𝜂
≠ 

is due to the structural destructive effect of ethanol at high concentrations. 𝑥𝑒𝑡. ∆𝑆𝜂
≠ is 

maximum at point 𝑥𝑒𝑡. ≈ 0.15 can be explained by the formation of more stable 

quasicrystalline structures in solution. At this point, the solution appears to be in its most 

structured state. The increase in the concentration of urea and the decrease in ∆𝑆𝜂
≠ are due 

to the destructive effect of urea on the structure of water. The structural destructive effect 

of urea and the structuring effect of ethanol in small concentrations is also manifested in 

three-component water-ethanol-urea systems. Thus, the addition of urea to the water-

ethanol system (𝑥𝑢𝑟. = 0.02 and 𝑥𝑢𝑟. = 0.12) leads to a certain decrease in ∆𝑆𝜂
≠, and the 

addition of ethanol to the water-urea system at low concentrations (𝑥𝑒𝑡. = 0.05) leads to 

a certain increase in ∆𝑆𝜂
≠. 

The interaction of water with alcohol can be explained as follows: at small 

concentrations of alcohol, its molecules enter the cage without destroying the water cage, 

and there is a structural effect, mainly by hydrogen bonding with free water molecules. 

Of course, the entry of alcohol molecules into the cage without destroying the structure 

of water can only continue to a certain concentration. Most likely, starting from a certain 

value of this concentration (in this case, it corresponds to the value of 𝑥𝑒𝑡. ≈ 0.15), 

alcohol molecules gradually form hydrogen bonds with bound water molecules, which 

form a quasi-crystalline structure, which leads to the collapse of the resulting structure. 

Urea can be considered as a typical representative of organic substances that have a strong 

effect on the structure of water (Barone et al, 1970; Rezus & Bakker, 2006). It should be 

noted that urea increases the solubility of many compounds in water and weakens 

hydrophobic interactions. Urea also has strong protein denaturing properties. Analysis of 

the results of ultrasound and thermal measurements shows that urea destroys the structure 

of water (Arakawa & Takenaka, 1967; Kancharla et al., 2019). It seems that urea has a 

destructive effect on the structure of water, starting from such small concentrations, 

interacting with the bound water molecules that create the quasicrystalline structure of 

water. 

The figures show that the addition of urea to the water-ethanol system and the 

addition of ethanol to the water-urea system do not change the nature of the dependencies 

∆𝐺𝜂
≠ = 𝑓(𝑥), ∆𝐻𝜂

≠ = 𝑓(𝑥) and ∆𝑆𝜂
≠ = 𝑓(𝑥). In addition, urea do not affect the inversion 

point observed in ∆𝐻𝜂
≠ = 𝑓(𝑥) and ∆𝑆𝜂

≠ = 𝑓(𝑥) dependencies. Therefore, the above 

considerations for the water-ethanol and water-urea system can also be applied to the 

three-component water-ethanol-urea system. 

 

5.   Conclusion 

 

Analysis of the viscous flow properties of water-ethanol, water-urea and water-

ethanol-urea systems shows that ethanol initially has a structuring effect on the structure 
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of water and water-urea systems with increasing concentration, and destructive effect 

after value 𝒙𝒆𝒕. ≈ 𝟎. 𝟏𝟓 of concentration. Urea has only a destructive effect on the 

structure of both water and the water-ethanol system. The addition of urea to the water-

ethanol system does not affect the inversion point (𝒙𝒆𝒕. ≈ 𝟎. 𝟏𝟓) observed in the 

dependence ∆𝑺𝜼
≠ = 𝒇(𝒙). 

 

 References  

 

Aghayeva, K.X.,  Baghiyev, V.L. (2022). Dependence of the activity in the reaction of ethanol 

oxidation of molybdenum-tungsten oxide catalysts on the specific surface area. New Ma-

terials, Compounds and Applications, 6(2), 184-189. 

Arakawa, K. Takenaka, N. (1967). The Ultrasonic Study of Aqueous Solutions of Urea. Bulletin 

of the Chemical Society of Japan, 40, 2739-2742. 

Barone, G., Rizzo, E., & Vitagliano, V. (1970). Opposite effect of urea and some of its derivatives 

on water structure. Journal of Physical Chemistry, 74(10), 2230-2232. 

Belousov, V.P., Panov, M.Yu. (1983). Thermodynamics of Aqueous Nonelectrolyte Solutions. Len-

ingrad, Khimiya, 265. 

Bercea, M., Wolf, B.A. (2021). Detection of polymer compatibility by means of self-organization: 

poly(ethylene oxide) and poly(sodium 4-styrenesulfonate). Soft Matter., 17(20), 5214-

5220. 

Cao, B., Dergunov,V.S., Chelintsev, S.N. (2021). Effects of hybrid microwave heating on the 

structural and mechanical properties of heavy oil. Chemistry and Technology of Fuels and 

Oils, 57, 492-498. 

Capuci, A.P.S., de Carvalho, N.D., Franco, M.R., & Malagoni, R.A. (2016). Solubility of urea in 

ethanol-water mixtures and pure ethanol from 278.1K to 333.1K. Revista ION, 29(2), 125-

133. 

Dakar, G.M. (2001). Adiabatic compressibility, viscosity, and structural characteristics of the 

H2O-2-Butanol and H2O-2-Butanol-Acetone systems. Russian Journal of Physical Chem-

istry A, 75(4), 576-580. 

Dakar, G.M., Korableva, E.Yu. (1998). Entropy of activation of viscous flow and structural char-

acteristics of aqueous solutions of nonelectrolytes at low concentrations. Russian Journal 

of Physical Chemistry A, 72(4), 662-666. 

Dos Santos, L.J., Espinoza-Velasquez, L.A., Coutinho, J.A.P., & Monteiro, S. (2020). Theoreti-

cally consistent calculation of viscous activation parameters through the Eyring equation 

and their interpretation. Fluid Phase Equilibria, 522, 112774. 

Endo, H. (1973). The Adiabatic Compressibility of Nonelectrolyte Aqueous Solutions in Relation 

to the Structures of Water and Solutions. II. Bulletin of the Chemical Society of Japan, 

46(4), 1106-1111. 

Endo, H. (1973). The Adiabatic Compressibility of Nonelectrolyte Aqueous Solutions in Relation 

to the Structures of Water and Solutions. II. Bulletin of the Chemical Society of Japan, 

46(6), 1586-1591. 

Gailus, T., Krah, H., Kühnel, V., Rupprecht, A., & Kaatzee U. (2018). Carboxylic acids in aqueous 

solutions: Hydrogen bonds, hydrophobic effects, concentration fluctua-tions, ionization, 

and catalysis. Journal of Chemical Physics, 149(24), 244503. 

Halonen, S., Kangas, T., Haataja, M., & Lassi, U. (2017). Urea-water-solution properties: density, 

viscosity, and surface tension in an under-saturated solution. Emission Control Science and 

Technology, 3, 161-170. 

Ignatov, I.I., Mosin, O.V. (2015). Structural Models of Water and Ice Regarding the Energy of 

Hydrogen Bonding. Nanotechnology Research and Practice, 7(3), 96-118. 

Kaneko, K., Kitawaki, K., Hattori, S., Mori, T., Yoshimura, Y., Shimizu A. (2023). Thermody-

namic properties (excess and partial molar volume, Gibbs free energy of activation for vis-

cous flow, enthalpy, and entropy) of propylammonium nitrate/water mixtures. The Journal 



B.G. PASHAYEV et al.: VISCOUS FLOW AND STRUCTURAL PROPERTIES IN WATER-ETHANOL-UREA… 

 

 
35 

 

of Chemical Thermodynamics, 176, 106898. 

Kancharla, S., Canales, E., Alexandridis, P. (2019). Perfluorooctanoate in aqueous urea solutions: 

micelle formation, structure, and microenvironment. Journal of Molecular Sciences, 

20(22), 5761-5678. 

Karunarathne, S.S., Eimer, D.A., & Lars E. (2020). Density, viscosity and free energy of 

activation for viscous flow of CO2 loaded 2-amino-2-methyl-1-propanol (AMP), 

monoethanol amine (MEA) and H2O mixtures. Journal of Molecular Liquids, 311, 113286. 

Kontogeorgis, G.M., Holster, A., Kottaki, N., Tsochantaris, E., Topsoe, F., Poulsen, J., Bache, M., 

Liang, X., Blom, N.S., & Kronholm J. (2022). Water structure, properties and some appli-

cations - A review. Chemical Thermodynamics and Thermal Analysis, 6, 100053. 

Masimov, E.A., Hasanov, H.Sh., Pashayev, B.G. (2013). Changes in the structure of water in 

aqueous solutions of acetic acid, depending on concentration and temperature according to 

densitometry, viscosimetry, and IR spectroscopy data. Russian Journal of Physical Chem-

istry A, 87(6), 948-951. 

Masimov, E.A., Pashayev, B.G., Hasanov, H.Sh. (2015). Viscosimetry and IR spectroscopy stud-

ies of the structure of water in aqueous KBr solutions. Russian Journal of Physical Chem-

istry A, 89(7), 1244-1247. 

Masimov, E.A., Pashayev, B.G., Hasanov, H.Sh. (2017). Structure of Aqueous Solutions of Su-

crose, Derived from Viscosimetry Data and IR Spectroscopy. Russian Journal of Physical 

Chemistry A, 91(4), 667-671. 

Masimov, E.A., Pashayev, B.G., Rajabov, M.R. (2020). Viscosymetric and Densitometric study 

of Water - PEG - KBr Systems. Russian Journal of Physical Chemistry A, 94(12), 2574-

2580. 

Monteiro, V.A.C., Avelino, F. (2023). Spectral, structural, and thermodynamic properties of acetic 

acid-water solutions at different temperatures: A complete guideline for understanding 

bonding and structure of binary solutions. Structural Chemistry, 34, 125-138. 

Nadeem, S.M.S. (2022). Viscometric Study of Ionic Interactions of MgSO4 in Water and Water-

Ethanol Mixtures at Different Temperatures. Russian Journal of Physical Chemistry A, 

96(4), 849-859. 

Pashayev, B.G., Rajabov, M.R. (2022). Viscometric and Densiometric Investigation of Water-

Polyethylene Glycol-KCl, KBr, KI Systems. Russian Journal of Physical Chemistry A, 

96(10), 2082-2087. 

Rezus, Y.L.A., Bakker, H.J. (2006). Effect of urea on the structural dynamics of water. Proceed-

ings of the National Academy of Sciences, 103(49), 18417-18420. 

Saleh, M.A., Akhtar, S., Ahmed, M.S., & Khan, M.A. (2006). Thermodynamic activation 

parameters for viscous flow of aqueous solutions of butylamines. Physics and Chemistry 

of Liquids, 44(5), 501-512. 

Vuks, M.F. (1977). Light scattering in gases, liquids, and solutions. Leningrad, Izdatel'stvo Len-

ingradskogo Universiteta, 320. 

 

 


