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Study on the Effect of Liquid Structure of Water on
the Physical Properties of 1,4-dioxane Aqueous Solution
and its Estimation Method

Koryo Kojima

Abstract

The recovery and utilization of low-quality energy sources such as heat discharged from
plants at 100°C or less is an urgent subject of research in light of reducing CO, emissions.
Development of a thermal medium with a low boiling point under atmospheric pressure (101,325
kPa) is hoped-for as a measure for addressing this issue.

Focusing on 1,4-dioxane aqueous solution, which has high affinity with water and has a
gas-liquid composition that is almost the same as the azeotropic composition of X.=0.625 and
a boiling point that is almost the same as the azeotropic point of about 353 K in a wide range
of mixture mole fractions of X,=0.6-0.825 (primary component: water), the authors have
been studying its physical properties as a low-boiling-point thermal working medium as well
as heat and momentum characteristics.

Regarding the state of both components of 1,4-dioxane aqueous solution, Tominaga et al.
used Raman spectrometry to show that uniform mixing of single-molecule-state 1,4-dioxane
and water in a solution occurs without any hydrogen bonds formed between them.

Using the "O-NMR chemical shift method, the authors showed that 1,4-dioxane broke
hydrogen bonds between water molecules to alter the liquid structure of water and that in 1,4~
dioxane aqueous solution, water with a different liquid structure due to the mole fraction and
1,4-dioxane in single-molecule state were not coupled, but were independent of each other and
uniformly mixed.

Later, on the assumption that single-molecule-state water generated in the 1,4-dioxane
aqueous solution might increase the solubility of LiBr « 2H,0 in water, the authors examined
the increase in solubility and involved mechanisms and found that LiBr-1,4-dioxane aqueous
solution and 1,4-dioxane aqueous solution used in combination are suitable as a working
medium for an absorption-type refrigeration cycle.

This paper is aimed at determining the various physical properties of 1,4-dioxane aqueous
solution necessary for the design and planning of absorption-type refrigeration cycle using the
newly developed pair of working media and establishing an estimation method for them based
on the state of existence of both components of 1,4-dioxane aqueous solution.

From the aforementioned properties of 1,4-dioxane-H,O mixture, that 1,4-dioxane breaks
hydrogen bonds between water molecules to alter the liquid structure of water, and that in 1,4~
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dioxane aqueous solution, water with a different liquid structure due to the mole fraction and
1,4-dioxane in single-molecule state are not coupled but are independent of each other and
uniformly mixed, it was considered possible to approximate the physical properties of the
mixture by averaging the physical property values for each component of the simple mixture
model according to the mole fraction. Consequently, by getting out of conventional complex
methods of estimating the physical properties of liquid mixtures and verifying the estimates
and measured values, the authors devised and established a novel, simple estimation method
that can be used in the field within reasonable error margins.

The following present the summary of each chapter of this paper.

Chapter 1 discusses a method of estimating the various physical properties of a two-
component mixture solution, which is an objective of the present study.

1) Mainly viscosity, which is significantly affected by molecular structures, and a method
of estimating it were studied, and results showed that the complex concentration-dependence
of viscosity of an aqueous solution was considered due to the change in the liquid structure of
water associated with the change in the solute concentration.

2) The viscosity of the mixture solution was discussed according to the “Theory of
Mixture Solution Viscosity,” and various major estimation formulae and their characteristics
were classified.

3) Various major estimation formulae and their characteristics were also classified for
other representative physical properties such as density and surface tension.

Chapter 2 discusses the various physical properties and characteristics of water (H,0) and
1,4-dioxane (C,H;0,), which are components of the newly developed pair of working media
(LiBr-H,0-1,4-dioxane solution and 1,4-dioxane aqueous solution). The following conclu-
sions were obtained.

1) Water is not a normal liquid, but has a transition temperature, indicating that it has
a liquid structure due to hydrogen bonds.

2) 1,4-dioxane is a normal liquid and has a liquid structure that is not temperature-
dependent, and is considered to have no structuring due to hydrogen bonds.

Chapter 3 discusses the mole-fraction-dependence of density, kinematic viscosity and
surface tension of 1,4-dioxane aqueous solution under atmospheric pressure at 293-343 K (at 10
K intervals), and their empirical formulae. The following conclusions were obtained.

1) An empirical formula for the density of the aqueous solution at an arbitrary tempera-
ture and X, was obtained from the mole-fraction-dependent means of volumetric shrinkage
rates based on the aqueous solution of a simple mixture model.

2) The difference between the density from empirical formula (3’) and measured values
was 0.113% (343K, X.=0.8) at the largest and 0.023% or less on average.

3) An empirical formula for the kinematic viscosity of the aqueous solution at an
arbitrary temperature and X, was obtained from the nondimensional values for the difference
between the mean mole fraction line connecting measured water and 1,4-dioxane kinematic
viscosity and arbitrary kinematic viscosity.
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4) The difference between the kinematic viscosity from empirical formula (10) and
measured values was 8.1929 (293 K, X.=0.9) at the largest and 1.795% or less on average.

5) An empirical formula for the surface tension of the aqueous solution at an arbitrary
temperature and X. was obtained from the nondimensional values for arbitrary measured
surface tension against the measured surface tension of water based on the measured surface
tension of 1,4-dioxane.

6) The difference between the surface tension from empirical formula (13") and measured
values was 1.757% (293 K, X.=0.6) at the largest and 0.645% or less on average.

Chapter 4 discusses the constant-pressure evaporation heat of 1,4-dioxane aqueous solu-
tion and its mole—fraction dependence. As a result of comparison of the results obtained and
existing evaporation heat data, the following conclusions were obtained.

1) The mean difference of the evaporation heat [Lps (X.), Lun (Xc)] calculated from the
gas-liquid equilibrium pressure and temperature calculated and measured using gas-liquid
equilibrium software and a gas-liquid equilibrium experiment was 2.07%.

2) The mean difference between the evaporation heat Lps (X:) calculated using the gas-
liquid equilibrium software and the evaporation heat L. (X.) measured using a differential
scanning calorimetric balance (TG-DSC) was 5.88%.

3) The mean difference between the evaporation heat L., (X.) measured with a TG-DSC
by total evaporation and the evaporation heat L. (X.) calculated from an approximation
equation representing the relation between cumulative evaporation calories per mg of evapora-
tion and sample cumulative evaporation was 3.35%.

4) The mean difference between the evaporation heat LS (X.) calculated as the mole
fraction mean for both components of the simple mixture model, and Lps (X:) and L (X¢) is
2.559% and 3.4195, respectively.

5) The mixing state of H,0-1,4-dioxane mixture solution can be handled as a mixture of
normal liquids from the experiment results and previous reports®#, and for a simple mixture
model that is consistent with existing data within reasonable error margins, its evaporation
heat can be simply estimated as the mole fraction mean for evaporation heat of both compo-
nents.

6) Both components of H,0-1,4-dioxane mixture solution are mixed in the solution in
normal-liquid state and undergo evaporation while maintaining almost the same composition
as the liquid composition regardless of X, values, indicating that the gas phase is also a mixture
of perfect gases.

From the results in Chapter 4, the density, viscosity and surface tension of H,0-1,4-
dioxane mixture solution can be simply estimated as the mole fraction means for the physical
properties of both components by handling the solution as a simple mixture model in which the
two components are mixed in normal-liquid state. The following conclusions are described in
Chapter 5.

1) The density of water in the aqueous solution can be calculated based on a simple
mixture model.
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2) The density of water in the aqueous solution at arbitrary mole fraction values and
temperatures can be estimated from the nondimensional mole-fraction-dependent mean.

3) The viscosity of water in the aqueous solution at arbitrary X, values and temperatures
can be estimated from the estimation equation obtained by applying dimensional analysis.

4) The surface tension of water in the aqueous solution at arbitrary X. values and
temperatures can be estimated from the estimation equation obtained by applying dimensional
analysis.

Chapter 6 further discusses the liquid structure of water in aqueous solution based on the
discussions in Chapters 3, 4 and 5. The following conclusions were obtained.

1) The intermolecular distance of water in aqueous solution is the smallest at X.=0.4.

2) Addition of 1,4-dioxane may result in the breakage of hydrogen bonds and downsizing
of the liquid structure of water, leading to associated volumetric reduction and density change.

3) The interaction between the molecules of water in the aqueous solution takes a
concave form with the maximum at X.=0.4.

4) This is because water molecules resulting from the breakage of hydrogen bonds due to
1,4-dioxane enter the gaps in the hydrogen bond network consisting of water molecules. The
liquid structure of water seems to be restructured as a result of the reduction in intermolecular
distance.

5) The transition mole fractions of the liquid structure of water seem to be about 0.83, 0.6,
0.35 and 0.2.

6) A 5: 3 coordinated structure model was proposed as the most stable five-membered
structure in 1,4-dioxane aqueous solution and reported to have no hydrogen bonds between 1,4~
dioxane molecules, so the 5: 3 coordinated structure seems to be a normal liquid.

7) Theoretically, all 1,4-dioxane and water in the mixture solution seem to be in 5: 3
coordinated structure form at X.=0.625.

8) Because the mole-fraction-dependence of the density of water, ow (Xprw, T), in
aqueous solution in accordance with the 5: 3 coordinated structure model shows almost the
same variation as that of the density of water, p» (X, T), in aqueous solution estimated in
Chapter 5 with a maximum of 1.4439 and a mean of 1.0429 or less, there seems to be no
hydrogen bonds between water and 1,4-dioxane.

9) The liquid structure and existence state of both components of 1,4-dioxane aqueous
solution are summarized in Table 6-2.

The physical properties of a new LiBr-H,0-1,4-dioxane absorption medium, which are
necessary for the design and planning of an absorption-type refrigeration cycle using a new
absorption medium developed by authors, were estimated from the study results described in
this paper and the estimates were compared with measured values. Chapter 7 presents the
following conclusions.

1) The difference between the estimated value for the density of the new absorption
medium and the referenced density value for a conventional absorption medium was a
maximum of —2.47%, a minimum of —2.219§ and a mean of —2.349%.
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2) The difference between the estimated value for the density of the new absorption
medium and measured values was a maximum of 10.509%, a minimum of 4.33% and a mean of
7.33%.

3) The difference between the estimated value for the specific heat at constant pressure
of the new absorption medium and the referenced value for specific heat at constant pressure
of a conventional absorption medium was a maximum of —7.879%, a minimum of —0.0294 and
a mean of —3.64%.

4) The difference between the estimated value for the specific enthalpy of the new
absorption medium and the referenced value for specific enthalpy of a conventional absorption
medium was a maximum of —4.99%, a minimum of —4.979§ and a mean of —4.98%.

5) All the estimated values for the newly developed absorption medium were preferable
to the referenced values for a conventional absorption medium, and they were consistent with
the measured values within reasonable error margins, indicating that the estimation method is
a simple and sufficiently practicable method.

Chapter 8 summarizes these chapters as the conclusion of the paper.

Professor (Chairperson) Sankichi TAKAHASHI
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