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ABSTRACT 

 

The present dissertation entitled “Molecular Interactions in Mixtures of Some 

Industrially Important Solvents: A Physico-Chemical Study” has been organized in 

eleven chapters. Chapter I describes the importance of physico-chemical studies on 

multi-component liquid mixtures with special reference to solvent effects, preferential 

solvation and various kinds of molecular interactions, etc. This chapter also describes 

the importance and scope of different physico-chemical parameters generally studied 

for such studies including objectives, applications of the research work and a brief 

literature review.  

Chapter II contains a thorough theoretical background for the research works 

embodied in this thesis. Chapter III contains details of the chemicals and 

measurement techniques for different physico-chemical parameters like density, 

viscosity, ultrasonic speeds of sound, refractive index, etc. 

Chapter IV describes the thermophysical properties of the binary mixtures of 

N, N-dimethylformamide (DMF) with some cyclic ethers, viz., tetrahydrofuran (THF), 

1,3-dioxolane (1,3-DO) and 1,4-dioxane (1,4-DO) at several temperatures. Excess 

molar volumes ( E

mV ), viscosity deviations ( η∆ ) and excess isentropic 

compressibilities ( E

sκ ), etc., were derived from the experimental results. These 

derived properties were discussed in terms of the nature of component liquids and 

molecular interactions in the mixtures. The molecular interactions in these binary 

mixtures were attributed to dipole-dipole and dipole induced dipole interactions. 

Several empirical and semi-empirical models were used to correlate/predict some of 

the derived properties. 

Chapter V describes the thermophysical properties of the binary mixtures of 2-

ethyl-1-hexanol (2-EH) with ethylenediamine (EDA), 1,2-dichloroethane (DCE) and 

monoethanolamine (MEA) at several temperatures. From the experimental data, 

various properties like excess molar volumes ( E

mV ), viscosity deviations ( η∆ ), excess 

Gibb’s free energy of viscous flow ( *E
G∆ ) and different acoustic properties were 

derived and discussed in terms of molecular interactions like dipole-dipole 

interaction, hydrogen bond interaction and interstitial accommodation, etc. Excess 

molar volume ( E

mV ) and viscosities (η ) of the mixtures were correlated with 
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Prigogine-Flory-Patterson theory, Peng-Robinson Equation of State and Bloomfield-

Dewan model, respectively. The results were substantiated with FTIR spectra of these 

binary mixtures.  

Chapter VI describes the molecular interactions of 1,4-dioxane (1,4-DO) with 

ethylenediamine (EDA), 1,2-dichloroethane (DCE) and monoethanolamine (MEA) at 

several temperatures. From the experimental physico-chemical properties, several 

excess or deviation properties ( E

mV , η∆ , E

Sκ  and E

mR , etc.) were derived and discussed. 

The study revealed that the degree of molecular interactions follow the order: (1,4-DO 

+ MEA) > (1,4-DO + EDA) > (1,4-DO + DCE). This order of molecular interactions 

can be ascribed to intermolecular hydrogen bond formation and interstitial 

accommodation depending on the nature (shape and size) of the mixing components. 

The nature and extent of molecular interactions were well corroborated with the FTIR 

spectra of these mixtures.  

Chapter VII describes the thermophysical properties of the binary mixtures of 

cyclohexane (CH) with three esters, viz., methyl acetate (MA), ethyl acetate (EA) and 

methyl salicylate (MS) at several temperatures. Experimental densities, viscosities, 

ultrasonic speeds of sound and refractive indices were utilized to derive various 

excess or deviation properties ( E

mV , η∆ , E

Sκ  and E

mR , etc.), which were discussed in 

terms of the nature of the component liquids and the molecular interactions like 

breaking of dipolar association or the three dimensional hydrogen bonded network as 

well as interstitial accommodation, etc., in the mixtures. The order of molecular 

interactions: (CH + MS) > (CH + EA) > (CH + MA) was well corroborated with 

FTIR spectra of these binary mixtures. Such an order of molecular interactions 

manifests a combined effect of several factors like molecular size, shape and nature of 

the component liquids.  

Chapter VIII describes the thermophysical properties of the binary mixtures of 

cyclohexanone (CHN) with methyl acetate (MA), ethyl acetate (EA) and methyl 

salicylate (MS). From the experimental densities, viscosities, etc., various 

thermodynamic, transport and acoustic properties were derived and used to explain 

the molecular interactions in these binary mixtures in the light of breaking up of 

dipolar interaction, hydrogen bond interaction and interstitial accommodation, etc. 

The order of molecular interactions: (CHN + MS) > (CHN + EA) > (CHN + MA) was 
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discussed on the basis of the nature of the liquids and the molecular interactions in the 

mixtures. The above order of molecular interactions was well substantiated by the 

FTIR spectra of these binary mixtures.  

Chapter IX describes the thermophysical properties of the ternary mixtures 

consisting of cyclohexane (CH) and cyclohexanone (CHN) with methyl acetate (MA), 

ethyl acetate (EA) and methyl salicylate (MS). The experimental densities, viscosities, 

ultrasonic speeds of sound and refractive indices of seven ternary mixtures and three 

binary mixtures, viz., (MA + EA), (MA + MS) and (EA + MS) were used to derive 

various excess/deviation properties like E

mV , η∆ , E

Sκ  and E

mR , etc. These properties 

were discussed on the basis of the nature of the mixing components and the molecular 

interactions in these mixtures. The excess/deviation properties were fitted to Redlich-

Kister polynomial (for the binary mixtures) and Cibulka polynomial (for the ternary 

mixtures). Several empirical/semi-empirical relations like Rastogi, Köhler, Jacob–

Fitzner, Colinet, Tsao-Smith, etc., were used to correlate/predict the excess or 

deviation properties of these ternary mixtures. The so-called ternary contributions 

determined for the ternary mixtures suggested their non-homogeneity.  

Chapter X describes the thermophysical properties of two quaternary mixtures 

consisting of cyclohexane (CH) and cyclohexanone (CHN) with methyl acetate (MA), 

ethyl acetate (EA) and methyl salicylate (MS). The experimental densities, viscosities, 

ultrasonic speeds of sound and refractive indices were utilized to derive E

mV , η∆ , E

Sκ  

and E

mR , etc., which helped to reveal the nature of the molecular interactions in these 

quaternary mixtures. The excess/deviation properties were fitted to Cibulka plymonial 

for the quaternary mixtures. The study revealed the following order of molecular 

interactions: (CHN + MA + EA + MA) > (CH + MA + EA + MA) suggesting that the 

molecular interactions in these quaternary mixtures depend on the nature of the 

mixing components as well as on the molecular interactions of the associated ternary 

and binary mixtures at least qualitatively.  

Finally in chapter XI concluding remarks on the research works embodied in 

different chapters (chapters IV to X) of this thesis have been made. 
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PREFACE 

 

I started my research presented in this thesis entitled “MOLECULAR 

INTERACTIONS IN MIXTURES OF SOME INDUSTRIALLY IMPORTANT 

SOLVENTS: A PHYSICO-CHEMICAL STUDY” in the year 2014 under the 

esteemed supervision of Dr. Biswajit Sinha at the Department of Chemistry, 

University of North Bengal, India with an aim to investigate into the physico-

chemical and thermodynamic properties of the multi-component liquid mixtures. 

These properties of multi-component liquid mixtures can be altered within a 

reasonable range by varying the concentration till an optimum value of a desired 

property is obtained. The knowledge of such properties of non-aqueous liquid 

mixtures has industrial relevance and is frequently required in the theoretical and 

applied areas of research including many chemical, biochemical and industrial 

processes. These properties provide valuable information about the structural 

character of the mixtures in liquid state and such properties have important roles in 

elucidating the molecular interactions among the components of the mixtures and thus 

help to develop new theoretical models. A knowledge about the molecular 

interactions amongst the component liquids of a multi-component liquid mixture can 

be established from a study of characteristic departure from the ideal behavior of the 

thermodynamic, transport and acoustic properties like excess molar volumes ( E

mV ), 

viscosity deviations ( η∆ ) and excess isentropic compressibilities ( E

sκ ) and excess 

molar refractions ( E

mR ), etc., derived from the experimental densities, viscosities, 

ultrasonic speeds and refractive indices, etc. These excess or deviation properties can 

well be interpreted in the light of the nature of the individual liquids and the 

molecular interactions interplaying in their mixtures. Therefore, the research works 

embodied in this thesis include the physico-chemical studies on various binary, 

ternary and quaternary liquid mixtures of some industrially important solvents 

through the determinations of different physico-chemical properties of their mixtures 

and FTIR spectroscopy.  
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1 

CHAPTER I 

Introduction 

Industrial revolution both energized and freshly unleashed an increased use of 

scientifically produced knowledge in industrial productions. Like for any other branch 

of scientific knowledge, increased knowledge of chemistry as a science and 

technology appear to be increasingly used by chemical industry for the production of 

consumables and allied products. Ever-growing demand of newer chemicals, their 

synthesis and their hitherto unknown effects came to be emphatically observed in 

biophysical processes both in the natural world and in the human body. Until quite 

recently the adverse effects of such newer chemicals and their concentrations 

remained unnoticed and the chemical industries in this regard remained in a state of 

inertia. However, with the emergent public criticisms through media and political 

debates on such impacts of newly discovered or synthesized chemicals and their 

concentrates and more particularly the solvents with multiple uses and high volume 

productions, the chemical industry began to respond to such impacts in line with the 

standards set for environmental protection and public health and safety by regimes at 

multiple levels both locally and globally.  The utilities of such solvents and chemicals 

and their syntheses in the broader human welfare require differentiation of such 

solvents, identification of their fundamental properties and the prior understanding of 

their risks and utilities. Therefore, the proper selection of suitable solvents becomes 

necessary and for this the knowledge of solution properties is very essential. 

Especially the thermodynamic and transport properties are required to make proper 

selection of these solvents. Naturally it is seen that matter exists in a state of mixtures 

in an overwhelming manner and hence the possibility of existence of pure substances 

is a rarity. Liquid-liquid mixtures uniquely exhibit such unusual behavior bereft of 

pure substances, thereby attracting the attention of scientists and scholars to undertake 

studies on liquid and liquid mixtures. Thus the physico-chemical behavior and the 

nature of the molecular interactions in the multi-component liquid mixtures has been a 

major subject of interest from the point of view of their applications in many branches 

of science such as pharmaceutical industries, polymer industries, cosmetic industries, 

molecular biology, etc. The non-aqueous systems have been of immense importance 
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to the technologist and theoretician as many chemical processes occur in these 

systems.
1,2

 

The classification of different organic solvents are based on the types of 

organic groups, donor-acceptor properties,
3,4

 hydrogen bonding,
5
 hard and soft acid 

base properties,
6
 and dielectric constants, etc. As a result the different solvent shows a 

wide divergence in properties that ultimately influence their thermodynamic, 

transport, acoustic and optical properties, especially when they are mixed to give a 

homogeneous mixture. The study of such properties in solvent mixtures 

(binary/ternary/quaternary) would thus provide important information for 

understanding solvent-solvent interactions. Knowledge of the nature of intermolecular 

interactions amongst the mixed components can be had from rheological
7
 and 

thermodynamic study of physico-chemical properties of solvent-solvent systems.
8,9

 

That’s why various experimental data on thermodynamic, acoustic, transport and 

optical properties of pure liquid and liquid mixtures are of significant importance to 

understand the intermolecular forces and in testing the theories which attempt to 

estimate the mixture properties. The prediction of the properties of a multi-component 

(binary/ternary/quaternary) liquid mixtures can be made either from pure component 

properties as developed by Eyring,
10

 Flory et al.,
11-17

 or from the properties of their 

contributing binary systems as advanced by Bertrand et al.,
18,19

 The theoretical as well 

as experimental estimation of the different parameters such as density, viscosity, 

ultrasonic speed and refractive indices of the pure components and their mixtures 

have been extensively used both as qualitatively and quantitatively to predict the 

changes in the volume, viscosity, speed of sound, etc., and the extent of complex 

formation when different organic solvents are mixed.  Such changes in the properties 

of the mixed solvents arise as a result of several contributions like combinational, 

energetic, molecular orientation, free volume, steric hindrance, etc. If the polar 

components are involved the additional contribution like hydrogen bonding, dipole-

induced dipole, disruption of molecular order due to dipole-dipole interactions come 

into play. The interstitial accommodation due to different size and large difference in 

molar volume also leads to such changes. The interpretation of such properties has 

been made with the introduction of several solution theories of liquid and liquid 

mixtures of non-electrolytic components. Prigogine and co-workers
20-23

 employed the 

cell model of liquid state put forward by Eyring et al.
10,24,25

 in correlating the 
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thermodynamic properties of liquid mixtures with intermolecular energy parameters. 

They assumed random mixing of the components and showed that the thermodynamic 

excess functions are affected only to a small extent when the molecules are of same 

size. Prigogine and Bellemans
26

 extended this theory to liquid mixtures assuming the 

cells of two sizes exist in liquid mixtures. This model failed to predict the correct 

values of the thermodynamic functions for any liquid. As a result of this, a number of 

theories have been developed based on the theorem of corresponding states.
27

 Like the 

cell model theory, Flory and co-workers
14-17,28,29

 developed a theory that relates the 

thermodynamic excess properties of liquid mixtures to measurable macroscopic 

properties of the pure components. Patterson and Delmas
30,31

 analysed the theory 

proposed by Prigogine and Flory and found that Flory theory was superior to those 

originally proposed by Prigogine and collaborator
20-23

 using their average potential 

cell model. In more general form, the Prigogine-Flory-Patterson  (PFP) theory has 

been successfully employed to binary liquid mixtures to estimate the combinational 

contribution, free volume contribution, interaction contribution and the various 

thermodynamic properties of the binary mixtures. This theory has also been applied to 

calculate surface tension,
32-35

 ultrasonic speeds of sound
32-39

 and viscosities
40-43

 of the 

liquid mixtures satisfactorily.  

1.1. Solvent Effects 

Most of the chemical and biological processes occur in solution phase. The 

role of solvation in chemistry and biology is obvious. The influence of the solvent on 

chemical phenomena has received the attention of researchers from both experimental 

and theoretical fields related to chemistry. A solvent can influence the interaction of 

the local environment with the individual species undergoing the reactions and thus 

also influences the outcome of a chemical reaction. The solvent, on one level, 

provides an energy path for the stabilization of energetic products formed during 

reactions and also provides physical barriers to the motion of the reactive species. On 

a more subtle level, the solvent perturbs the potential energy curves that govern these 

reactions.
44

 Since the solvent species around a solute form a structure that determines 

the outcome of chemical and/or biological events, the solvent species are not just 

“spectator” species rather they are part of the chemical or biochemical process. 

Solvation has been proved to be of fundamental importance in diverse areas like 

biological activities and atmospheric processes.
45

 Solvated ions appear in high 
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concentrations in living organisms where their presence or absence can fundamentally 

alter the functions of life. Ions solvated in organic solvents or mixtures of water and 

organic solvents are also very common
46

 and the exchange of solvent molecules 

around ions in solutions is fundamental in understanding the reactivity of ions in 

solution.
47

 Solvated ions also play a key role in electrochemical applications simply 

because the conductivity of electrolytes depend on the ion-solvent interactions.
48

 

Majority of the chemical reactions are usually performed in solutions and solvents can 

influence reactions in a number of ways. Solvents may be used as a reaction medium 

to bring reactants together, as a reactant to react with a solute to make it soluble and 

as a carrier to deliver chemical compounds in solutions to their point of use in the 

required amounts. 

Solvents also control the temperature in exothermic and endothermic 

reactions. In endothermic reactions, heat could be supplied through a heated inert 

solvent having a high heat capacity while in exothermic reactions, the surplus heat can 

be removed by allowing the solvent to boil or absorb heat. If reactions involve solid 

reactants, solvents could be used to create a homogenous reaction phase (i.e., 

solution) through which the solid reactants can be brought into contact. It is important 

to select the most appropriate solvent so as to get most effective results or optimum 

yield of the products. A good solvent should be able to meet all the necessary 

standards such as it should be an inert to all the reaction conditions, the boiling point 

of the solvent should be appropriate, at the end of the reaction there should not be any 

difficulty in its removal and it should dissolve the reagents and reactants. In essence, 

the reaction rates are influenced by differential solvation of the starting material and 

the transition state by the solvent. When the molecules of the reactant start moving 

towards the transition state, the molecules of the solvent orient themselves and render 

the transition state stable. Greater the extent of stability of the transition state 

compared to the starting material, faster the reaction proceeds and vice-versa. 

However, in practice a differential solvation is realized if the solvent undergoes rapid 

relaxation or re-orientation to the ground state orientation from the transition state 

orientation. So reactions involving weakly dipolar solvents that are rapidly relaxing 

with a tendency for having sharp barriers exhibit equilibrium solvent effects.  
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1.1.1. Solvation 

Solvation is basically the process of association through interactions of the 

solvent molecules with the solute molecules or ions. A solvated complex is formed 

when the solute molecules or ions dissolve in a solvent, spread out and become 

surrounded by the molecules of the solvent. Alternatively solvation refers to 

surrounding of the solute molecules or ions by solvent molecules. The region around a 

solute, up to which the solvent molecules are reoriented due to the force created by 

the solute, is known as solvation shell or cybotactic region. Figure1.1 shows a typical 

solvation shell and how the solvent molecules orient themselves to form the solvation 

shell. Three types of intermolecular attractive forces are relevant to the solvation 

process: solute-solute, solvent-solvent, and solute-solvent. As illustrated in Figure 1.2, 

the process of solvation may be viewed as a stepwise process in which energy is 

consumed to overcome solute-solute and solvent-solvent attractions (endothermic 

processes) and released when solute-solvent attractions are established (an exothermic 

process referred to as solvation). The relative magnitudes of the energy changes 

associated with these stepwise processes determine whether the overall dissolution 

process will release or absorb energy.  

 

Fig 1.1. A schematic representation of solvation shell 

 

For solvation to occur, energy is required to release individual ions or molecules from 

the lattice in which they are present. This is necessary to break the attractions that the 

ions have with each other and is equal to the lattice free energy. The energy released 

in the process of solvation is called the free energy of solvation. If the liberated 

solvation energy is lower than the lattice energy, the overall dissolution process is 

endothermic and if the solvation energy is higher than the lattice energy, the overall 
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process is exothermic. For the spontaneity of the dissolving process the dissolution 

process should be endothermic. 

 

Fig. 1.2.  Stepwise process involving the endothermic separation of solute and solvent species 

(Steps 1 and 2) and exothermic solvation of a solute in a solvent (Step 3).  

 

1.1.2. Preferential Solvation 

In the mixtures containing two or more solvents the solvation process is more 

complicated as compared to pure solvent. It is observed that an increase in the number 

of component molecules in the mixture increases the number of the solute-solvent 

interactions. Besides the intermolecular interactions between the solute-solvent 

molecules in the mixtures, the interactions amongst the unlike solvent molecules play 

a vital role leading to a large departure from ideal behaviour as expected from the 

Raoult’s law of depression of vapour pressure. In order to understand how the solvent 

composition affects the solute behavior, we need to know the composition that the 

solute has in its immediate vicinity different from the bulk composition of the mixed 

solvent. The solute is surrounded preferably by the component of the mixture, which 

leads to more negative Gibb’s free energy of solvation. The observation that the 

solvent shell has a composition other than the macroscopic ratio is termed as selective 

solvation or preferential solvation.
49

 If one of the solvent of the mixture is practically 

excluded from the solvation shell of the solute then it is regarded as selective 

solvation.  This phenomenon is represented in   Figure 1.3.   
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Fig. 1.3. Schematic representation of preferential solvation, A: mixture of solvent 1 and 

solvent 2 in 1:1 composition; B: ideal solvation of the solute; C: preferential solvation of the 

solute by solvent 1. 

 

These terms are generally used to describe the molecular microscopic local solute-

induced inhomogeneity in a multi-component solvent mixture. They include both (i) 

non-specific solute/solvent association caused by dielectric enrichment in the solvent 

shell of solute, ions or dipolar solute molecules and (ii) specific solute/solvent 

association such as hydrogen-bonding or electron pair donor/electron pair acceptor 

interactions.   

 

Fig. 1.4. Schematic model for the selective solvation of ions by one component of a binary 

1:1 mixture of the solvents A and B: (I), Homoselective solvation; (II), heteroselective 

solvation. 

 

Homoselective solvation occurs when both the ions of a dissolved molecule or salt are 

solvated preferentially by the same solvent in a mixture of two solvents and 

heteroselective solvation occurs when the preferential solvation of the cation by one, 

and the anion by the other solvent (Figure 1.4).  
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1.2. Importance and Scope of the Physico-Chemical Parameters 

Density and viscosity of liquid mixtures are indispensable physical 

parameters, required in most engineering calculations where fluid flow of mixture is 

an important factor and are essential in the design processes involving chemical 

separations, equipment design, heat transfer, fluid flow and molecular dynamics, etc. 

The knowledge of the dependence of these parameters on composition is of great 

interest from a theoretical stand point, since it may lead to better understanding of the 

fundamental behavior; for instance the molecular interactions among the components 

of the liquid mixture. Such behavior and their change with composition and 

temperature are generally studied by estimating the different physico-chemical and 

thermodynamic properties. Among the different thermodynamic parameters the 

excess or deviation parameters gives better understanding of the molecular 

interactions. The density and the related volumetric properties such as excess molar 

volume and apparent molar volume are of great importance in characterizing such 

behavior and structural aspects of solutions. Though viscosity is not a thermodynamic 

parameter but still is of great importance in many chemical disciplines and 

commercial applications. The deviation in viscosity provides a proper understanding 

of molecular motions and interaction patterns in non-electrolytic solvent mixtures 

involving both hydrogen bonding and non-hydrogen bonding solvents.
50,51

 The other 

thermodynamic parameters  such as  excess free energy of activation of viscous flow, 

excess enthalpy and excess entropy can also be evaluated using experimental density 

and viscosity.  These excess parameters are also important in estimating the molecular 

interactions in the liquid mixtures of variable compositions and temperature. The sign 

and magnitude of these excess parameters imparts estimate of strength of unlike 

interactions in the binary, ternary, etc., solvent systems.  

The experimental viscosity data are valuable for testing the different theories 

and empirical relations such as Grunberg and Nissan,
52

 Hind et al.,
53

 Heric-Brewer,
54

 

Katti and Chaudhri
55

 and McAllister,
56 

etc., for liquid mixtures. Apart from these, 

viscosity models based on Eyring theory coupled with Peng-Robinson cubic equation 

of state for non-ideal liquid mixtures
57

 and Bloomfield-Dewan model,
58

 a relation 

between viscosity and thermodynamic properties of mixing on the basis of absolute 

reaction rate are used to correlate and estimate the viscosities of non-ideal liquid 

mixtures under experimental temperature with different compositions. 
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Amongst the different methods used, ultrasonic method is found to be sensitive and 

reliable; thus this method has been used by many researchers to explain the molecular 

interactions in pure liquids as well as in liquid mixtures. Prior to the application of 

ultrasonic methods to mixtures/solutions, the spectroscopic, dielectric techniques, 

excess molar volume and viscosity deviations, etc., were only the tool to study the 

nature and strength of molecular interactions. However, the application of ultrasonic 

methods has made possible not only the evaluation of physico-chemical properties of 

the mixtures/solutions but also more reliability on the interpretation of molecular 

interactions. Therefore, in the present study the experimental speed of sound and 

density data are used to evaluate acoustic and thermodynamic parameters such as 

isentropic compressibility, intermolecular free length, specific acoustic impedance, 

free volume and internal pressure. These parameters are found to be very sensitive to 

molecular interactions
59-62

 but the excess properties of these parameters provide better 

understanding of the nature and strength of molecular interactions and are sensitive to 

molecular forces as well as the size of the molecules.
63

 Furthermore, the density and 

ultrasonic sound speed are valuable tools to develop new theoretical models and learn 

about the liquid state.
64

 It is observed that a number of workers have extensively 

applied various empirical and semi-empirical theories to study the ultrasonic speeds in 

binary and ternary mixtures. Among them the commonly used theories are Nomoto 

relation (NOM),
65

 Schaaff’s collision factor theory (CFT),
66,67

 Impedance dependence 

relation (IDR),
68

 Vandeal Vangeal Ideal mixture relation (IMR),
69

 Jacobson’s Free 

Length Theory (FLT),
70,71

 Junjie's eqation (JUN)
72

 and Flory’s theory,
14

 etc. 

Theoretical evaluation of ultrasonic speed in binary liquid mixtures and its correlation 

to study the molecular interaction has been successfully performed in recent years
73-82

 

using the above theoretical relations. The refractive index is one of the important 

physical properties of liquid and liquid mixtures and is being increasingly used as a 

tool
83-87

 for the investigation of the nature of intermolecular interaction between the 

liquid mixture constituents. Knowledge of refractive index of multi-component 

mixtures provides information regarding the interactions in these mixtures.
88-90

 

Pandey et al.
91 

have made refractive index measurements in liquid mixtures and have 

suggested that such studies are very much helpful for understanding the molecular 

interactions in the components of the mixture. Refractive indices can also be used to 

estimate the different elastic properties of the molecule from which the type of 
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molecular interactions can be very well under-stood.
92

 In addition to binary liquid 

mixtures, a few ternary
93,94 

and quaternary mixtures
95 

have also been studied 

employing refractive index measurements. Prediction of refractive index of multi-

component liquid mixtures theoretically is essential for many physico-chemical 

calculations that include correlation of refractive index with density.
96-98

 A number of 

empirical/semi-empirical mixing rules and models has been suggested by different 

researchers to correlate the experimental refractive index of the liquid mixtures. Some 

of the common mixing rules used are Lorentz-Lorentz relation,
99,100

 Gladstone-

Dale,
101

 Arago-Biot,
102

 Weiner model,
103

 Eyring-John,
104

 Heller,
105

 Eykman,
106

 and 

Newton,
107

 etc. 

1.3. Objective and Application of the Research work 

The study of physico-chemical properties involving excess or deviation 

properties as well as the other derived thermodynamic parameters play an important 

role in understanding the structure and many molecular interactions amongst the 

molecules of the components in liquid mixture. These properties can provide a precise 

knowledge about the behavior of the molecules on mixing. It is also seen that the 

results of one experimental technique often contradicts the results obtained from some 

other technique; therefore attempts has been made using more than one technique to 

establish the nature and strength of molecular interactions. With this approach the 

precise correlation between the microscopic structure and macroscopic properties can 

be establish. In the present thesis, emphasis has been laid mainly on the measurements 

of four physical properties, viz., density, viscosity, speed of sound and refractive 

index of the liquid mixtures (binary, ternary and quaternary) containing: (i) 

cyclohexane and cyclohexanone with some esters like methyl acetate, ethyl acetate 

and methyl salicylate, (ii) 1,4-dioxane and 2-ethyl-1-hexanol with ethylenediamine, 

1,2-dichloroethane and monoethanolamine at varying temperatures covering the entire 

composition range. These solvents have drawn much attention of the scientists due to 

their varied industrial applications.
108-118

 Therefore the main objectives of the present 

dissertation are: 

i) to study the molecular interactions through various physico-chemical and 

derived parameters like excess or deviation properties (such as excess 

molar volumes and viscosity deviation, etc.) in various selected solvent 

systems.  
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ii) to enrich the physico-chemical database of properties of the components 

and their mixtures (binary, ternary and quaternary liquid mixtures). 

iii) To employ experimental or derived data to critically test some of the 

empirical and semi-empirical models (involving volume, viscosity, 

ultrasonic speed and refractive index) and compare their predictive 

capabilities. 

So, a number of parameters such as excess molar volume, partial molar volume, 

viscosity deviation, isentropic compressibility, excess isentropic compressibility, 

intermolecular free length, acoustic impedance, free volume, internal pressure and 

molar refraction, etc., were derived using measured experimental (density, viscosity, 

ultrasonic speed and refractive index) data for each set of liquid mixtures. The above 

mentioned parameters, particularly the excess or deviation functions, were found to be 

very sensitive to the intermolecular interactions between the unlike components of a 

mixture. Again the model approach has several immediate advantages. The empirical 

and semi-empirical models often help in understanding these interactions in terms of 

individual component properties as well as offer a visual picture and hence provide a 

physical explanation for a variety of phenomenon operating in liquids and liquid 

mixtures. In this context Peng-Robinson equation of states, Flory and Progogine-

Flory-Patterson theories were applied to analyse the excess molar volumes ( E

mV ). The 

viscosity data were correlated with models like Grunberg and Nissan, Hind, Heric-

Brewer, Katti and Chaudhri and McAllister,
 
etc., for liquid mixtures. Apart from 

these, a viscosity model based on Eyring theory coupled with Peng-Robinson cubic 

equation of state for non-ideal liquid mixtures and Bloomfield-Dewan model were 

tested. The experimental speeds of sound have been analysed in terms of Nomoto 

relation, Schaaff’s collision factor theory, Impedance dependence relation, Vandeal 

Vangeal Ideal mixture relation, Jacobson’s Free Length Theory, Junjie's eqation and 

Flory’s theory, etc. The experimental refractive indices and molar refractions were 

correlated in terms of various mixing rules, viz., Lorentz-Lorenz, Gladstone-Dale, 

Arago-Biot, Eykman, Wiener and Heller relations, etc. Relative merits of these 

mixing rules have been discussed in terms of standard deviation or root mean square 

percent deviations (RMSD%). The nature of molecular interactions observed in 
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different solvent systems also corroborated with structural changes and substantiated 

by the infrared spectroscopic study
119 

of the respective solvent systems. 

1.4. Importance of Solvents and Solvent Mixtures Studied 

1,4-dioxane, 2-ethyl-1-hexanol, 1,2-disubstituted ethanes (viz., 

ethylenediamine, 1,2-dichloroethane, monoethanolamine), cyclohexane, 

cyclohexanone and some alkyl acetates (viz., methyl acetate, ethyl acetate and methyl 

salicylate) were chosen as the subject liquids in the works embodied in this 

dissertation. The study of these solvents and their mixtures is of immense interest 

because of their wide application as solvents and solubilizing agents in many 

industries like pharmaceutical, cosmetics, etc. 1,4-dioxane is very hygroscopic and 

miscible in all proportions with water. It is a non-polar, aprotic, non-hydrogen bonded 

cyclic diether and finds numerous applications in organic syntheses and industrial 

processes as a solvent for saturated and unsaturated hydrocarbons
120

 as well as in the 

high-energy battery technology.
121

 Ethylenediamine is a strongly basic colorless 

liquid with ammonia like odour and reacts readily with moisture in humid air to 

produce a corrosive, toxic and irritating mist. It is an important raw material for the 

production of polymers, pharmaceuticals, pesticides, herbicides and dye fixing agent. 

It is widely used as bleach activators, chelating agents, corrosion inhibitors, 

elastomeric fibers, plastic lubricants, polyamide resins, rubber processing additives, 

lube oil and fuel additives. 1,2-dichloroethane, commonly known as ethylene 

dichloride, is a colourless liquid with chloroform like odour. It is a σ-acceptor and is 

used as a solvent, degreaser, as a precursor for the synthesis of other chemical agents. 

It is also used in the production of vinyl chloride which is used to make a variety of 

plastic and vinyl products including polyvinyl chloride (PVC) pipes, furniture and 

automobile upholstery, wall coverings, house wares, and automobile parts, etc.
122

 It’s 

other uses include: as a solvent for resins and fats, photography, photocopying, 

cosmetics, drugs and as a fumigant for grains and orchards. Monoethanolamine is 

a colourless, viscous liquid with an odour reminiscent to that of ammonia and is a 

compound containing both primary amine and a primary alcohol. It is used in cement 

to enhance strength, reduce drying time and protect against the affects of freezing and 

thawing; metal working fluids to neutralize acid components in lubricants, prevent 

corrosion, rusting and biocides; in personal care products to make ethanolamine based 
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soaps for use in hand lotions, cosmetic creams, cleansing creams, shaving creams, and 

shampoos; also for dry-cleaning solvents and heavy-duty liquid laundry detergents, in 

printing inks to control the pH; also used in the purification of petroleum, as a 

remover of H2S and CO2 from refinery and natural gas streams and as an ingredient in 

paints and pharmaceuticals.
123

 2-ethyl-1-hexanol is a colourless branched chiral 

alcohol. It is poorly soluble in water but soluble in most organic solvents. It is 

produced in bulk for use in multiple applications, say for instance, as solvents, as 

flavors and fragrances. It is also used as a precursor for the production of other 

chemicals like the plasticizers and emollients. It is encountered in natural plant 

fragrances and the odour has been reported as "heavy earthy and slightly floral" for 

the R-enantiomer and "light sweet floral fragrance" for the S-enantiomer.
124

 Its main 

application is as a feedstock in the manufacture of low-volatility esters, the most 

important of which is di-(2-ethylhexyl) phthalate, an all purpose plasticizer for PVC 

and vinyl chloride copolymers. Cyclohexane is a cycloparaffinic non-polar, 

unassociated, inert hydrocarbon with globular structure
125

 with petroleum like odour. 

It is used in industrial adhesive formulations in particular non-toluene formulation. 

Nearly all the cyclohexane is consumed in the production of cyclohexanol and 

cyclohexanone which are then used as a raw material for the industrial production of 

two important intermediates (viz., adipic acid and caprolactam)
118

 used in the 

production of intermediates for nylon, which has a variety of common applications 

such as clothing, tents, carpets as well as thermoplastics. Other use of cyclohexane 

includes various solvent applications and recently has been substituted for benzene in 

many applications. Cyclohexanone is a colourless oily liquid with acetone like odour 

and consists of six carbon cyclic structure as well as a ketone functional group. Over 

time, the liquid may assume yellow colour due to oxidation. It is slightly soluble in 

water and miscible with common organic solvents. It is used in organic synthesis, 

particularly in the production of adipic acid and caprolactam, polyvinyl chloride and 

its copolymers, methacrylate ester polymers, cyclohexanone resins, 

cyclohexanone oxime, caprolactam and nylon.
118

 Additional uses include paint and 

varnish removers, spot remover, degreasing of metals, polishes, levelling agents, 

dyeing and delustering silk, lubricating oil additives, solvent for herbicides, natural 

and synthetic resins, waxes, fats, insecticides, etc. Esters exist as a dipolar associates 

in their pure state.
126

 Methyl acetate, also known as methyl ethanoate, is a 
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carboxylate ester. It is a flammable liquid with a characteristically pleasant smell 

reminiscent of some glues and nail polish removers. Ethyl acetate, also known as 

ethyl ethanoate, is a colorless liquid with a characteristic sweet smell. Both the 

aliphatic esters methyl acetate and ethyl acetate are commonly used as solvents in 

glues, nail polish remover, etc.  Methyl acetate is also used as a solvent for 

polyurethane coatings and adhesives, blowing agent for polyurethane and other foams 

intermediates, as paint strippers, fuel system cleaners and additives, battery 

electrolytes, polymerization solvents, cleaners for electronics and precision parts, etc. 

Ethyl acetate is used to decaffeinate coffee beans and tea leaves also used in paints as 

an activator or hardener, as a solvent and diluent. Methyl salicylate, also known as oil 

of wintergreen, is a phenolic ester having strong intramolecular hydrogen bond 

between its hydroxyl and carbonyl group.
127

 It is naturally produced by many species 

of plants, particularly wintergreens. It is also synthetically produced and used as a 

fragrance, in foods and beverages and in liniments. This compound is mainly used for 

relieving muscle aches and pains when applied externally to the affected area. The 

increasing use of the above mentioned solvents and their mixtures in many industrial 

processes have greatly stimulated the need for extensive information on their various 

properties.  

1.5. Literature Review 

Multi-component liquid mixtures were being investigated over the years in 

terms of various thermodynamics, acoustic, transport and allied properties. So the 

literature is vast and extensive. Therefore the literature review has been kept confined 

to some important works that dealt with the liquids and liquid mixtures related to 

those liquids or liquid mixtures studied in the present dissertation. 

Azhagiri et al.
128

 measured the densities and ultrasonic speeds of the binary 

mixtures of benzaldehyde with n-hexane and cyclohexane over the entire composition 

range at 30 °C. Various acoustic parameters indicated association amongst the 

molecules of the mixtures through dipole–dipole interactions. Further, theoretical 

values of the ultrasonic speeds for binaries were evaluated using several theories and 

empirical relations. Sinha et al.
129

 measured the densities, viscosities and ultrasonic 

speeds for the binary mixtures of some alkoxyethanols and amines in cyclohexanone 

over the entire range of composition at 298.15 K. The large negative excess molar 
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volumes indicated the presence of strong intermolecular hydrogen bond interactions 

between the amine and the cyclohexanone molecules. But alkoxyethanols systems are 

characterized by the presence of weak intermolecular interactions probably due to the 

formation of intramolecular associates via the interaction of the etheric oxygen and 

hydrogen of –OH group in the same alkoxyethanol molecule. Farhan et al.
130

 reported 

the densities, viscosities and refractive indices for binary mixtures: (i) cyclohexane + 

n-decane and (ii) cyclohexane + 1-pentanol over the whole mole fraction range at 

several temperatures. From these results, excess molar volumes, viscosity deviations 

and excess refractive indices were calculated. Derived excess or deviation properties 

suggested that the globular cyclohexane disturbs the orientation order in n-alkanes 

and hydrogen bond interactions in alkanols and thus resulted into less packed 

structure. The same group
131

 also reported the densities, viscosities and refractive 

indices for the ternary mixtures: i) cyclohexane + 1-pentanol + n-hexane and ii) 

cyclohexane + 3-hexanol + n-hexane at T = (298.15-328.15) K. For the ternary 

mixture (i), the excess molar volumes were negative at high mole fraction of n-hexane 

and become positive at low mole fraction of n-hexane but for the ternary mixture (ii), 

the excess molar volumes were negative over the whole mole fraction range 

indicating the orientation order and packed structure in these mixtures. Rathnam et 

al.
132

 reported the densities, viscosities and refractive indices for the binary mixtures 

of diethylmalonate with ketones (viz., acetophenone, cyclopentanone, cyclohexanone 

and 3-pentanone) over the entire composition range at T = (303.15-313.15) K. 

Various excess or deviation properties were interpreted in terms of molecular 

interactions and were also fitted to the Redlich–Kister polynomial equation. 

Furthermore, different empirical relations were used to correlate the binary mixture 

viscosities and refractive indices. Malek et al.
133

 reported the densities, speeds of 

sound, molar isentropic compressibilities and thermal expansion coefficients for the 

binary mixtures: (i) cyclohexane + benzene and (ii) cyclohexane + benzaldehyde at T 

= (293.15-323.15) K over the entire range of composition at atmospheric pressure. 

Various results indicated enhancement of molecular order in the (cyclohexane + 

benzene) mixture through closer molecular packing. But results for the (cyclohexane 

+ benzaldehyde) mixture indicated the breaking of dipole-dipole and π-π interactions 

in benzaldehyde by addition of globular cyclohexane molecules. Gowrisankar et al.
134

 

reported the densities, viscosities and ultrasonic speeds of methyl isobutylketone, 
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diethylketone, cyclopentanone, cyclohexanone, 2-methyl cyclohexanone and those of 

their binary mixtures with N-methyl aniline over the entire composition range at 

303.15 K. Various excess or deviation properties like excess molar volumes, excess 

isentropic compressibility, etc., were discussed in terms of dipole-dipole interactions, 

interstitial accommodation and hydrogen bond interactions for these binaries. 

Kannappan et al.
135

 studied four ternary mixtures of 1-propanol, 1-butanol, 1-pentanol 

and 1-hexanol with N, N-dimethylformamide and cyclohexanone at several 

temperatures to characterize the molecular interactions in these systems. Results such 

as the excess free volume, excess internal pressure and Gibb’s free energy, etc., 

revealed the mixtures to be characterized by dipole-dipole interactions and rupture of 

hydrogen bond interactions in the pure components.  Also excess free volumes of the 

mixtures suggested that association between 1-alkanols with N, N-

dimethylformamide is more than those with cyclohexanone. Roy et al.
136

 reported 

densities, viscosities and derived parameters for the ternary mixtures of some alkyl 

esters with cyclohexane and cyclohexanone and related binary mixtures at 298.15 K 

under atmospheric pressure. Results such as the excess molar volumes and viscosity 

deviations suggested that specific interactions for the alkyl acetates with cyclohexane 

and cyclohexanone increase as the chain length of the acetates increase and non-

homogeneity prevails in the ternary mixtures. Venis et al.
137

 reported the densities, 

viscosities and ultrasonic speeds for the ternary mixture involving morpholine + 

cyclohexanone + 1- hexanol at 308.15 K and 318.15 K over the entire range of mole 

fraction. Parameters like excess molar volume, adiabatic compressibility and free 

volume, etc., revealed the presence of strong intermolecular interactions between the 

constituent liquids in the mixtures, chiefly due to strong hydrogen bonding between 1-

hexanol and morpholine and electron donor – acceptor complex formation nature of 

cyclohexanone and geometrical fitting between mixing liquids. The same group
138

 has 

also reported the densities, viscosities and ultrasonic speeds for the ternary mixture 

involving anisole + cyclohexanone + 1- hexanol over the entire range of mole fraction 

at 308.15 and 318.15 K. Various derived excess or deviation properties suggested the 

presence of non-specific physical interactions and unfavorable interactions between 

the unlike molecules and it was suggested that bond breaking or breaking of liquid 

order predominates over other type of molecular interactions between the mixing 

components. Aravinthraj et al.
139

 reported the densities, viscosities and ultrasonic 
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speeds for three ternary liquid mixtures: (i) p-cresol + cyclohexane + formaldehyde, 

(ii) p-cresol + cyclohexane + acetaldehyde and (iii) p-cresol + cyclohexane + 

benzaldehyde at T = (303-323) K. Various derived acoustical parameters such as 

adiabatic compressibility, free length, free volume and internal pressure, etc., revealed 

the occurrence of dipole-dipole interactions and molecular association through 

intermolecular hydrogen bonding in these ternary mixtures and significant 

interactions occur only after introduction of p-cresol in these mixtures. This is due to 

the intermolecular hydrogen bonding between carbonyl oxygen of aldehydes with 

hydroxyl hydrogen in p-cresol and dipole-dipole interactions between the same 

compounds with carbonyl carbon of aldehydes and hydroxyl oxygen. Mistry et al.
140

 

reported the densities, viscosities and ultrasonic speeds for the ternary mixtures of 

toluene + cyclohexane + nitrobenzene over the entire range of composition at 308 K 

and calculated various acoustic parameters like adiabatic compressibility, free length 

and free volume, etc.  Based on these results it was suggested that there exists dipole-

induced dipole interactions between nitrobenzene and cyclohexane and the donor-

acceptor complex between toluene and nitrobenzene molecules. Vanathi et al.
141

 

reported densities, viscosities and ultrasonic speeds for the ternary mixture of toluene 

+ chloroform + cyclohexane at T = (303.15-313.15) K. Various acoustic parameters 

such as adiabatic compressibility, intermolecular free length, free volume and internal 

pressure, etc., were derived using the experimental data and it was found that strong 

intermolecular interactions (association) exist between the components in the 

mixtures, i.e., greater solute-solvent interactions than solute–solute interactions. Dey 

et al.
113

 reported the ultrasonic speeds for four binary, one ternary and one quaternary 

liquid mixture consisting of cyclohexane, benzene, n-hexane and n-decane at 

298.15K. Computation of ultrasonic speeds by various approaches, i.e., van Deal, 

Nomoto, Junjie and Collision factor theory, etc., were carried out for the six mixtures. 

A comparative study of the merits of the different approaches has been carried out and 

all the mixing rules used gave reasonably good results for ultrasonic speeds for the 

binary as well as the multi-component mixtures. They
142

 also reported the viscosities 

of the above referred mixtures at 298.15 K and estimated viscosities of these solutions 

by various empirical and semi-empirical models such as McAllister 3 and 4 body, 

Grunberg–Nissan, Wijk, Hind, Katti-Chaudhri and Tamura–Kurata, etc. Sharma et 

al.
143

 reported the densities and speeds of sound for ternary mixtures of o-
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chlorotoluene + tetrahydropyran + N-methylformamide or N, N-dimethylformamide 

or cyclohexane and their sub-binary mixtures at T = (298.15-308.15) K and P = 0.1 

MPa. The excess molar volumes and excess isentropic compressibilities for ternary 

and binary mixtures were discussed in terms of molecular interactions. The 

thermodynamic properties were also analyzed in terms of Graph and Prigogine–

Flory–Patterson (PFP) theories. S. Kumar et al.
144

 reported the excess molar volumes 

for the binary mixtures of 1,4-dioxane with some formamides and anilines over entire 

composition range at 308.15 K. The excess molar volumes were also rationalized by 

Graph theoretical arguments, which has further yielded information about the state of 

association in aniline, formamide and N, N-dimethylformamide. The existence of 

molecular interactions in these mixtures has also been supported by their infrared 

spectral studies. The same group
145

 has also reported speeds of sound, isentropic and 

excess isentropic compressibilities of 1,3-dioxolane or 1,4-dioxane + benzene or 

toluene + formamide or N, N-dimethylformamide ternary and their sub-binary 

mixtures at 308.15 K and analyzed the excess isentropic compressibilities of the 

mixtures by Graph and Flory theories. Jangra et al.
146

 reported the excess molar 

volumes for the ternary mixtures consisting of 1,4-dioxane + o-toluidine + benzene or 

toluene or m- or p-xylene as a function of composition at 308.15 K. The resulting 

excess molar volumes were fitted to Redlich-Kister polynomial to evaluate ternary 

adjustable parameters and corresponding standard deviations. The observed excess 

molar volumes were also analyzed in terms of Graph and PFP theoies. Bedare et al.
147

 

reported the densities, viscosities and ultrasonic speeds for the binary systems of 1,4-

dioxane with  ethanol and methanol over the whole range of composition at 308 K. 

Various acoustic parameters such as adiabatic compressibility, intermolecular free 

length, free volume and internal pressure were calculated and discussed in terms of 

molecular interactions between the components of the mixtures. Sinha et al.
148

 

reported the densities and viscosities of binary mixtures consisting of tetrahydrofuran, 

1,3-dioxolane and 1,4-dioxane with N, N-dimethylformamide over the entire range of 

composition at 298.15, 308.15 and 318.15 K. Based on the nature and magnitude of 

various excess functions and other derived parameters, the molecular interactions in 

the binary mixtures were primarily attributed to dipole-dipole or dipole-induced 

dipole interactions. The excess molar volumes as a function of composition at 

ambient temperature and atmospheric pressure were used to test the applicability of 
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PFP theory to the experimental binaries. Bhatia et al.
149 

reported the densities and 

ultrasonic speeds of binary mixtures of hexan-1-ol with 1,2-dichloroethane, 1,2-

dibromoethane, and 1,1,2,2-tetrachloroethene at several temperatures over the entire 

range of composition. From these data, the excess molar volumes, deviations of 

ultrasonic speed, excess molar isentropic compressibility, intermolecular free lengths, 

mean molecular radii and thermal expansion coefficients were calculated. The 

positive excess molar volumes at all temperatures for these mixtures over the whole 

composition range in conjunction with the excess molar isentropic compressibilities 

and intermolecular free lengths for the studied mixtures confirmed that the hydrogen 

bond interactions of the type OHCl −L , OHBr −L , HπL  and weak physical 

intermolecular interactions between hexan-1-ol and the halohydrocarbons dominate 

over the structure-breaking effect of hexan-1-ol on the addition of halohydrocarbons. 

Kumar et al.
150

 reported the densities and ultrasonic speeds for the binary mixtures of 

p-xylene with 1,2-dichloroethane over the different range of composition at 303.15 K. 

Various excess properties were discussed in terms of the molecular interactions 

between the components of the mixture and it was suggested that mixing of p-xylene 

with 1,2-dichloroethane disrupted the dispersive interactions amongst the 1,2-

dichloroethane molecules and the mixture is characterized by the presence of specific 

interactions amongst the dissimilar molecules. They
151

 also reported the densities, 

ultrasonic speeds, excess molar volumes and excess enthalpies for the binary mixture 

of benzene and 1,2-dichloroethane over the entire composition range at 303.15 K. It is 

found that intermolecular interactions present in the binary mixtures were stronger 

than pure solvent-solvent interactions. Observed negative excess molar volumes and 

positive excess molar enthalpies confirmed the presence of specific chemical 

attractive forces between the two liquids in the mixture. Kondaiah et al.
152

 reported 

the densities, the excess molar volumes and related volumetric properties for the 

binary mixtures: (i) 1,2-dichloroethane + N, N-dimethylformamide, (ii) 1,2-

dichloroethane  + dimethylsulphoxide,  (iii) dichloromethane + N, N-

dimethylformamide and (iv) dichloromethane + dimethylsulphoxide at 308.15 K. The 

variations of excess properties with composition of the mixtures revealed that 

hydrogen bond formation between the unlike molecules, dipole-dipole interactions 

and interstitial accommodation of the unlike molecules were the factors for the 
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observed molecular interactions. Ranjbar et al.
153

 measured the densities and 

viscosities of binary and ternary liquid mixtures consisting of 1-propanol, 

benzaldehyde and 1,2-dichloroethane at several temperatures over entire composition 

range under atmospheric pressure. The interpreted negative viscosity deviations 

qualitatively by considering the strength of intermolecular hydrogen bonding, 

molecular size and shapes of the components and suggested that the OH-Cl and OH-O 

interactions increase the viscosity for the studied mixtures but the effect is not as 

important as the breaking of associations. Dean et al.
154

 measured densities and 

ultrasonic speeds for the binary mixtures of four aliphatic alcohols with 

monoethanolamine over the entire composition range at several temperatures. 

Volumetric and acoustic properties of aliphatic alcohols with monoethanolamine were 

found to depend on the hydrophobicity and hydrogen bonding ability of the alcohols 

and alcohols with higher hydrophobic character interact more strongly with 

monoethanolamine. Yasmin et al.
111

 reported the densities, viscosities, ultrasonic 

speeds and refractive indices of binary mixtures of poly(ethylene glycol) 200 with 

ethanolamine, m-cresol and aniline over the entire composition range at 298.15 K 

under atmospheric pressure. The different excess parameters derived were explained 

in terms of specific intermolecular and intramolecular interactions present in the 

mixtures. The stronger interactions in the binary mixture of poly (ethylene glycol) 200 

with ethanolamine than with m-cresol and least with aniline were attributed to the 

hydrogen bond interactions between –NH2 or –OH groups in ethanolamine, –OH 

group in m-cresol and –NH2 group in aniline with the hydroxyl groups at the chain 

terminals of poly (ethylene glycol) 200 molecules. Blanco et al.
155

 reported the 

density, viscosity and speed of sound for the ternary mixture consisting of N-methyl-

2-pyrrolidone + ethanolamine + water over the entire composition range at several 

temperatures under a pressure of 10
5
 Pa. Various excess or deviation properties were 

then derived and discussed in terms of molecular interactions. The negative excess 

molar volumes and excess isentropic compressibilities suggested that the present 

mixture has a more compact structure as compared to the pure component liquids due 

to the hydrogen bond interactions. Li et al.
156

 determined the densities and viscosities 

for the binary mixtures consisting of 1,2-diaminoethane + 1,2-ethanediol over the 

whole concentration range at (298.15-308.15) K and molecular interactions in the 

mixtures were interpreted in terms of excess molar volumes. Tumberphale et al.
112

 



 

 

General Introduction 

 21 

reported densities, viscosities and ultrasonic speeds for the binary mixtures of n-

propyl alcohol with ethylenediamine at 303 K. Different excess properties were 

discussed in terms of intermolecular interactions between the unlike components in 

the mixture. Vasudha et al.
157

 reported the densities and viscosities for the binary 

mixtures of 2-propanol with methyl acetate, ethyl acetate, butyl acetate and iso-amyl 

acetate over the entire range of composition at 303.15 K. The derived excess 

properties revealed that the degree of molecular interactions between dissimilar 

molecules in the mixtures increase as the chain length of the alkyl acetates increases. 

S. Sharma et al.
158

 reported the densities, viscosities and speeds of sound for binary 

mixtures of oleic acid with methyl acetate, ethyl acetate, n-propyl acetate and n-butyl 

acetate over the entire composition range at several temperatures under atmospheric 

pressure. Various excess properties suggested that the interactions in these mixtures 

are due to dipole-dipole type forces originating from the polarizability of ester 

molecules by the dipoles of oleic acid molecules and it was found that as the chain 

length in esters increases structure-making effect precedes the structure breaking 

effect for these binary mixtures. Karuna Kumar et al.
159

 reported the densities, the 

ultrasonic speeds and excess molar volume and excess isentropic compressibility, etc., 

the binary mixtures consisting of N-methyl-2-pyrrolidone, methyl acetate, ethyl 

acetate, butyl acetate over the entire range of composition at T = (303.15-318.15) K. 

Various thermo-acoustic results suggested that molecular interactions are due to 

differences in free volumes between the unlike molecules, dipole–dipole and dipole-

induced dipole interactions between unlike molecules. The FTIR spectra of these 

liquid mixtures also supported the presence of interactions between unlike molecules. 

The temperature effect on the shapes of the interacting molecules in the binary 

mixture was also analyzed with the scaled particle theory. Cunha et al.
160

 reported 

new experimental data of speeds of sound and densities for seven pure components of 

pyrolysis bio-oil at atmospheric pressure for several phenols (phenol, o-, m-, and p-

cresol), two phenolic ethers (2-methoxyphenol and eugenol) and one phenolic ester 

(methyl salicylate) at T = (288.15-343.15) K. They correlated measured densities and 

sound speeds with PFP theory. Kareem et al.
161

 reported the densities, refractive 

indices, viscosities and derived parameters like the excess molar volumes, excess 

refractive indices and excess viscosities for quaternary mixtures: i) cyclohexane + n-

heptane + n-decane + n-hexane and ii) cyclohexane + 1-pentanol + 3-hexanol + n-



 

 

General Introduction 

 22 

hexane at the temperature range (298.15- 328.15) K. The derived parameters were 

found to be fluctuating between positive and negative values from ideal ones 

depending on the nature of molecular interactions in these mixtures. Such behavior 

was attributed to the interstitial accommodation of the globular cyclohexane 

molecules between n-alkane molecules and distortion of the hydrogen bond 

interactions in alkanols by the cyclohexane molecules. Furthermore, the Flory’s 

theory was extended for the theoretical prediction of excess molar volume of these 

mixtures. The theory predicted the volumetric behavior and magnitudes of excess 

molar volume satisfactorily.  

Anyway, from the above concise literature survey it is obvious that there is a 

lot of reports on the thermodynamic, acoustic, transport and allied properties for the 

binary and ternary mixtures consisting of one or more of the liquids studied in the 

chapters embodied in the present dissertation but reports on the thermodynamics, 

acoustic and allied properties on the compositions of the various mixtures (binary, 

ternary and quaternary) studied herein this dissertation are rare to the best of our 

present knowledge, at least at multi-temperature range.  
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CHAPTER II 

 

2.1. Importance of Mixed Solvent Systems 

For the past few decades, a considerable progress has been made in theoretical 

understanding of liquid-liquid mixtures. Besides the theoretical importance, the 

knowledge of physico-chemical properties of multi-components mixtures is 

indispensable for many chemical process industries. Importantly, for accurate 

designing equipment it is necessary to know the interactions between the components 

of the mixtures. Physico-chemical analysis can be used for getting information about 

the specific interactions amongst the unlike components and the structure of the liquid 

mixtures. The mixtures that result upon mixing two or more different liquids give rise 

to a solution that often do not behave ideally. A solution is said to be an ideal if the 

escaping tendency of each component is proportional to the mole fraction of that 

component in the solution. That is the partial vapour pressure of the component is 

directly proportional to it’s mole fraction in the solution (Raoult’s Law). An ideal 

solution is characterized by the following points: i) it should obey Raoult’s law at all 

temperatures and compositions of the solute in the solvent, ii) 0=∆ mixingH , i.e., no 

heat should be absorbed or evolved and iii) 0=∆ mixingV , i.e., no expansion or 

contraction on mixing. But in real cases it is observed that on mixing two or more 

solvents the resulting mixture do not behave ideally or in other words it deviates from 

ideal behaviour (Raoult’s Law). Thus, in case of liquid-liquid mixtures such deviation 

from ideal behaviour can be expressed in terms of many thermodynamic properties 

referred to as excess functions or properties. These excess properties of binary and 

ternary liquid mixtures are the difference between the actual property of the system 

and the property if the system behaves ideally. These properties are useful in the study 

of molecular arrangements and interactions that interplay between the different 

components of a mixture. The addition of one liquid into another may modify their 

structure to some extent depending on the interactions taking place between the 

similar molecules of the pure components and between the dissimilar molecules of the 

components in the mixture. Therefore, experimental studies involving densitometry, 

viscometry, interferrometry, refractometry and other suitable methods help in 

interpreting the nature of various interactions in the liquid mixtures as well as in 

understanding their structures.  
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2.2. Intermolecular Forces 

Intermolecular forces are the forces of attraction or repulsion that act between 

neighbouring molecules and hold them together. These forces of attraction exist 

between polar as well as non-polar molecules and are known as cohesive forces or 

van der Waals forces, because van der Waal recognized these forces to be responsible 

for the non-ideal behaviour of gases.1,2 These forces are very short lived electrostatic 

attractive forces and exist between all kinds of atoms, molecules and ions. Generally 

there are two types of intermolecular forces; the first type comprises of non-specific 

dispersion forces while the second type involves the specific forces like hydrogen 

bonding, charge transfer, electron pair donor-acceptor force, etc. The various types of 

molecular interactions are briefly described below: 

2.2.1. Dipole-Dipole Interaction 

A key force of attraction between molecules is the dipole-dipole interaction. 

This type of interaction comes into play between two polar molecules having 

permanent dipole moments. A dipole consists of two opposite charges separated by a 

distance. Therefore, a molecule with a dipole has a ‘positive end’ and a ‘negative 

end’. When two or more such molecules get together, the ‘positive end’ of one 

molecular dipole attracts the ‘negative end’ of another dipole and they orient 

themselves in such a way that they maximize the attractive forces (negative end near 

positive end) or minimize the potential energy and minimize the repulsive forces (like 

charges). Hence these interactions are directional in character. This type of interaction 

is inversely proportional to the third power of the distance between the two dipoles 

and is, therefore, effective over short intermolecular distances.3,4 This type of 

interaction may occur through head to tail or lateral orientations as shown in Figure 

2.1. There will always be some repulsive interactions but, in general, the molecule 

will arrange to favour the attractive forces (lower potential energy).  

 

Fig. 2.1. Dipole-dipole interactions: (a) head to tail orientation; (b) lateral orientation. 
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2.2.2. Induced Dipole Interaction 

 Some times a polar molecule having a permanent dipole moment distorts a 

non-polar molecule and induces a dipole moment in it. The forces developed due to 

interactions between a dipole and an induce dipole are called ‘Debye forces’.5-8 This 

type of forces comes into play when a polar molecule is brought closer to a non-polar 

molecule. The positive end of the polar molecule attracts the mobile electrons of the 

non-polar molecule, distorts it and changes it into an individual dipole (Figure 2.2). 

The ‘positive end’ of the permanent dipole can now attract the displaced electron 

cloud of the induced dipole and the two may held together by electrostatic attractions. 

This type of forces depends upon the distance between dipole and induced dipole. 

Such forces vary inversely as the sixth power of the distance between the dipole and 

the induced dipole.8 It is effective over an extremely short range and very weak in 

nature. 

 

Fig. 2.2. Induced dipole interaction. 
 

2.2.3. Instantaneous Dipole-Induced Dipole Interaction 

 Non-polar molecules are electrically neutral and as such do not have any 

dipole moment. In such molecules electrons are continuously moving and visualised 

as distributed symmetrically. However, the centre of negative charge density due to 

electrons does not always coincide with the centre of positive charge density of the 

proton. This disturbs the electrical symmetry of the non-polar molecule momentarily 

and the molecule becomes momentarily polar with an instantaneous, temporary but 

random dipole formed (Figure 2.3). The negative side of the instantaneous dipole 

repels the electron cloud of the adjacent molecules. As a result, this adjacent molecule 

also acquires a dipole by the induced polarity. Thus the instantaneous dipole and the 

induced dipole attract each other by an attractive force called instantaneous dipole -

induced dipole interaction.8 It is true that the instantaneous dipole and induced dipole 
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are changing constantly to a neutral state. Still the attractive force so generated is able 

to bind the molecules together and is called London force. This force is directly 

proportional to the molar volume because the London force acts between the surfaces 

of the concerned molecules when the non-polar molecules come very close to one 

another. 

 

Fig. 2.3. Induced dipole-induced dipole interaction. 
 

2.2.4. Hydrogen Bond 

 The hydrogen bond is a special case of dipole forces and is considered as a 

weak chemical force operating both within and between certain types of molecules. 

Such interaction arises when a hydrogen atom attached to another atom by a covalent 

bond is attracted to a neighbouring electronegative atom (such as oxygen, nitrogen or 

fluorine, etc.) present either in the same molecule or in a separate molecule. The 

separation distance determines the strength or energy of the attraction; closer the 

distance, lower is the energy and hence more stable is the configuration. This is 

actually not a sharing of electrons, as in a covalent bond, instead this is an attraction 

between the positive and negative poles of charged atoms. Hydrogen bonding is not 
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nearly as strong as normal covalent bonds but is typically stronger than normal dipole 

forces between molecules. Although only about 10% as strong as covalent bonds, 

hydrogen bonds are crucial to biological systems. Hydrogen bonds are responsible for 

many of the unique properties of water, for the ternary structure of protein, for the 

interaction between purine and pyrimidine bases contributing to the stability of the 

DNA double helix and many more. Normally hydrogen bonds are of two types: 

intermolecular hydrogen bond and intramolecular hydrogen bond. Intermolecular 

hydrogen bond is the bonding between the H-atom of one molecule and 

electronegative atoms of another molecule, e.g., hydrogen bonding among the water 

molecules (Figure 2.4). It is observed that intermolecular hydrogen bond results into 

association of molecules leading to an increase in the melting point, boiling point, 

density, viscosity, surface tension, solubility, etc. On the contrary, intramolecular 

hydrogen bond is formed within the same molecule between the hydrogen atom and 

the electronegative atoms like F, O and N (Figure 2.5), etc. As the intramolecular 

hydrogen bond results in the cyclization of the molecules, such bonds may prevent 

their molecular association. Consequently, the effect of this bond on the physical 

properties is negligible, e.g., o-nitrophenol, salicylic acid, salicyldehyde, etc.   

 

Fig. 2.4. Inter molecular hydrogen bonding between the water molecules and the hydration of 
chloride ion through hydrogen bonding.  
 

All these different types of intermolecular forces discussed above play an 

important role in determining the physical properties of molecules and their 

interactions with one another in pure state as well as in their mixtures. In most cases a 

combination of forces acts together to contribute to the overall properties of the 

system, so it is helpful to examine each of them as well as the factors that affect their  
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Fig.2.5. Intramolecular hydrogen bonds in o-nitrophenol, salicylic acid and salicyldehyde. 
 

strength in order to understand their relative importance with respect to molecular 

interactions in the liquid mixtures. 

2.3. Theory of Mixed Solvents 

It is observed that much of the chemistry is carried out in solution phase; 

therefore, the prime necessity and the widely employed requisite in chemical 

processes are solvents both in industry and in the laboratory. In many industrial 

applications solvents are substantially employed in pure form called neat or pure 

solvents. However, for certain applications neat solvents fall short as far as their 

dissolving strength as well as other properties are concerned. It is then expedient to 

use solvent mixtures containing two or more solvents rather than the neat solvents. 

The prime reason to use mixed solvents is to enhance the solubility of substances that 

have too low solubility in neat solvent, i.e., for their solubilization.9 Again the mixed 

solvents improves the physical properties compared with its neat components with 

respect to density, viscosity, etc.9 These properties changes with change in the internal 

structure on mixing mainly due to the interplay of various types of molecular 

interactions. The hydrogen bond network, charge transfer complexation, loose 

association arising from dipole-dipole interaction, dipole-induced dipole interactions, 

dispersion and diffusion are some familiar and probable interactions generally 

encountered within liquids and liquid mixtures. The various experimental data on 

thermodynamic, acoustic, transport and optical properties of pure liquid and liquid 

mixtures are of significant importance to understand the intermolecular forces and in 

testing the theories which attempt to estimate the mixture properties. The prediction 

of the properties of a multi-component (binary/ternary/quaternary) liquid mixtures can 

be made either from pure component properties as developed by Eyring,10 Flory et 

al.11-17 or from the properties of their contributing binary systems as advanced by 

Bertrand et al.
18,19 The theoretical as well as experimental estimation of the different 
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parameters such as density, viscosity, ultrasonic speed and refractive indices of the 

pure components and their mixtures have been extensively used both as qualitatively 

and quantitatively to predict the changes in the volume, viscosity, speed of sound, etc. 

and the extent of complex formation when the non-polar organic solvents are mixed.  

Such changes in the properties of the mixed solvents arise from a result of several 

contributions like combinational, energetic, molecular orientation, free volume and 

steric hindrance, etc. If the polar components are involved the additional contributions 

like hydrogen bond, dipole-induced dipole, disruption of molecular order due to 

dipole-dipole interactions come into play. The interstitial accommodation due to 

different size and large difference in molar volumes also leads to such changes. 

Introduction of several theories for the liquids and liquid mixtures has made 

interpretation of such interactions feasible. Liquid mixtures are usually more easily 

dealt with properties that measure their deviation from ideal behaviour, i.e., through 

excess or deviation properties as a function of temperature, pressure and 

compositions.20 

2.4. Excess Molar Volume 

Excess molar volume ( E
mV ) is one of the most important and commonly used 

thermodynamic properties. This property is of great interest from both theoretical and 

engineering point of view. The E
mV  data of binary liquid mixtures have been 

extensively studied by different researchers and it depends not only on solute-solute, 

solute-solvent and solvent-solvent interactions but also on the interstitial 

accommodation of the liquid components into each others cavity (clathrate formation) 

due to differences in their molar mass, shape, size and free volumes.21-31 Thus it 

reflects packing effect, molecular arrangement and interactions operating among the 

constituents of a mixture. The excess molar volumes ( E
mV ) for each composition can 

be calculated from the measured densities using the following relation:32-34 

     )1(id
mm

E
m VVV −=  

where mV , id
mV  are the molar volume and the ideal molar volume of the mixture, 

respectively and are defined as ρ/m MV = , ∑
=

=
n

1i
iiMxM  and ∑=

n

i
iii

id
m / ρMxV ;  n, 

ρ , M , iρ , iM   and xi stand for the number of components, density of the mixture, 
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molar mass of the mixture, density, molar mass and the mole fraction of the ith pure 

component in the mixture, respectively.  

According to Treszczanowicz et al.
35 the excess molar volume results from 

several effects: physical, chemical and geometrical contributions. The physical 

interactions result in volume expansion and involve mainly the dispersion forces and 

non-specific interactions in the mixture and thus have positive contribution to E
mV . 

The chemical or specific interactions result in volume contraction and involve 

hydrogen bond formation, charge transfer type forces, dipole-dipole, dipole induced 

dipole and other complex forming interactions36 between dissimilar species and thus 

have negative contribution to E
mV . Structural contributions arising from the variation 

of molecular packing due to interstitial accommodation of one component into other 

owing to difference in size, shape, free volume and molar volume of the components 

also have negative contribution to E
mV . Therefore, the actual volume change and their 

magnitude would depend on the relative strength of these effects. The negative excess 

volume values of the mixture are indicative of molecular interactions and positive 

values suggests less interactions between the unlike components of the liquid mixture. 

This can be explained by considering the following facts: i) in an ideal solution there 

is no interaction between the component molecules, i.e., volumes are just additive and 

0E
m =V , ii) but in the case of real solutions due to the existence of interactions 

(attractive or repulsive) amongst the component molecules either contraction or 

expansion in the volume takes place on mixing, i.e., volumes are not additive and 

0E
m ≠V .  Thus the final volume after mixing becomes less than that of the ideal 

solution due to molecular interactions amongst the dissimilar components, i.e., 

0E
m <V . On the contrary disruption of molecular order of the pure components 

increases the volume of the mixture and the final volume becomes more than that of 

the ideal solution, i.e., 0E
m >V . 

2.5. Partial Molar Volume  

The thermodynamic approach, based on the concept of partial properties was 

proposed in order to determine the effect of each component and their concentration 

on thermodynamic state properties like volume, enthalpy, entropy, Gibb’s free energy, 

etc. They are extensive properties and depend upon the mass (number of moles). In a 
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closed system, these parameters being a state dependent function depends upon any 

two of the state variables, viz., pressure, temperature and volume of a system of fixed 

composition. But in an open system of variable composition (e.g., liquid system) 

containing two or more components, where the interchange of matter occurs with its 

surroundings undergo a change of composition (number of moles). Therefore, the 

total value of any extensive property is not only a function of T and P, but also of the 

actual number of moles of each species present in the system. Thus for a multi-

component system a thermodynamic state function Y can be expressed as follows:37,38 

    )2(.....),,,,,( 321 nnnPTfY =  

The net change in this property (dY) at constant temperature and pressure is given by:
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The term 
ij,,i )/(

≠nPTdndY is called the partial molar property of the ith
 component and 

is usually denoted by putting a bar over the symbol of thermodynamic property, i.e., 

,...,,,1im, 32
)/( nnPTdndYY = . Thus it can be defined as the rate at which the property Y 

changes with the amount of the ith species added to the mixture keeping temperature, 

pressure and the amount of all other species constant. Partial molar quantities are 

intensive properties and are related to the changes in extensive properties of the 

solution (such as V, G, H, S and A) to the concentration changes.  Of all the extensive 

thermodynamic properties, the volume is easiest to visualize. Taking Y as volume 

rearrangement of Eq. (3) gives: 
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or )5(2m,21m,1 L++= dnVdnVdV  

where m,1V  and m,2V are the partial molar volume of component 1 and 2, respectively. 

In the molecular level, it is seen that the solute-solvent interaction or solvation also 

has some influence on partial molar volume. For instance the partial molar volume of 

lithium ion is negative. In fact such strange negative value of volume is a clear 

indication of electrostriction,39 i.e., strong electrostatic interaction between the lithium 

ion and the water molecules. Thus the partial molar volume includes some significant 
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information regarding the solute-solvent interactions in solution. Integration of Eq. (5) 

gives the Eüler relation indicating that partial molar quantities are additive and yields: 

    )6(.....2m,21m,1 ++= nVnVV  

For an ideal solution, the total volume is just the sum of the molar volume of the 

components in a mixture and is given by: 

)7(.....2
*

2,m1
*

1,m ++= nVnVV   

where *
1,mV and *

2,mV  are the molar volumes of components 1 and 2, respectively. In 

case of ideal solutions, the partial molar volume of each component will be identical 

to their molar volume in the absence of the other component. However, in the case of 

non-ideal solutions, the presence of the second component has a measurable influence 

on the molar volume of the first component and vice versa, i.e., *
1,mm,1 VV ≠  and 

*
2,mm,2 VV ≠ . So for non-ideal mixtures total volumes are not just additive but are 

actually smaller (volumetric contraction) or larger (volumetric dilatation). Thus partial 

molar volume of a component is not equal to its molar volume in such cases. The 

partial molar volumes of component vary with composition of the mixture because the 

molecular environment of each molecule changes (i.e., packing, solvation, etc.) and 

the molecular interactions are well reflected by these properties. This is illustrated 

below in Figure 2.6 for water-ethanol system40 at 20 °C across all possible 

composition.   

 

Fig. 2.6. Partial molar volumes of water and ethanol in aqueous ethanol at 20 °C. 
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Thus the partial molar volume is of fundamental importance in understanding the 

molecular interactions in the liquid mixtures of variable compositions. However, the 

application of Eq. (6) requires an accurate knowledge of the partial molar volumes of 

each component at a given concentration.  The partial molar volumes m,1V and m,2V of 

component 1 and 2, respectively in a binary mixture at the experimental temperature 

can be had from the excess molar volumes ( E
mV ) using the following relations:41-49 

( ) )8(
,2

*
m,1

E
mm,1 1

E
m

PTx

V
xVVV

∂

∂
++=  

( ) )9(
,1

*
m,2

E
mm,2 1

E
m

PTx

V
xVVV

∂

∂
++=  

To determine the partial molar volumes ( m,1V and m,2V ) generally an analytical method 

is used50 by fitting the excess molar volumes ( E
mV ) to a suitable polynomial in mole 

fraction and then the necessary derivative PTxV ,1
E

m )/( ∂∂  is found analytically. 

Regarding this the excess molar volumes ( E
mV ) are generally fitted to the Redlich-

Kister polynomial:51  
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where EY , 1x , 2x are the excess or deviation properties, mole fractions of the 

component 1 and 2, respectively and ia  represents the multiple-regression 

coefficients and the corresponding standard deviation (σ ) is given by the relation:  
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where n  is the number of experimental points and p  is the number of coefficients 

( ia ), which can be optimised by the method of least squares regression following 

Marquardt algorithm.52 The E
Calc m,V values are obtained from Eq. (10) using the best-fit 

values of the coefficients ( ia ) and small values of standard deviation (σ ) indicate 

that Eq. (10) fits the data well for a mixture at the experimental temperature. The 

derivative, PTxV ,1
E

m )/( ∂∂  used in Eq.(8) and Eq.(9) can be obtained53 by 

differentiating Eq. (10) with respect to 1x  and when this derivative is substituted in 

Eq. (8) and (9) the following relations for m,1V and m,2V  are obtained: 
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The excess partial molar volumes (
E
m,1V and 

E
m,2V ) were evaluated by using the 

following relations:47,48 
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)15(*
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The excess partial molar volumes at infinite dilution (
E0,
im,V ) can be determined from 

the relation: 
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The excess partial molar volumes (
E0,
im,V ) at infinite dilution are of fundamental 

importance since they provide insight into the solute–solvent interactions, because at 

infinite dilution the solute–solute interactions are negligible.54 

2.6. Viscosity Deviation 

Viscosity is not a thermodynamic property but a transport property and refers 

to a fluid’s resistance to flow to shear stress. Knowledge of viscosity of pure liquids 

and liquid mixtures is of significant importance for practical and theoretical purposes, 

especially for chemical engineering and industrial purposes such as heat and mass 

transfer operations and pipeline flow applications, etc. For liquid mixtures the 

viscosity of the system mainly depends on the temperature and the composition of the 

liquid mixture and thus eventually leads to a better understanding of the structure of 

liquids as well as molecular interactions in liquid mixtures. The viscosity deviation 

( η∆ ) can be expressed by the difference between the measured viscosity (η ) and the 

ideal viscosity ( idη ) of a mixture and is given by: 43,46,55-60 

)17(idηηη −=∆  

Using the Eyring’s approach of viscosity as a rate process61 idη  can be defined as:  
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where n is the number of the components in the mixture and iη  is the viscosity of the 

ith component in the mixture and the additivity law in a logarithm form is considered 

for ideal mixtures. Ideal viscosity ( idη ) of a mixture can also be expressed on the basis 

of additivity of mole fraction average of component viscosities as follows:   

)19( 
n
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iiid ∑
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According to Kauzman and Eyring,62 the viscosity of a liquid mixture depends on the 

entropy of the mixture, which in turn is related to liquid structure and enthalpy. Thus 

viscosity is related to the molecular interactions between the unlike components of the 

mixture. Therefore, the viscosity deviation is a function of molecular interactions, the 

size and shape of molecules involved. Vogel and Weiss63 established that the positive 

η∆  values suggest the presence of specific intermolecular interactions amongst the 

unlike molecules resulting into more compact structure. On the contrary, negative η∆  

values64 suggest the easier flow of liquid mixture as compared with the pure liquids. 

This may be due to difference in size and shape of mixing components, dispersion due 

to breaking of liquid order that involves breaking of hydrogen bond, dipole-dipole 

specific interactions, etc., on mixing with the second component and the formation of 

unfavourable non-specific interaction amongst the dissimilar molecules of the 

mixture. Alternatively the terms ‘viscous synergy’ and ‘viscous antagonism’ are also 

used to present the viscosity deviation. Generally viscous synergy is the term applied 

to the interaction between the component molecules of a mixture that causes the total 

viscosity of the system to be greater than the sum of the viscosities of individual 

components considered separately.65,66 In contraposition to viscous synergy, viscous 

antagonism is the term used in respect to the interaction between the components of a 

system that cause the overall viscosity of the mixture to be less than the sum of the 

viscosities of the individual components in the system.67 If the total viscosity of the 

system is equal to the sum of the viscosities of each component considered separately, 

the system is said to lack interaction.65,66 Eventually this method compares the 

experimentally obtained viscosity with the calculated viscosity in the absence of 

interaction. When calexp ηη > , it is referred to as ‘viscous synergy’ and when 

calexp ηη < , it is referred to as ‘viscous antagonism’.  
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2.7. Thermodynamics for Viscous Flow 

 2.7.1. Excess Gibb’s Free Energy of Activation of Viscous Flow 

The viscosity of a liquid or a liquid mixture imparts resistance to flow and in 

laminar flow the component molecules flowing must attain a definite amount of 

energy called the free energy of activation of flow per mole. In general, higher the 

free energy of activation of flow, more viscous is the liquid.  Eyring68 proposed a 

simple theory of liquid in which he suggested that the viscous flow in liquid involves 

the migration of molecules from a lattice site into nearby hole from which it can move 

to another site. Thus some work is required to create the hole against the potential 

barrier. Therefore, the process is analogous to chemical reaction proceeding through a 

transition state. The absolute reaction rate approach of Erying10,61,69 provides the 

following expression which correlates the viscosity to the energy required for a 

molecule to overcome the attractive force field of its neighbour so that it can flow:  
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where *
G∆ is the molar Gibb’s free energy of activation for the viscous flow required 

to move the molecules within  the fluid from their energetically most favourable state 

to the activated state and the other quantities mV , N , h , R  and T  are the molar 

volume of the mixture, Avagadro’s number, Plank constant, universal gas constant 

and the absolute temperature, respectively. In principle Eq. (20) can be used either for 

a pure liquid or a liquid mixture.  For a liquid mixture the molar Gibb’s free energy of 

activation of viscous flow ( *
G∆ ) can be regarded as the sum of an ideal contribution 

and a correction or excess term, i.e., 

   )22(*Eid*,*
GGG ∆+∆=∆  

where *E
G∆ stands for the excess free energy of activation of viscous flow per mole 

and id*,
G∆ is the ideal mixture contribution under the same condition of temperature, 

pressure and composition as for the real system per mole and is given by: 
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A combination of Eqs. (21), (22) and (24) yields to the expression: 
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On rearrangement Eq. (25) yields: 
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The term id
m )ln( Vη for n-component liquid mixture is given by:61 

   )27()ln()ln(
n

1i
im,ii

id
m ∑

=

= VxV ηη  

    and 

)28()ln()ln(
n

1i
im,iim

E*








−=∆ ∑

=

VxVRTG ηη  

According to Mayer,70 *E
G∆ may be considered as a reliable measure to detect the 

presence of interaction between the molecule and its magnitude represents the 

strength of interaction between unlike molecules.71,72 The positive value of excess 

Gibbs free energy of activation of viscous flow suggests the presence of specific and 

strong interactions in the systems under investigation.73-76 It also suggests the size 

effect of the mixing components.77 On the contrary negative values of *E
G∆  may be 

attributed to the dominance of dispersion forces.78 

2.7.2. Viscous Entropy and Enthalpy 

Further, the molar entropy ( *
S∆ ) and molar enthalpy ( *H∆ ) of viscous flow 

are related to Gibbs free energy of activation for viscous flow ( *
G∆ ) by the following 

relation:  
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Combination of Eqs. (20) and (29) leads to the following expression: 
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Therefore a plot of )/ln( NhVR η  against T/1  gives a straight line79-82 with a slope 

equal to *H∆  and the intercept equal to *
S∆ . The enthalpy of activation of viscous 

flow provides valuable information regarding the degree of collaboration between the 

species taking part in viscous flow.83 It depends upon the intermolecular interactions 

as well as geometrical effect.83-85 For a highly structured liquid, a large heat of 

activation is generally required for collaborative flow. Thus the positive value of 

*H∆ suggests the presence of molecular interactions between the unlike component 

molecules and vice versa. On the contrary the negative values of *
S∆ indicates the 

formation of activated complex leading to molecular order due to interactions 

between the two components of a mixture.86 

2.8. Ultrasonic Speed of Sound 

Ultrasonics, being a sub-category of acoustics, deals with acoustics beyond the 

frequency range 20 kHz and for ultrasound the range if from 20 kHz to 10 MHz and 

has been proved a useful tool for obtaining information about the dynamics of liquid 

systems. Ultrasound needs a medium to propagate and hence different from 

electromagnetic waves. It is an oscillating sound pressure wave with a 

frequency greater than the upper limit of the human hearing range. It can also be 

defined by its frequency, speed and amplitude or intensity like any other wave. It is 

approximately sub-divided into three main regions, viz., low frequency ultrasound 

(20-100 KHz), intermediate frequency ultrasound (100 KHz-1 MHz) and high 

frequency ultrasound (1-10 MHz). The range from 20 KHz to about 1 MHz is used in 

sonochemistry, i.e., application of ultrasound for the chemical reactions and 

processes, whereas frequencies far above 1MHz are used in medical diagnosis.  

 

Fig. 2.7. Spectrum of acoustics. 

Experimental determination of ultrasonic speeds of sound in various media such as 

liquids, liquid mixtures, electrolyte solutions, suspensions, polymers, etc., has been 
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found to be an effective means for examining certain physical properties of the 

media.87-94 The speed of such sound wave varies depending on the medium through 

which it is traveling and is affected by the medium’s density and elastic properties. 

These experimental data and thermodynamic properties derived from them are found 

to be the property sensitive to different kinds of association in pure liquid and liquid 

mixtures.95 These properties are of fundamental interest for the researchers to study 

the physico-chemical behaviour and molecular interactions in liquid mixtures. They 

are required for the design of industrial plants, pipelines, pumps, etc. Different 

researcher96-115 have investigated and extensively used acoustic properties of liquid 

mixtures to obtain the important information about the molecular interactions 

operating among the component molecules and their physical behaviour. In order to 

understand the specific molecular interactions in the mixtures various thermodynamic 

parameters based on the speeds of sound can be derived. Some of these significant 

acoustic parameters of mixture are discussed below: 

 2.8.1. Isentropic Compressibility 

 Ultrasonic investigation is very useful to understand the behaviour of liquid 

systems. In fluid mechanics, compressibility is a measure of the relative volume 

change of a fluid as response to a pressure change. The isentropic condition means 

that when the sound wave passes through a liquid medium the entropy remains 

constant although the pressure and temperature fluctuate within each microscopic 

volume. Thus the isentropic compressibility is the fractional decrease of volume per 

unit increase of pressure when no heat flows in or out and is affected by intra-

molecular and inter-molecular association, complex formation and related structural 

changes. The speed of sound at low frequencies can be measured precisely.116,117 The 

condition of low frequency is important because at high frequencies (>100 MHz), 

there is a dispersion and absorption of sound wave couples with molecular processes 

within the liquid.118-120 So at frequencies where dispersion is not important, the 

determination of ultrasonic speed of the pure liquid and liquid mixtures enables the 

accurate determination of isentropic compressibilities ( Sκ ) through the following 

Newton-Laplace equation: 120,121    
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where ρ ,  u  are the experimental density and the ultrasonic speed of sound of the 

liquid system. 

 2.8.2. Excess Isentropic Compressibility 

According to Rowlinson et al.121 the speed of sound ( u ) defined by Eq. (31) is 

a thermodynamic quantity. The excess isentropic compressibilities ( E
Sκ ) can be had 

from the relation:     
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where the isentropic compressibility for the ideal mixture ( id
Sκ ) and for a liquid 

mixture with n  components at the absolute temperature  T  is given by:122, 123 
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where ix , 
iV , iS,κ , iα and iP,c  are the mole fraction, the molar volume, the isentropic 

compressibility, the isobaric thermal expansion coefficient and the molar heat 

capacity of the ith  pure component in the mixture, respectively. The volume fraction 

( iφ ) of the ith component in the mixture is given by: 
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The excess isentropic compressibility and their sign play a vital role in deciding the 

molecular compactness in the liquid mixtures. The negative E
Sκ values generally arise 

as a consequence of two effects, viz., an interaction contribution and a free volume 

contribution.124 As far as the interaction part is concerned, the interactions may be 

dipole-dipole, dipole-induced dipole, charge transfer, hydrogen bond type which 

enhance the ordered structure in the mixture yielding negative contribution64,125,126-128 

to E
Sκ  values. The free volume contribution124 involves the interstitial accommodation 

of the molecules of one component into the structure of another. However, positive 

E
Sκ values are indicative of weak interactions due to dispersion forces coming into 

play.64 

2.8.3. Intermolecular Free Length (Lf) 

Intermolecular free length ( fL ) is the distance between the surfaces of the 

neighbouring molecules. This property is mainly dependent on the forces between the 
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molecules and has been extensively used to study the molecular interactions in the 

liquids and liquid mixtures. In the year 1951, Jacobson129-131 suggested that the 

adiabatic compressibility of a liquid can be understood in terms of the intermolecular 

free length and suggested an empirical relation for the liquid mixture:  

   )35()( 2
1

Sf κKL =   

where K is a temperature dependent Jacobson’s constant. It has been observed that the 

decrease in intermolecular free length leads to positive deviation in speeds of sound 

and negative deviation in compressibility. Therefore, the negative fL values indicate 

molecular interactions among the component molecules in mixture whereas the 

positive fL values indicate the weak interaction due to dispersion forces operating in 

the mixture. The excess intermolecular free length ( E
fL ) can be computed using the 

expression:  

    )36(
n
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if,if

E
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where fL is the intermolecular free length of the mixture; ix  and if,L  are the mole 

fraction and the intermolecular free length of the ith  pure component  in the mixture, 

respectively. According to Fort and Moore,125 the positive E
fL  values indicate the 

dispersion force and negative E
fL  values suggest the molecular interactions due to 

charge transfer and hydrogen bond interactions in the mixtures. 

2.8.4. Specific Acoustic Impedance ( imz ) 

Acoustic impedance indicates how much sound pressure is generated by the 

vibration of molecules of a particular acoustic medium at a given frequency. It is 

given by the equation:132 

    )37(im ρuz =  

and the excess acoustic impedance of a n-component mixture  is given by:  
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Literature survey133,134 have shown that  negative E
imz values suggest the presence of 

dispersion force or weak interactions between the unlike component molecules and 

positive E
imz values suggest the structure making effect or intermolecular interaction 

between the component molecules in mixture.134-137 
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2.8.5. Free Volume ( fV ) 

Free volume is one of the important properties that describe the difference in 

the physiochemical properties of liquids and liquid mixtures. The free space has close 

connection with the molecular structure and show remarkable features about the 

interactions when two or more liquids are mixed together. These molecular 

interactions are influenced by structural arrangements along with shape and size of the 

molecules involved. A liquid may be treated as if it were composed of individual 

molecules each moving in a volume fV  in an average potential due to its neighbour or 

in other words the molecules are not closely packed and there are some free space 

between the molecules for free movement and is called the free volume.61 Eyring and 

Kincaid138 defined the free volume as the effective volume in which particular 

molecule of a liquid can move and obey perfect gas laws. Suryanarayana et al.139 

obtained a relation for free volume ( fV ) in terms of speeds of sound ( u ) and the 

viscosity of the liquid (η ) as follows:  

    ( ) )39(k 2
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and excess free volume ( E
fV ) for a n-component mixture is given by: 
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where ffeM  is the effective molecular weight ( ∑= iiff xMM e ), in which iM  and ix  

are the molecular weight and the mole fraction of the ith  component in the mixture, 

respectively. ak  is a temperature independent constant equal to 91028.4 × for all 

liquids. The negative E
fV values suggests that the component molecules in the mixture 

are more close together than in the pure liquids and thus suggests that the presence of 

strong attractive interactions between component molecules such as hydrogen bond, 

dipole-dipole interactions, etc.135 However, positive E
fV values point out to a loose 

packing133,136,140-142 of molecules in the mixtures.  

2.8.6. Internal Pressure ( inπ ) 

The internal pressure is a cohesive force that is actually the resultant of 

attractive and repulsive forces between the interacting molecules in a mixture.143,144 

Internal pressure also gives an idea of the solubility characteristics. Dissolved solutes 
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exist under the internal pressure of the medium and their interactions with the solvent 

arises through hydrogen bonding, charge transfer, van der Waals interaction, etc. It 

varies due to all types of solvent-solute, solute-solute and solvent-solvent interactions. 

Thus the internal pressure data are highly useful in understanding and establishing the 

nature of the molecular interactions between the unlike components of a liquid 

mixture. Suryanarayana et al.
139 derived an expression for the determination of 

internal pressure on the basis of the statistical thermodynamics using the free volume 

concept and is expressed as: 
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where cb  stands for the cubic packing factor and is assumed to be 2 for all liquids and 

liquid mixtures. According to van der Waals equation,145 internal pressure ( 2/Va ) is a 

measure of the attractive force and is inversely proportional to the square of the total 

volume. So if there is contraction in the volume due to specific molecular interactions 

or interstitial accommodation of one molecule into other owing to difference in their 

size, free volume, etc., the internal pressure will be high. Similarly if there is 

expansion in volume due to destruction of molecular packing the internal pressure 

will be low. Thus it is clear that high inπ values indicate strong molecular interaction 

and low inπ values indicate loose packing of the component molecules in the 

mixture.133-136,142
   

2.9. Refractive Index 

 The refractive index ( Dn ) of a liquid is an important additive physical property 

and its measurement is expected to shed some light on the solvent-solvent interactions 

and configuration of their mixtures.146-149 Also it’s theoretical and empirical 

correlation to density, surface tension, dielectric permittivity and excess molar volume 

of multi-component mixtures can provide important information on intermolecular 

interactions. Therefore this property has been used to study the structure and the 

molecular interactions among the component molecules of the liquid mixtures. The 

refractive index ( Dn ) is the ratio of angle of incident to the angle of refraction. Stated 
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more simply, the refractive index describes the ability to refract light as it passes from 

one medium to another medium. Thus higher the refractive index ( Dn ), more is the 

light refracted.150 The extent of refraction depends on the relative concentration and 

the structure of the component molecules. So refractive index ( Dn ) can give an idea 

about the geometry and the structure of molecules.  

2.9.1. Deviation in Refractive Index ( Dn∆ ) 

The deviation in refractive index correlates well with the excess molar 

volumes and can be obtained using the relation defined as:151 

)43(id
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The ideal refractive index ( id
Dn ) of a mixture can be defined on a volume fraction ( iφ ) 

basis but it is usually defined on a mole fraction basis ( ix ), i.e., for a binary mixture:  
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According to Iglesias-Otero et al.,152 the ideal refractive index ( id
Dn ) for a binary 

mixture can also be had from the relation: 
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where iD,n  and iφ  are the refractive index and volume fraction of the ith pure 

component in the mixture under experimental temperature and pressure. As stated by 

Deetlefs et al.,153 the refractive index of a substance is higher when its molecules are 

more tightly packed or in general when the compound is denser. This indicates that 

more is the molecular interactions denser is the liquid, more is the refractive index. 

This can be followed from the calculated values of the deviation in refractive indices, 

i.e., positive Dn∆ values attribute to strong solvent-solvent interactions and negative 

Dn∆ values indicate weak solvent-solvent154 interactions. 
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2.9.2. Molar Refraction ( mR ) and Excess Molar Refraction ( E
mR ) 

Excess properties are defined for thermodynamic variables only.155 Since 

molar refraction is a volumetric property, the notation E
mR for excess molar refraction 

is quite acceptable provided the reference state used for its calculation is a 

thermodynamically ideal mixture.156 The molar refraction ( mR ) of a mixture can 

easily be calculated using the experimental refractive indices ( Dn ) from the 

Lorentz‐Lorentz equation:146,150,157, 158 
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and the molar volume of the mixture ( mV ) is defined as follows: 
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where Dn is the refractive index of the mixture. Therefore, excess molar refraction 

( E
mR ) can be had from the relation: 
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Fermeglia and Torri-ano159 defined excess molar refraction ( E
mR ) on mole fraction 

basis, while it is defined on the basis of volume fraction160 by some authors. The ideal 

molar refraction ( id
mR ) for n-component mixture can be defined by the following 

relation:161  
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where the symbols have their usual meanings as defined above. The positive 

E
mR values indicate that the dispersion forces are higher in the mixtures than in the 

pure liquids, whereas negative E
mR  values indicate the presence of interactions 

between the unlike components in the mixture.162 Excess molar refractions give more 

information than n∆  values about the mixture phenomenon, because it takes into 

account the electronic perturbation of molecular orbital during the mixing process.163 

2.10. Predictive Models 

On the contrary to solids and gases, there exists no simple theory/model for 

the liquids for explaining their behaviour. This fact can be attributed partly to: i) the 
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mobility of the molecules in liquids like gases and partly to ii) short-range attractive 

and repulsive forces between the molecules resulting in limited volume. Again 

closeness of the molecules or molecular packing in liquids decreases with a rise in 

temperatures till it behaves like a compressed gas at a particular condition of 

temperature and pressure. However, a comparison of the experimental data of multi-

component mixtures with those calculated by means of various predictive or 

correlative models is very useful from the points of view: (i) it suggests which model 

is more appropriate to characterize the system, (ii) it may indicate which parameters 

should be improved and (iii) it may allow the identification of some model as a 

convenient reference for the interpretation of the deviations in the observed 

properties. Correlative models generally contain adjustable parameters or coefficients 

determined by fitting experimental data to these models. Predictive models on the 

contrary use the dependence of molecular properties on some physical parameter or 

vice-versa. Predictive models can be semi-empirical or empirical. Semi-empirical 

models are developed on some theoretical basis and requires limited experimental 

data but empirical models require huge experimental data to develop itself. 

2.10.1. Excess Molar Volume Models 

There are several empirical models that can simulate the excess molar 

volumes for the liquid mixtures like Peng-Robinson cubic equation of state,164 Flory’s 

theory14-17 and Prigogine-Flory-Patterson165,166 model. Empirical methods have also 

been developed using the corresponding state principle based on van der Waals 

hypothesis.167 Some of them are described briefly below: 

2.10.1.1. Cubic Equation of State 

Cubic equations of state (CEOS) are well focused because of their widespread 

use and simple form. Basically cubic equations of state are those equations that on 

expanding are cubic in volume or cubic in compressibility factor. These equations are 

modified forms of the van der Waals equation of state168 and were the first equation to 

predict vapour-liquid coexistence. To improve the accuracy, Redlich and Kwong169 

(1949) modified this equation by introducing temperature dependence for the 

attractive term. Later, Soave170 (1972) and Peng and Robinson164 (1976) proposed 

further modifications to calculate more accurately the vapour pressure, liquid density 

and equilibrium ratio. These equations of state are widely used in the design and 

analysis of industrial processes for the calculation and prediction of the properties of 
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fluid and fluid mixtures.171 This is due to the fact that they offer a balance between 

accuracy, reliability, simplicity and speed of computation. In addition, they have the 

advantage of representing multiple phases and multi-component mixtures using the 

same model. At the beginning these equations of state were used only for the mixtures 

of non-polar (Soave, 1972; Peng and Robinson, 1976) and for slightly polar 

compounds [Huron et al.172 (1978); Asselineau et al.173 (1978); Graboski and 

Daubert174 (1978)]. Equation of states involving two constants can be expressed by 

the general form as suggested by Schmidt and Wenzel:175 
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With different values of u  and w , most of the well known cubic equations of state 

can be reproduced. For instance Peng-Robinson equation of state is reproduced if we 

take 2=u  and 1−=w . Although there are many equations of state, Peng-Robinson 

equation of state (PREOS) was used for the mixtures studied herein this dissertation 

to predict and correlate the excess molar volumes and viscosity deviations for the 

selected liquid mixtures. 

2.10.1.2. Peng-Robinson Equation of State 

This equation was developed during the 1970s anticipating that the parameters 

a  and b  should be expressible in terms of the critical properties and acentric factor 

and should provide reasonable accuracy near the critical point, particularly for the 

calculation of compressibility factor and liquid density. Peng and Robinson 

introduced the following modified van der Waals EOS:164
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For a pure component the attractive parameter a  and co-volume parameters b are 

given by the following relations:  
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where 
cT  and 

cP  are critical temperature and pressure of the pure components. The 

parameter ξ  in terms of acentric factor (ω )176 is defined by: 

    )57(0.26992-1.542260.37464 2ωωξ +=  

In addition, the Peng-Robinson equation can be extended to liquid mixtures also by 

obtaining the mixture parameters. This is commonly achieved by using mixing or 

combining rules that relates the properties of the pure components to that of the 

mixture. Therefore, application of this equation of state to mixtures containing n-

components with composition ( ix ) requires the evaluation of parameters a  and b  

using some mixing rules.177 Most commonly used relations are as follows:  
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The parameter ijk is the binary interaction coefficient characterizing the binary formed 

by components i  and j . This coefficient is zero for ji = ; for ji ≠  it is close to zero. 

This binary interaction coefficient takes into account the difference in the interaction 

of unlike molecules. This equation of state can be used to calculate the excess molar 

volume of the mixture. To make the calculation easy the cubic equations of state are 

often expressed in terms of compressibility factor. Therefore, on rearrangement Peng-

Robinson equation of state [Eq. (52)] in terms of the compressibility factor (Z) 

becomes:  

 )61(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ  

    where 
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Thus from a knowledge of the compressibility factors of the pure components and 

their mixtures, the excess molar volumes can be calculated by calculating the 

corresponding molar volume of the pure components and their mixtures with the 

optimized value of ijk . The molar volume of the pure components and their mixtures 

are therefore calculated in terms of the compressibility factors as: 
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where 1Z , 2Z  and mZ are the compressibility factors of the component 1, the 

component 2 and the mixture, respectively. Using these calculated compressibility 

factors, the excess molar volume of the mixtures of variable compositions can be had 

from the relation: 
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The correlating ability of this model can be judged from the standard deviation [Eq. 

(11)] between the experimental and the calculated excess molar volumes. The smaller 

value of standard deviation represents the best fit.  

2.10.1.3. Flory Theory 

Flory et al.,14,15 dealing particularly with mixtures suitable for non-polar 

molecules of different size and shape, formulated a partition function. In this theory, 

the PVT variables are all expressed in reduced form and the properties of the liquid 

mixtures are expressed in terms of the characteristic parameter of the pure component 

and an energy parameter characteristic of molecular interactions in the mixture. 

Prediction of excess properties can be made by evaluating these parameters. A simple 

van der Waals type model was found to be suitable.14,15 The resulting reduced 

equation of state from the partition function in terms of Flory’s notation is expressed 

as: 
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and the reduced pressure ( P
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), volume ( v~ ) and temperature (T
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) are given by: 
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Extending this treatment with an assumption of random mixing of the two species to 

the binary mixtures, the mean intermolecular energy was shown to be equal to 

vvP ~/* ∗ , where ∗
v represents the characteristic volume of the mixture and the 

characteristic pressure *P of the mixture is given by: 
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where 2θ , is,φ and *
iP represents the molecular site fraction for the component 2, 

segment or hardcore volume fraction and characteristic pressure of the ith components 

in the mixture and 12χ is the interaction energy parameter characteristic of the system 

and it is a measure of the dissimilarity of the interaction energy between the unlike 

pair and the mean of the like pairs. This parameter is a constant at a given temperature 

and is independent of the composition for the system involving spherical and similar 

sized non polar molecules.178,179 The site fractions, iθ  for the ith component is  defined 

as: 
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and the segment fraction, is,φ of the ith component for nearly spherical molecules is 

given by: 
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where *
1v  and *

2v are the characteristic volume of the component 1 and 2, respectively.  

The characteristic pressure ( *
iP ), volume ( *

iv ) and temperature ( *
iT ) of the pure 

liquids can be related with their physical properties through Eq. (66) by putting P = 0. 
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where i,Tκ  is the isothermal compressibility of the ith component and can be evaluated 

using the relation: 
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According to Flory’s theory, the excess molar volume can be evaluated from the 

following relation: 

    )77()(~
n

i

*
ii

EE
m ∑= vxvV  

where E~v represents the reduced excess volume per segment and is defined as: 
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0
~v  in the above equation represents the reduced volume per segment. For an ideal 

liquid mixture:    
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Therefore, the actual expression for the excess molar volume for the mixture can be 

obtained by combining Eq. (77) to Eq. (79) as: 
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2.10.1.4. Prigogine-Flory-Patterson  (PFP) Theory 

The Flory theory was proposed to account for the major discrepancies in the 

lattice theory, which failed to account for the volume changes and changes in local 

disorder with composition. This one parameter theory was basically installed for 

explaining the thermodynamic properties of hydrocarbon mixtures and then extended 

to non-polar molecules of varied shape and size. This theory treats excess 

thermodynamic properties to be sum of three contributions: i) a combinatorial term, 

ii) an interactional term and iii) a free volume function. Anyway, in the recent years 

Prigogine-Flory-Patterson (PFP) theory,165,166  
 a modified version of Flory’s statistical 

theory14,15,17,180 has been successfully employed to estimate and analyze excess 

thermodynamic functions of non-electrolyte liquid mixture180-182 theoretically. This 

theory is the first successful theoretical approach of an equation of states model for 

polymer solutions and is a van der Waals like theory based on the corresponding state. 

The use of this theory requires the knowledge of isobaric coefficient of thermal 

expansion (α ), isothermal compressibility ( Tκ ) and Flory’s parameters (already 

defined in the previous section). This theory considers the excess molar volume ( )E
mV  

of binary mixtures to be the sum of three contributions: (i) the interactional 
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contribution, E
(int)m,V , which is proportional to the interaction parameter, 2,1χ ; (ii) the 

free volume contribution, E

mV )fv(, , which arises from the dependence of the reduced 

volume upon the reduced temperature as a result of the difference between the degree 

of thermal expansion of the two components; and (iii) the internal pressure 

contribution, E

)(pm, *V , which depends both on the differences of the characteristic 

pressures and on the differences of reduced volumes of the components. The 

expressions for these three contributions are:   
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Thus the excess molar volume ( )E
mV  is given as: 
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where iψ  is the contact energy fraction for the pure ith component and is calculated 

using the relation: 
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iθ  and is,φ  for the ith components in mixture has already been defined in the previous 

section, Eq. (71) and (72). The other symbols have their usual meaning. The first term 

on the right hand side of Eq. (85) represents the interactional contribution ( 12χ ), 

second term represents the v~  contribution and the last term represents the 

*P contribution. In order to compute E
mV  from Eq. (85), the interactional energy 

parameter 12χ  is required. This can be evaluated by fitting the experimental E
mV  
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values of each composition for each system to Eq. (85). The calculation is carried out 

using a computer program that finally provides an optimized value of the interaction 

parameter 2,1χ with least error. Among the calculated values of the interaction 

coefficients ( 12χ ), the value with the minimum standard deviation is taken into 

consideration to calculate the excess molar volume of the mixture. The estimating 

ability of this model can be judged from the standard deviations [Eq. (11)] between 

the experimental and the calculated E
mV  values using this model.  

2.11. Viscosity Models 

Several empirical models can simulate the viscosity of liquids or liquid 

mixtures and practical implications of such viscosity models were reviewed by 

Mehrotra et al.
183 The viscosity of the different systems studied were predicted using 

Peng-Robinson cubic equation of state164 and Bloomfield–Dewan model.184 Apart 

from these models several semiempirical relations have been put forward to correlate 

the viscosity of binary liquid mixtures in terms of their pure component data.  

2.11.1. Model Based on Eyring’s Theory Coupled with a Cubic Equation 

of State: 

A viscosity model based, on Eyring’s theory coupled with Peng-Robinson 

cubic equation of state for non-ideal liquid mixtures, is used to correlate and estimate 

the liquid viscosity of non-ideal liquid mixtures at experimental temperature and 

different compositions. The estimating ability of this model can be judged from the 

standard deviations between the experimental and calculated viscosities. Macias-

Salinas et al.185 developed a model based on Eyring’s theory coupled with a cubic 

equation of state to suitably correlate and predict the liquid viscosities of the non-ideal 

binary solutions over a wide range of temperature, pressure and compositions and is 

given by: 
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where id)( Vη and *E
G∆ are the kinematic viscosity of an ideal solution and excess 

activation free energy of flow, respectively which can be expressed as: 
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In order to incorporate the binary interaction parameter 12g  ( jiijii and0 ggg == ), 

E*
G∆  for a binary mixture is given as: 
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For a binary mixture it takes the form: 
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where 12g  is the binary interaction parameter. Its value can be obtained by non-linear 

regression analysis and optimized by comparing the experimental viscosity data with 

those produced from Eq. (87). The value of E
G∆ , the excess Gibbs free energy of the 

mixture was calculated using the relation: 
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where o
iϕ  and iϕ  are the fugacity coefficient of the pure component and that of the ith 

component in the mixture, respectively. As per PREOS, fugacity coefficient of a pure 

component and that of the ith component in the mixture are given by: 
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Combining Eq. (87) to Eq. (91), the final expression for the mixture viscosity is as 

follows: 
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 2.11.2. Bloomfield-Dewan Viscosity Model: 

It combines two major semi-empirical theories of liquid viscosities in order to 

assess viscosity deviation of liquid mixtures. The first one is the absolute reaction rate 

theory180 that relates the viscosity to the free energy required by a molecule to 
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overcome the attractive force field of its neighbours in order to jump to a new 

equilibrium position, i.e., to flow.  The second one is the free volume theory186,187 that 

relates the viscosity to the probability of occurrence of an empty neighbouring site 

into which a molecule can jump and the probability depends exponentially on the free 

volume of the liquid. Thus the probability of viscous flow has been considered as a 

product of the probabilities of acquiring sufficient activation energy and the 

occurrence of an empty site. All the thermodynamic quantities involved in 

Bloomfield-Dewan model can be calculated using the equation of states of 

Flory14,15,17,180 without numerical adjustment, already discussed in section 2.10.1.4. 

Bloomfield and Dewan184 proposed the following expression for the viscosity of the 

mixture as: 
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and )~(vf  is the characteristic function of the free volume and is defined as: 
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G∆ is the residual free  energy of mixing and can be calculated using the relation188 

as: 
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where is,φ is the segment fraction of the ith component in a binary mixture. The excess 

energy E
G∆ can be obtained from the Flory’s statistical theory of liquid mixtures15,17 

by using the relation:         
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Using the 12χ  values from fitting values of E
mV  and the values of the parameters for 

the pure liquid components, E
G∆ , )~(vf  and finally ηln∆  can be calculated and 

compared with the experimental viscosity to test the estimating ability of the model 

by calculating the standard deviations.  
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2.12. Viscosity Correlative Models 

These models involve interaction parameters (one or more) generally obtained 

by employing some optimization technique. These models require some experimental 

data in order to establish the value of an interaction parameter and have specific 

values for each mixture at the defined temperature and pressure. Several empirical 

and semi-empirical relations have been proposed to evaluate and correlate dynamic 

viscosity (η ) as well as kinematic viscosities ( 1−= ρην ) and to check the suitability of 

the equation taking into account the number of empirical adjustable coefficients. 

Irving189,190 surveyed more than fifty equations for describing the viscosity of binary 

liquid mixtures. Some of them are as follows:  

2.12.1. Grunberg and Nissan Model: 

Grunberg and Nissan191 suggested the following logarithmic relation between 

the dynamic viscosity (η ) of the binary mixtures and its pure components ( iη ): 

    )100(lnlnln 12212211 dxxxx ++= ηηη       

where 12d represents Grunberg-Nissan interaction parameter that reflects the non-ideal 

behaviour and strength of the molecular interactions between the component 

molecules of the mixture. Its value may be positive or negative depending upon the 

liquid mixture. Generally a positive 12d  value suggests the presence of strong 

interactions and negative value suggests the presence of weak interaction between the 

components molecules in the mixture. This equation can be extended to ternary and 

quaternary systems as represented by the following Eqs. (101) and (102): 
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)102(lnlnlnlnln 1234432144332211 dxxxxxxxx ++++= ηηηηη  

In 1998 Canosa192 proposed an extension of Grunberg-Nissan equation to the ternary 

system by introducing a ternary adjustable parameter and is given by: 
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2.12.2. Tamura and Kurata Model: 

Tamura-Kurata193 have provided the following equation for the dynamic 

viscosity of binary mixtures: 
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In this equation, the notations are same as in the earlier equations. Additionally iφ  and 

jφ  are the volume fractions of the components i  and j  in the mixture. The interaction 

coefficient ijT  is constant at a chosen temperature and it follows similar kind of 

temperature dependence as pure liquid viscosity.  

2.12.3. Hind Model:  

Hind et al.194 suggested the following dynamic viscosity model for the 

calculation of the viscosity of binary mixtures:  
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where 12H is Hind interaction parameter, generally attributed to unlike pair 

interactions195 and for ternary mixtures,194 the model is as follows: 
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2.12.4. Heric-Brewer Model: 

Heric–Brewer196 proposed two parameter model of the following form: 
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where M1 and M2 are the molecular weights of component 1 and 2; 12ϑ  and 21ϑ  are 

interaction parameters which can be calculated from the least squares method. 

2.12.5. McAllister Models: 

McAllister197 suggested a model based on Eyring’s theory of absolute reaction 

rate to correlate the kinematic viscosities of the liquid mixtures. He considered the 

interactions to involve activated jumps of molecules between layers of molecules in 

the velocity gradient and the molecular motion was treated as if the molecules were 

undergoing a chemical reaction with a potential barrier to overcome. On the basis of 

the three-body model, McAllister derived the following formula for the kinematic 

viscosity (ν ) of the liquid mixtures:  
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If the ratio of the molecular weights (M1/M2) = 1, the last four terms vanish. The 

equation has two interaction coefficients 12ν  and 21ν ; which can be determined from 

the viscosity-composition data of the mixture. Similarly, the McAllister four-body 

model is defined by the relation: 
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where 1112ν , 1122ν , and 2221ν  are model coefficients and these have to be determined 

from viscosity-composition data. All these parameters are temperature dependent. 

 2.12.6. Katti-Chaudhri Model:  

 Katti-Chaudhri198 proposed the following relation: 
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where visW is interaction energy for activation of viscous flow. 

2.12.7. Lobe Model: 

The Lobe Equation199 involves the volume fraction of the components 1φ  and 

2φ  and is given by:         
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where 1v , 2v , 12τ  and 21τ  are the kinematic viscosities of the component 1, 

component 2 and interaction coefficients, respectively. 

 2.12.8. Krishnan-Laddha Model:  

  Krishnan-Ladda200 model is based on Eyring’s theory of absolute reaction rate 

and is given by: 
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where a , b  and c  are the model coefficients. 
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2.13. Other Correlative Models 

Several empirical models,201,202 correlative as well as predictive models 

suggested by different researchers can be used to estimate the experimental binary 

ternary and quaternary properties. For this purpose the Redlich-Kister51 polynomial 

[Eq. (10)] has been used to correlate the excess or deviation properties of binary 

mixtures (already discussed in section 2.5) and Cibulka polynomial203 has been used 

for the ternary and quaternary excess or deviation properties. For the ternary mixtures, 

Cibulka polynomial equation is as follows: 

       )113(.......)( 23121321
E
Bin

E
123 ++++= xcxccxxxXX  

and for the quaternary mixtures, it has the following form:  

)114(....)( 34231214321
E
Bin

E
1234 +++++= xcxcxccxxxxXX  

where E
123X  and E

1234X  are the excess or deviation properties for the ternary and 

quaternary systems, respectively. The term E
BinX  is the sum of the corresponding 

binary excess or deviation properties expressed as: 
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The adjustable ternary and quaternary Cibulka coefficients ( ic ) are essential for the 

calculation of the theoretical excess or deviation properties and can be obtained by 

least-squares analysis.  

2.14. Predictive Symmetric and Asymmetric Models for Ternary and 

Quaternary Systems 

Several predictive empirical models (symmetrical and asymmetrical) have 

been proposed to predict the ternary excess or deviation properties by utilizing the 

experimental binary data. Originally some of these models were suggested to predict 

some specific properties like excess molar enthalpy, Gibbs free energy, etc. However, 

they are applicable to other excess or deviation properties204 and they consider only 

binary contributions into account. In this dissertation the excess molar volumes and 

the viscosity deviations were predicted and compared with corresponding 

experimental values. 
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2.14.1. Symmetrical Models 

2.14.1.1. Köhler Model: 

Köhler205 expressed the excess or deviation properties for a ternary mixture as: 
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where E
ijX is the excess or deviation property for the binary mixture at binary 

composition 0
ix  and 0

jx , such that )/(1 jii
0
j

0
i xxxxx +=−= , ix  and jx  refers to 

ternary compositions. When extended for quaternary mixture it takes the form:  
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and it considers six binary contributions ( E
ijX ) with similar definition of composition 

as given for Eq. (117). 

2.14.1.2. Jacob-Fitzner Model: 

The Jacob-Fitzner model206 for expressing the excess or deviation properties 

of a ternary mixture is given by: 
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where .2/)1(1 ji
0
j

0
i xxxx −+=−=  When extended for quaternary mixtures, it takes 

the form: 
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and it considers six binary contributions ( E
ijX ) with similar definition of composition 

as given for Eq. (119). 

2.14.1.3. Colinet Model: 

Colinet207 expressed the ternary excess or deviation properties as follows: 
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This symmetrical model considers six binary contributions ( E
ijX ) with compositions 

as defined within third braces. 

2.14.1.4. Rastogi model: 

Rastogi et al.208 suggested the equation:  
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where  the three binary contributions ( E
ijX ) have  similar definition of composition as 

given for Eq. (117). 

2.14.2. Asymmetrical Models 

2.14.2.1. Tsao-Smith model: 

Tsao-Smith209 for ternary system is expressed as: 
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where E
ijX is the excess or deviation property for the binary mixture at binary 

composition 0
ix  and 0

jx , such that 1
0
i xx = and i

0
j 1 xx −= for the mixtures 1-2 

and 1-3 and )/(1 322
0
i

0
j xxxxx +=−=  for the mixture 2-3. 

2.14.2.2. Toop Model: 

Toop210 proposed the equation of the form:                    
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where the binary contributions ( E
ijX ) have similar compositions as defined for 

Tsao-Smith model. 

2.14.2.3. Scatchard Model: 

Scatchard211 proposed the model in the form: 
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where the binary contributions ( E
ijX ) have similar compositions as defined for 

Tsao-Smith model. 

2.14.2.4. Mathieson-Thynne Model: 

Mathieson and Thynne212 proposed an equation of the form:  
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where the binary contributions ( E
ijX ) have compositions as defined as 

follows: 2/321
0
2

0
1 xxxxx −−=−  and 2/231

0
3

0
1 xxxxx −−=− . 

Predictive capability of these models can be ascertained from the standard deviations 

(σ ) between the experimental and the calculated excess or deviation properties of the 

mixtures at the experimental temperature. 

2.15. Theoretical Estimation of Ultrasonic Speed  

The experimental ultrasonic speeds of sound for the liquid mixtures can be 

theoretically estimated with the various empirical and semi-empirical models as 

suggested by different researchers. Some of these models are discussed briefly as 

follows: 

2.15.1. Nomoto Relation (NOM):  

Assuming the additivity of molar sound velocity Nomoto (NOM)213 proposed 

the following relation: 
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where iR  and im,V stand for the molar speed of sound and the molar volume of the ith 

component in the mixture, respectively. iR is given by:214 
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2.15.2 Schaaff’s Collision Factor Theory (CFT):  

Schaaff’s collision factor theory215,216 yields the following relation: 
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where ∞u = 1600 -1sm⋅ , iS and iB represent collision factor and actual volume of a 

molecule per mole for ith pure component in the mixtures, respectively. iB , the actual 

volume of the molecule per mole of component i, can be evaluated as 

     )130(0
3

3
4 NrB π=  

where 0N  is the Avogadro's number and r  is the molecular radius of the pure 

component. Molecular radius can be computed using the Schaaff’s relation.216  
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where b  is the van der Waals constant. 

2.15.3. Impedance Dependence Relation (IDR):   

The product of sound speed (u ) and the density ( ρ ) of the mixture is termed 

as acoustic impedance ( imz ) of the mixture. Hence, from the knowledge of the density 

and the acoustic impedance of pure components the speed of the sound in the mixture 

can be predicted. The relation217 is given by: 
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where iim,z  stands for specific acoustic impedance for the ith pure component in the 

mixtures. 

2.15.4. Vandeal Vangeal Ideal Mixture Relation (IMR):  

Vandeal Vangeal Ideal mixture relation218 is given by: 
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where iu  is ultrasonic speed of sound for the ith pure component in the mixtures.  

2.15.5. Jacobson’s Free Length Theory (FLT):  

Free length concept in liquid mixtures was introduced by Jacobson219,220 and is given 

by:     

)134()/( 2/1
fjFLT ρLKu =  

where jK  is the temperature dependent Jacobson constant defined as 

810)375.0875.93( −×+ T  at temperature T  in Kelvin., the intermolecular free length 
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( fL ) in the binary mixtures is given by 
sa YVL /2f = . Here 

aV  represents the available 

volume per mole and sY  is the surface area per mole and may be expressed as:   

                 )135()( 0T VVVa −=  

          )136()36( 3
12

0s VNY π=  

Here 0V  and TV  are the molar volumes at absolute zero and at temperature T, 

respectively. The 0V  can be obtained from the following relation using critical 

temperature ( cT ): 
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The critical temperature ( cT ) for a mixture can be taken as an additive of the mole 

fraction average of the cT values of its pure components, i.e.,:  
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The thermodynamic intermolecular free lengths ( fL ) in the binary liquid mixtures 

have been calculated using the relation:  
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The intermolecular free lengths ( fL ) can also be computed using the Schaaff’s 

relation for available volume ( aV ) as given below: 
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where the symbols used have their usual meanings. 

2.15.6. Junjie's Equation (JUN):  

Junjie221 proposed the following equation: 
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where the symbols used have their usual meanings. 
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2.16. Theoretical Estimation of Refractive Indices of Liquid Mixtures 

There are several mixing rules to correlate the experimental refractive indices 

of the liquid mixtures. A comparative study can be made between the experimental 

and theoretically calculated refractive indices at the experimental temperatures using 

the different empirical/semi-empirical mixing rules and models suggested by different 

researchers from time to time. These mixing rules for the prediction of refractive 

index can be theoretically applied to the liquid mixtures. Some commonly used 

mixing rules used in the present dissertation are as follows: 

2.16.1. Lorentz-Lorenz Relation:  

The Lorentz-Lorentz relation222,223 for refractive index is based on the change in the 

molecular polarizability with volume fraction. This mixing rule is the most frequently 

used in the analysis of refractive index data and is expressed as:  
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where iD,n  is the refractive index of the ith pure component and the other symbols 

used have their usual meanings.  

2.16.2. Gladstone-Dale Relation: 

Gladstone-Dale224 proposed the following relation: 
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2.16.3. Arago-Biot Relation: 

Arago-Biot225 suggested the following expression: 
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2.16.4. Weiner Model Relation: 

Weiner model226 is given by the following expression: 
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These mixing rules are also used in the analysis of refractive indices for the ternary 

and quaternary systems along with binary systems in the present dissertation.  
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2.16.5. Eyring-John Relation: 

Eyring-John227 proposed the following expression: 
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 2.16.6. Heller Relation: 

Heller228 suggested the following expression: 
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 2.16.7. Eykman Relation: 

The expression suggested by Eykman229 has the following form: 

   )148(
4.0

1

4.0

1

4.0

1
22

D,2

2
D,2

12
D,1

2
D,1

2
D

2
D φφ 











+

−
+











+

−
=

+

−

n

n

n

n

n

n
 

 2.16.8. Newton Relation: 

Newton230 suggested the following expression: 
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2.17. Response Surface Model 
 Recently a response surface model231 has been successfully utilized to 

determine the partial molar volume and partial molar refraction of highly interacting 

solutes from very dilute multi-component data alone.232 Neither densities nor 

refractive indices of any of the pure component are required and also no binary 

information is required for such analysis. A response surface model for the total 

volume, ),,(m xPTV , consisting of three sets of terms, viz., linear, bilinear and higher 

interaction terms is shown by Eq. (150) and for the partial molar volume at infinite 

dilution, ),(
0

im, PTV , is shown by Eq. (151). 
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where ir,α , 4i,rα  and 4i,rγ  are regression coefficients and the other symbol have their 

usual meanings. Similarly a response surface model for the molar refraction ( mR ) and 
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the partial molar refraction at infinite dilution (
__

im,
∞

R ) are given by Eq. (152) and Eq. 

(153), respectively as shown below:   
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where ijβ  are the regression coefficients. This methodology works well for 

thermodynamic system identification at very dilute concentration range. 

2.18. Standard Deviation 

The numerical comparison of the correlating and predictive capability of the 

different models used in the present dissertation can be made by calculating the 

standard deviations [Eq. (11)], standard percentage deviations ( %σ )233,234 and percent 

root mean square deviation using the following expressions: 
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where expy , caly  are the experimental and calculated values of the mixture property,  

n  and p are the number of experimental points and the number of adjustable 

parameters, respectively. The percent root mean square deviation (RMSD%) can be 

evaluated using the expression:  
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The minimum values of these parameters represent the best fit. 
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CHAPTER III 

3.1. Source and Purification of the Chemicals Used 

3.1.1. Solvents 

1,4-dioxane (C4H8O2, M.W. 88.11), 1,3-dioxolane (C3H6O2, M.W. 74.08), 

ethylenediamine (C2H8N2, M.W. 60.09), 1,2-dichloroethane (C2H4Cl2, M. W. 98.97), 

monoethanolamine (C2H7NO, M.W. 61.08), 2-ethyl-1-hexanol (C8H18O, M.W. 

130.23), cyclohexane (C6H12, M.W. 84.16), cyclohexanone (C6H10O, M.W. 98.15), 

methyl acetate (C3H6O2, M.W. 74.08), ethyl acetate (C4H8O2, M.W. 88.11), methyl 

salicylate (C8H8O2, M.W. 152.15), tetrahydrofuran (C4H8O, M.W. 72.11) and 

dimethylformamide (C3H7NO, M.W. 73.10) were used as solvents for preparing 

different binary/ternary/quaternary solvent mixtures in the research works embodied 

in this thesis.  

Dimethylformamide was purified by distilling the azeotropes obtained by 

mixing it with a 10% of benzene by volume at a temperature of 80 
o
C under 

atmospheric pressure.
1
 The product thus obtained was dried over silica gel followed 

by distillation under reduced pressure. The collected middle fractions were stored in a 

desiccator over P2O5 before use.
1
 Tetrahydrofuran was purified by distilling it over 

LiAlH4 after keeping it for several days over KOH.
2
 1,3-dioxolane was purified by 

refluxing it for two hours with PbO2. It was cooled and filtered, the filtrate was then 

fractionally distilled after mixing with xylene and PbO2.
3
 Similarly 1,4-dioxane was 

purified by refluxing it with concentrated HCl and water for about 12 hours by 

passing nitrogen slowly. The product obtained was cooled, treated with KOH solution 

slowly with constant shaking until a second layer was separated. 1,4-dioxane was 

decanted and again treated with fresh KOH pellets to remove the aqueous phase if 

any. It was then transferred to a new clean flask and refluxed with sodium for 6-12 

hours and then distilled from it.
4
 All other solvents were of spectroscopic grade and 

were used as received from the vendors. The purity of these solvents was ascertained 

by comparing their densities and viscosities to literature values
5-39

 as presented in the 

respective chapters wherein they were used. Provenance and purity of these solvents 

are given in Table 3.1.  
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Table 3.1. Provenance and purity of the solvents used. 

Chemical Source 
Mass Fraction 

purity 
CAS No. 

1,4-dioxane 
Sigma Aldrich, Germany >0.998a 

123-91-1 
Merck, India  >0.99 

1,3-dioxolane S.D. Fine Chemicals, India >0.99 646-06-0 

Ethylenediamine Sigma Aldrich, Germany >0.998
a
 107-15-3 

1,2-dichloroethane Sigma Aldrich, Germany >0.998a 107-06-2 

Monoethanolamine Sigma Aldrich, Germany >0.998
a
 141-20-9 

2-ethyl-1-hexanol Sigma Aldrich, Germany >0.998a 104-76-7 

Cyclohexane Sigma Aldrich, Germany >0.998
a
 110-82-7 

Cyclohexanone Sigma Aldrich, Germany >0.998a 108-94-1 

Methyl acetate Sigma Aldrich, Germany >0.998
a
 79-20-9 

Ethyl acetate Sigma Aldrich, Germany >0.998a 141-78-6 

Methyl salicylate Sigma Aldrich, Germany >0.998
a
 119-36-8 

N, N-dimethylformamide S.D. Fine Chemicals, India >0.99 68-12-2 

Tetrahydrofuran Merck, India >0.99 109-99-9 

aMoisture content as prescribed by the respective vendors were 0.05% 

 

3.1.2. Mixed Solvents  

In this research work the binary/ternary/quaternary mixtures required for the 

experiments were prepared by mass in specially designed air-tight bottles with stopper 

inside a dry box at 298.15 K. The binary mixtures containing 10, 20, 30, 40, 50, 60, 

70, 80, 90 mass% of component 1 were prepared at 298.15 K so as to cover the whole 

composition range. The binary mixtures selected for the investigations are as follows: 

(i) 1,4-dioxane with ethylenediamine, 1,2-dichloroethane and monoethanolamine, (ii) 

2-ethyl-1-hexanol with ethylenediamine, 1,2-dichloroethane and monoethanolamine, 

(iii) cyclohexane with methyl acetate, ethyl acetate and methyl salicylate, (iv) 

cyclohexanone with methyl acetate, ethyl acetate and methyl salicylate. The ternary 

mixtures containing varying mass% of the components were also prepared at 298.15 

K in order to cover the whole range of mass fractions for each component as much as 

possible. The ternary mixtures studied are as follows: (i) cyclohexane + methyl 

acetate + ethyl acetate, (ii) cyclohexane + methyl acetate + methyl salicylate, (iii) 

cyclohexane + ethyl acetate + methyl salicylate, (iv) methyl acetate + ethyl acetate + 
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methyl salicylate, (v) cyclohexanone + methyl acetate + ethyl acetate, (vi) 

cyclohexanone + methyl acetate + methyl salicylate and (vii) cyclohexanone + ethyl 

acetate + methyl salicylate. Similarly the quaternary mixtures were prepared with 

varying mass% of the components containing: (i) cyclohexane + methyl acetate + 

ethyl acetate + methyl salicylate and (ii) cyclohexanone + methyl acetate + ethyl 

acetate + methyl salicylate at 298.15 K. 

3.2. Experimental Methods 

3.2.1. Density Measurement 

The densities of the experimental liquids or liquid mixtures were measured at 

the experimental temperatures using a digital density meter (Anton Paar, DMA 

4500M) as shown in Figures 3.1-3.4. 

 

 

Fig. 3.1. Anton Paar densitometer (DMA 4500M). 

 

 
Fig. 3.2. Main screen view of Anton Paar densitometer. 
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Fig. 3.3. Filling of sample with a syringe. 

 

 

Fig. 3.4. Drying the measuring cell. 

 

In the digital density meter, the mechanic oscillation of the U-tube is 

electromagnetically transformed into an alternating voltage of the same frequency. 

The period of oscillation (
0τ ) can be measured with high resolution and it follows a 

simple relation to the density ( ρ ) of the sample in the oscillator:
40

 

(1)BA 2

0 −= τρ  

where A and B are the respective instrument constants of each oscillator. Their values 

are determined by calibrating with two liquids of precisely known densities 1ρ  and 

2ρ . For the special adjustment the densities of these two liquids must differ by at least 

-3cmg01.0 ⋅± and 0τ  values of the adjustment media must differ by at least 0.0001. 

Modern instruments calculate and store the constants A and B after the two 

calibration measurements, mostly performed with air and water. They employ suitable 

measures to compensate various parasitic influences on the measuring result, e.g., the 

influence of the sample’s viscosity and the non-linearity caused by the measuring 

instrument’s finite mass. The density meter was calibrated at the experimental 
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temperatures with doubly distilled, degassed water and dry air at atmospheric 

pressure. The temperature was kept constant with an accuracy of K101 2−×±  by using 

an automatic built-in Peltier technique. The stated repeatability and accuracy of the 

densities were -35 cmg101 ⋅×± − and -35 cmg105 ⋅×± − , respectively. However, when 

the accuracy of the measured densities was tested with the density of an aqueous NaCl 

solution of known molality using the data given by Pitzer,
41

 the estimated uncertainty 

of the density measurements for most of the solutions was found to be better than 

-35 cmg102 ⋅×± − . 

3.2.2. Measurement of Viscosity 

The kinematic viscosities were measured by means of a suspended Cannon 

type Ubbelohde viscometer (capillary viscometer). The time of efflux of a constant 

volume of the experimental liquid mixtures through the capillary was measured with 

the aid of a digital stopwatch capable of measuring time accurate to ± 0.01s. The 

viscometer was always kept immersed in a vertical position in the thermostatic bath 

with an accuracy of ± 0.01 K of the desired temperature. After attainment of thermal 

equilibrium, the flow times of pure liquids or liquid mixtures were measured thrice 

and the average of the readings were taken into account. During the measurements 

adequate precautions were taken to minimize evaporation loses. The efflux time for 

water at 298.15 K was measured to be 428.9 s. The kinematic viscosity (ν ) and the 

absolute viscosity (η ) are obtained using the following equations: 

)2(
L

k
t

t −=ν  

)3(νρη =  

where k  and L  are the viscometer constants and t and ρ are the efflux time of flow in 

seconds and the density of the experimental liquid, respectively. The values of the 

constants k  and L , determined by using water and methanol as the calibrating 

liquids, were found to be 1.9602×10
-3

 and 4.2019, respectively. The kinetic energy 

corrections were done from these values and they were found to be negligible. The 

uncertainty in viscosity measurements, based on our work on several pure liquids, was 

within smPa104 4 ⋅×± − . Figure 3.5 depicts the capillary viscometers used for 

measuring viscosities of the solutions studied. 
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Fig. 3.5. A suspended-level Cannon type Ubbelohde viscometer (capillary 

viscometer). 

 

3.2.3. Measurement of Mass 

Mass measurements were made on digital electronic analytical balance 

(Mettler Toledo, AG 285, Switzerland) as shown in Figure 3.6. 

 

Fig. 3.6. Digital electronic analytical balance (Mettler Toledo, AG 285). 

 

It can measure mass with a very high precision and accuracy. The weighing pan is 

inside a transparent enclosure with doors so that dust particles do not collect and any 

air currents in the room do not affect the operation of the balance. The mass 

measurements were accurate to ± 0.01 mg.  
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3.2.4. Refractive Index Measurement 

Refractive indices of the experimental liquid mixtures 

(binary/ternary/quaternary) were measured with an Abbe-refractometer (Cyberlab, 

MA01527, USA) using yellow sodium D-line light (λ=589.3 nm, which is the average 

of the two emission lines at 589.0 nm and 589.6 nm) at 298.15 K. The Abbe-

refractometer is one of the most convenient and widely used refractometer and owes 

its popularity to its wide range ( Dn = 1.3 to 1.7) and to the minimal sample needed. 

Figure 3.7 shows a schematic diagram of its optical system. The sample liquid is 

directly injected into the prism assembly of the instrument using an airtight 

hypodermic syringe and is sandwiched as a thin layer (~0.1mm) between two prisms. 

The upper prism is firmly mounted on a bearing that allows its rotation by means of 

the side arm shown in dotted lines. The lower prism is hinged to the upper to allow 

separation for cleaning and for introduction of the sample. When light reflects into the 

prism (the lower surface being rough) effectively becomes the source for an infinite 

number of rays that passes through the sample at all angels.  

 

  

Fig 3.7. Schematic diagram of Abbe-refractometer optical system. 
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The light rays get refracted at the interface of the sample and the smooth-ground face 

of the upper prism. After this it passes through the fixed telescope. Two triangular 

prisms in contact (Amici prisms) serve to collect the divergent rays of different colors 

into a single white beam that corresponds in path to that of the sodium D ray. The 

eyepiece of the telescope is provided with crosshairs as shown in Figure 3.8. During 

the measurement of the refractive index the prism angle is changed until the light-dark 

interface just coincides with the crosshairs. The position of the prism is then 

established from the fixed scale. The Abbe-refractometer is depicted in Figure 3.8. 

Water was circulated through the refractometer from a thermostatic bath maintained 

at 298.15 ± 0.01 K. It was calibrated by measuring the refractive indices of doubly 

distilled, degassed water at 298.15 K.
42,43

 The uncertainty in refractive indices was 

within ± 0.0002. An average of three measurements was taken for each mixture.  

 

 

Fig. 3.8. A: Abbe-refractometer (Cyberlab, MA01527, USA); B: View of the 

refractometer through the eyepiece. 

 

3.2.5. Measurement of Ultrasonic Speed 

There are mainly three experimental techniques to measure the velocity of 

ultrasonic sounds in pure liquids and liquid mixtures. They are: (i) Continuous wave 
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technique, (ii) Pulse technique and (iii) Interferometer method. From a comparison of 

the relative merits of the various methods, interferometer method is found to be the 

most accurate method available for speed measurements. Hunter and Dardy
44

, Dobbs 

and Fine gold
45

, Fort and Moore
46

 measured the speed of sound for liquids and liquid 

mixtures by using interferometric technique with ± 0.15% uncertainty. In the present 

research work ultrasonic speeds of the experimental liquid mixtures were measured 

with an accuracy of 0.3% using a multi-frequency ultrasonic interferometer (F-05, 

Mittal Enterprises, New Delhi, India) operating at 2 MHz. It was calibrated with 

doubly distilled degassed water and purified methanol or benzene maintained at 

298.15 K by circulating thermostatic water around a jacketed cell (2 MHz) containing 

the experimental liquids with a circulating pump. The uncertainty in ultrasonic 

speeds
47

 was around ±0.2 m s
-1

.  

The measurement of the ultrasonic speed (u ) by ultrasonic interferometer is 

based on the accurate determination of the wavelength ( λ ) in the medium. In this 

process ultrasonic waves of known frequency ( f ) are generated by a quartz crystal 

fixed at the bottom of the cell. These waves are then reflected by a movable metallic 

plate, which is kept parallel to the quartz crystal. If the distance between these two 

plates is exactly a whole multiple of the sound wavelength, standing waves are 

formed in the medium. Under these circumstances, acoustic resonance occurs and this 

acoustic resonance gives rise to an electrical reaction on the generator driving the 

quartz crystal and the anode current of the generator becomes a maximum. But If the 

distance is increased or decreased by exactly one half of the wavelength ( 2λ ) or an 

integer multiple of it, the anode current again becomes maximum. If d is 

the separation between successive adjacent maxima of anode current and the total 

number of oscillation (usually n  = 20) counted. Then the total distance moved by the 

micrometer in n  oscillations is given by:  

                )4(
2

λ
×= nd  

Now the speed (u ) of the wave and frequency ( f ) of the cell is related to its 

wavelength ( λ ) by the relation, 

)5(fu ×= λ  
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  or  )6(
2

f
n

d
fu ×=×= λ  

Thus with a known frequency of the cell the ultrasonic speed (u ) can be obtained. 

The ultrasonic interferometer consists of the following three parts: (i) The high 

frequency generator (Single and Multi-frequency), specially designed to excite the 

quartz crystal fixed at the bottom of the measuring cell at its resonant frequency to 

generate ultrasonic wave in the experimental liquid filled in the measuring cell, (ii) 

The measuring cell (1, 2, 3 and 4 MHz) is specially designed double walled cell for 

maintaining the temperature of the liquid sample constant during the experiment.  A 

fine micrometer has been provided at the top, which can lower or raise the reflector 

plate in the liquid in the cell through a known distance and (iii) shielded cable.  

The total assembly is shown Figure 3.9 in which the measuring cell is 

connected to the output terminal of the high frequency generator through a shielded 

cable. The cell is filled with the experimental liquid before switching on the 

generator. The ultrasonic waves move normal from the quartz crystal till they are 

reflected back from the movable plate and the standing waves are formed in the liquid 

in between the reflector plate and the quartz crystal. The micrometer is slowly moved 

till the anode current on the meter on the high frequency generator shows a maximum 

deflection. A number of maxima of anode current are observed and the total number 

of oscillation ( n ) is counted. The total distance ( d ) thus moved by the micrometer 

gives the value of the wavelength ( λ ) using the Eq. (4). 

 

Fig 3.9. ultrasonic interferometer (F-05, Mittal Enterprises, New Delhi, India). 
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Further, the speed (u ) determined thus is used for the calculation of the isentropic 

compressibility ( SK  ) using the following formula: 

)7()(1 2ρuKS =  

where ρ  is the density of the experimental liquid. In Figure 3.10(A) cross-section of 

the measuring cell of a multi-frequency ultrasonic interferometer and (B) position of 

reflector versus crystal current are depicted. However, the extra peaks [Figure 

3.10(B)] in between minima and maxima occur due to a number of reasons but these 

do not effect the 2λ values. 

 

 

Figure 3.10. (A) Cross-section of the measuring cell of a multi-frequency ultrasonic 

interferometer and (B) position of reflector vs. crystal current. 
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3.2.5. Measurement of FTIR Spectra  

Fourier transform infrared spectroscopy (FTIR)
48

 is a technique which is used 

to obtain an infrared spectrum of absorption or emission of a solid, liquid or gas. An 

FTIR spectrometer simultaneously collects high spectral resolution data over a wide 

spectral range. The term Fourier transform infrared spectroscopy originates from the 

fact that a Fourier transform (a mathematical process) is required to convert the raw 

data into the actual spectrum. In the present study FT−IR spectra of the experimental 

liquid mixtures (binary/ternary/quaternary) were recorded at 298.15 K using Elmer 

FT-IR spectrophotometer (Spectrum RX-1) in the range 400-4000 cm
−1

 and is 

depicted in Figure 3.11. In our study the experimental liquid mixtures were 

sandwiched between two potassium bromide aperture plates
49

 (Sigma-Aldrich, 

Germany) taking an adequate precaution such that no gas bubbles are trapped. The 

thickness of the liquid membrane between the KBr aperture plate is adjusted using 

spacer of fixed path length and by appropriately tightening the screws (without 

breaking the aperture plates).  These plates are transparent to the infrared light and do 

not introduce any lines onto the spectra. This type of cell is often called a "liquid 

cell." Figure 3.12 shows the appearance of a liquid cell.  

 

 

Fig. 3.11. Perkin–Elmer FTIR spectrophotometer (Spectrum RX-1). 
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 Fig. 3.12. Appearance of a Liquid Cell. 

 

3.2.6. Methodology 

To reveal the nature and extent of molecular interactions in liquid mixtures 

various properties like density, viscosity, ultrasonic speed and refractive index were 

measured and various excess properties were determined by using standard relations 

as available in literatures, infra red (IR) spectroscopic technique was used to study 

molecular interactions and structural changes in the liquid mixtures. To study 

molecular interactions in a quaternary system, information on various properties of 

the binary and ternary mixtures of the components comprising the quaternary system 

is required. So a bottom to top method of study as shown in Figure 3.13 was adopted.  

 

Fig. 3.13. Hierarchy of combination of different solvent mixtures. 

 

Once experimental data for such systems are measured various excess or deviation 

and thermodynamic properties were derived and discussed in terms of various specific 

and nonspecific forces, various empirical and semi empirical models for excess molar 

volume, speed of sound, refractive index, etc., were evaluated for their applicability. 
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The equation of states like PREOS along with PFP model were used for binary 

mixtures.  However, response surface model
50

 may be utilized to determine the partial 

molar volume and partial molar refraction for the ternary or quaternary liquid 

mixtures.  

References      

[1] Y. Zhao, J. Wang, X. Xuan, J. Lu, J. Chem. Eng. Data 45 (2000) 440.  

[2] M.N. Roy, R. Dey, A. Jha, J. Chem. Eng. Data 46 (2001) 1327.  

[3] J.A. Riddick, W.B. Bunge, T.K. Sakano, Organic Solvents. Techniques of Chemistry, 

Vol. 2, 4th edn., Wiley Interscience, New York, (1986). 

[4] D.D. Perin, W.L.F. Armarego, Purification of Laboratory Chemicals, 3
rd

 edn., Oxford, 

New York, (1988), pp. 164. 

[5] A. Villares, S. Martin, M. Haro, B. Giner, J. Chem. Thermodyn., 36 (2004) 1027. 

[6] M. Das, M.N. Roy, J. Chem. Eng. Data 51 (2006) 2225. 

[7] S. Akhtar, A.N.Q. Faruk, M.A. Saleh, Phys. Chem. Liq., 39 (2001) 383. 

[8] L. Sarkar, M.N. Roy, J. Chem. Eng. Data 54 (2009) 3307. 

[9] K.P. Rao, K.S. Reddy, J. Chem. Eng. Data 33 (1988) 130. 

[10] C. Li, J. Zhang, T. Zhang, X. Wei, E. Zhang, J. Chem. Eng. Data 55 (2010) 4104. 

[11] J.K. Gladden, J. Chem. Eng. Data 17 (1972) 468. 

[12] M.A. Saleh, M.S. Ahmed, M.S. Islam, Phys. Chem. Liq., 40 (2002) 477. 

[13] S. Ranjbar, K. Fakhri, B. Jahan, J. Ghasemi, J. Chem. Eng. Data 54 (2009) 3284. 

[14] R.K. Biswas, R.A. Banu, M.N. Islam, Hydrometallurgy, 69 (2003) 157. 

[15] S.E. Burke, B. Hawryla, R. Palepu, Thermochim. Acta, 345 (2002) 101 

[16] U.R. Kapadi, D.G. Hundiwale, N.B. Patil, Fluid Phase Equilib., 201 (2002) 335. 

[17] A.M. Awwada, R.A. Pethric, J. Chem. Soc. Faraday Trans. I., 78 (1982) 3203. 

[18] E. Zorebski, M. Dzida, E. Wysocka, J. Chem. Eng. Data 56 (2011) 2680. 

[19] E. Zorebski, M.G. Rybczynska, B. Maciej, J. Chem. Eng. Data 55 (2010) 1025. 

[20] S.C. Bhatia, J. Sangwan, R. Rani, V. Kiran, Int. J. Thermophys., 34 (2013) 2076. 

[21] M.N. Roy, B.K. Sarkar, B. Sinha, J. Chem. Eng. Data 54 (2009) 1076. 

[22] E. Aicart, G. Tardajos, M. Dlaz Peia, J. Chem. Eng. Data 26 (1981) 22. 

[23] K.N. Marsh, TRC Data Bases for Chemistry and Engineering, TRC Thermodynamic 

Tables, Texas A & M University System, College Station, TX, (1994). 

[24] T.M. Aminabhavi, V.B. Patil, M.I. Aralaguppi, J. Chem. Eng. Data 41 (1996) 521. 

[25] V.K. Dakua, B. Sinha, M.N. Roy, Ind. J. Chem., 45 (2006) 1381. 

[26] M.I. Aralaguppi, C.V. Jadar, T.M. Aminabhavi, J. Chem. Eng. Data 44 (1999) 441.  



 

Chapter III 

 

96 

[27] A. Pal and H. Kumar, J. Mol. Liq., 89 (2000) 189. 

[28] R.M. Pires, H.F. Costa, A.G.M. Ferreira, I.M.A. Fonseca, J. Chem. Eng. Data 52 (2007) 

1240. 

[29] D.L. Cunha, J.A.P. Coutinho, J.L. Daridon, R.A. Reis, M.L.L. Paredes, J. Chem. Eng. 

Data 58 (2013) 2925. 

[30] T.M. Aminabhavi, H.T.S. Phayde, J. Chem. Eng. Data 41(1996) 813 

[31] R. Venis, R. Rajkumar, J. Chem. Pharm. Res., 2 (2011) 878. 

[32] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic Solvents, Physical Properties and 

Methods of Purification, Techniques of Chemistry, vol. 2, 4
th
 edn., Wiley-Interscience, 

New York, (1986). 

[33] Y. Zhao, J. Wang, X. Xuan, J. Lu, J. Chem. Eng. Data 45 (2000) 440. 

[34] M.N. Roy, R. Dey, A. Jha, J. Chem. Eng. Data 46 (2001) 1327.  

[35] I. Johnson, M. Kalidoss, R. Srinivasamoorthy, J. Chem. Eng. Data 47 (2002) 1388. 

[36] P.S. Nikam, S.J. Kharat, J. Chem. Eng. Data 50 (2005) 455. 

[37] P. Pacak, J. Solution Chem., 16 (1987) 71.  

[38] M. Das, M.N. Roy, J. Chem. Eng. Data 51 (2006) 2225.  

[39] L. Sarkar, M.N. Roy, J. Chem. Eng. Data 54 (2009) 3307. 

[40] Oscillating U-tube. Electronic document, http://en.m.wikipedia.org/wiki/Oscillating U-

tube, accessed on Oct 12, 2013.  

[41] K.S. Pitzer, J.C. Peiper, R.H. Busey, J. Phys. Chem. Ref. Data, 13 (1984) 1.  

[42] D. Brahman, R. Pradhan, B. Sinha, J. Chem. Thermodyn., 75 (2014) 96.  

[43] D. Brahman, B. Sinha, J. Chem. Thermodyn., 75 (2014) 136.  

[44] Y.L. Hunter, H.D. Dardy, J. Acoust. Soc. Amer., 36 (1964) 1914.  

[45]  E.R. Dobbs, L. Finegold, Ibid, 32 (1960) 1215.  

[46] R.J. Fort, W.R. Moore, Trans Faraday Soc., 61 (1965) 2102.  

[47] R. Pradhan, A. Kamath, D. Brahman, B. Sinha, Fluid Phase Equilib., 404 (2015) 131.  

[48] P. Griffiths, J.A. de Hasseth, Fourier Transform Infrared Spectrometry, 2nd edn., 

Wiley-Blackwell, 18 May, 2007.  

[49] L.M. Harwood, C.J. Moody, Experimental organic chemistry: Principles and 

Practice, (Illustrated edn.), Wiley-Blackwell, (1989), pp. 292.   

[50] M. Tjahjono, M. Garland, J. Solution Chem., 36 (2007) 221.  

 

 



*Published in: J. Serb. Chem. Soc. 78 (2013) 1443–1460.  

 

97 
 

CHAPTER IV 

Thermophysical properties of binary mixtures of N, N-

 dimethylformamide with three cyclic ethers
* 

  

4.1. Introduction 

The volumetric, viscometric and acoustic properties of liquid-liquid mixtures 

and their dependence on composition are crucial for many important chemical, 

industrial and biological processes. The study of excess or deviation properties like 

excess molar volume and viscosity deviation, etc., of binary mixtures stand as useful 

tools for understanding the nature and strength of molecular interactions between the 

component molecules,
1,2

 this is because of the close connection between the liquid 

state
3
 and macroscopic properties like density, viscosity, etc., such studies therefore 

help in understanding the behavior of the liquid-liquid mixtures and developing 

theoretical models for their description including simulation processes.  Anyway, 

DMF is a polar non-associative aprotic solvent with a dipole moment, µ = 3.86 

Debye
4
 and dielectric constant,

4,5
 ε = 36.71at 298.15 K. In the liquid state it remains 

self-associated through dipole-dipole interactions.
6
 THF, 1,3-DO and 1,4-DO are non-

polar aprotic cyclic ethers and differ in the number and position of oxygen and carbon 

atoms; therefore these liquids differ in quadrupolar and dipolar order.
7
 Again, the 

above mentioned solvents are versatile solvents used in the separation of saturated and 

unsaturated hydrocarbons, in pharmaceutical synthesis and serves as solvents for 

many polymers. So, increasing use of these liquids in many industries make the 

acoustic, transport and thermodynamic properties of these liquids and their mixtures 

worthy of further studies. Therefore the present chapter attempts to unravel the nature 

of molecular interactions in the binary mixtures of DMF with THF, 1,3-DO and 1,4-

DO by measuring mixture densities, viscosities and ultrasonic speeds of sound over 

the entire composition range at different temperature and ambient pressure. The 

calculated excess molar volumes ( E

mV ), viscosity deviations ( η∆ ) and excess 

isentropic compressibilities ( E

Sκ ) were interpreted in terms of molecular interactions 

and structural effects. Partial molar volumes ( 0

m,1V and 0

m,2V ) and excess partial molar 
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volumes ( E0,

m,1V and E0,

m,2V ) of each component at infinite dilution were further utilized 

to derive the excess molar volumes ( E

mV ) and interpreted in terms of molecular 

interactions and the nature of liquid mixtures. Also, a quantitative estimation of 

different contributions to the excess molar volumes ( E

mV ) of the experimental binary 

systems at ambient temperature and pressure were derived using the PFP theory. 

Moreover, ultrasonic speeds of sound in all the binary mixtures were calculated using 

some theories and empirical relations like collision factor theory, nomoto relation, 

impedance dependence relation and ideal mixture relation and Flory’s theory. 

4.2. Experimental section 

4.2.1. Materials 

DMF (S. D. Fine Chemicals, India, AR, purity > 99%) was purified by the 

method described by Y. Zhao et al.
8
 1, 4-DO and THF (Merck, India, purity  > 99%) 

were purified as described earlier.
9
 1,3-DO (S. D. Fine Chemicals, India, AR, purity > 

99 %) was refluxed with PbO2 and fractionally distilled after the addition of xylene.
5
 

After purification all the purified chemicals were found to be better than 99.5% pure 

as their purity were ascertained by GLC and also by comparing experimental 

densities, viscosities at the experimental temperatures with their literature values
8-20

 

(Table 4.1). 

4.2.2. Apparatus and procedure 

The binary mixtures were prepared by mass in a dry box and each solution 

thus prepared was distributed into three recipients (in air-tight bottles) to perform all 

the measurements in triplicate with the aim of the determining possible dispersion of 

the results obtained. The mass measurements accurate to ±0.01 mg were made on a 

digital electronic analytical balance (Mettler, AG 285, Switzerland). The 

reproducibility in mole fraction was within ±0.0002. The densities were measured 

with a vibrating-tube density meter (Anton Paar, DMA 4500M), maintained at ±0.01 

K of the desired temperatures and calibrated at the experimental temperatures with 

doubly distilled water and dry air. The uncertainty in density was estimated to be 

±0.0001 g·cm
-3

 and that of the temperature was ±0.01 K.  
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Table 4.1. Physical properties of various pure liquids at T = (298.15-318.15) K. 

Pure  

liquid 
T /K )m(kg

10

3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

)sm(
1-

⋅

u
 

Expt. Lit. Expt. Lit. Expt. Lit. 

DMF 

298.15 0.9442 
0.94428  

0.9445
9
 

0.803 
0.80210 

0.803
11

 
1464.8 

1465.010 

1462.0
10

 

308.15 0.9350 
0.9344

10
 

0.9347
11

 
0.709 0.706

12
 - - 

318.15 0.9258 
0.9251

10
 

0.925211 
0.617 0.63312 - - 

THF 

298.15 0.8807 0.8807
12

 0.463 0.4630
13

 1277.8 
1292.2

13
 

1277.8
14

 

308.15 0.8712 0.8712
12

 0.428 0.4277
13

 - - 

318.15 0.8614 0.8614
12

 0.390 0.3902
13

 - - 

 

1,3-DO 

298.15 1.0571 
1.057712 

1.057213 
0.588 

0.587813 

0.58815 
1338.2 

1338.215 

1340.216 

308.15 1.0459 
1.0463

12
 

1.0462
15

 
0.513 0.5128

13
 - - 

318.15 1.0334 1.03364
15

 0.458 0.4580
13

 - - 

 

1,4-DO 

298.15 1.0265 
1.027816 

1.0282
17

 
1.196 

1.19618 

 1.178
19

 

1.1779
13

 

1343.4 
1344.413 

1344.8
16

 

308.15 1.0166 1.0168
12

 1.013 
0.9985

13
 

 0.999
19

 
- - 

318.15 1.0052 1.0052615 0.887 0.90120 - - 

 

The viscosities were measured by means of a suspended Ubbelohde type viscometer 

thoroughly cleaned, dried and calibrated at the experimental temperatures with triply 

distilled water and purified methanol.
4,21,22

 The uncertainty in viscosity measurements 

was within ±0.003 mPa·s for the mixtures studied. Ultrasonic speeds of sound (u) 

were measured with an accuracy of 0.3 % by using a single crystal variable-path 

ultrasonic interferometer (Mittal Enterprise, New Delhi, F-05) working at 2 MHz. It 

was calibrated with doubly distilled water, purified methanol and benzene at 298.15 ± 

0.01 K. The uncertainty of ultrasonic speeds measurements was around ±0.2 m·s
-1

 for 

the systems studied. In all determinations, an average of triplicate measurements was 

taken into account and adequate precautions were taken to minimize evaporation loses 

during the actual measurements. The details of the methods and measurement 

techniques had been described in chapter III. 
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4.3. Results and discussion 

 The experimental densities ( ρ ), viscosities (η ), excess molar volumes ( E

mV ) and 

viscosity deviations ( η∆ ) for the binary mixtures studied at different temperatures are 

listed in Table 4.2.  

 4.3.1. Excess molar volumes 

 The excess molar volumes ( E

mV ) were calculated using the following relation:  

)1()/1/1(
2

1

iii

E

m ∑
=

−=
i

MxV ρρ
 

where ρ  is the density of the mixture and xi, Mi and ρi are the mole fraction, molar 

mass and density of the i
th

 component in the mixture, respectively. The estimated 

uncertainty for excess molar volumes ( E

mV ) was ±0.005 cm
3
·mol

-1
. Excess molar 

volumes ( E

mV ) of the binary mixtures as a function of mole fraction (x1) of DMF at the 

experimental temperatures are depicted in Figure 4.1.  The excess molar volumes 

( E

mV ) for all the binary systems, except for (DMF + 1,4-DO) system at 298.15 and 

308.15 K, are negative over the entire range of composition at all the experimental 

temperatures. The excess molar volumes ( E

mV ) for the three systems were observed to 

follow the order: (DMF + 1,4-DO) > (DMF + 1,3-DO) > (DMF + THF). According to 

Treszczanowicz et al.
23

 E

mV  is a function of several opposing effects categorized into 

three types: physical, chemical and structural. While physical effects offer a positive 

contribution to E

mV , the chemical effects or specific intermolecular interactions (such 

as hydrogen bond interaction, dipole-dipole/dipole-induced dipole interaction, 

formation of charge transfer complexes, etc.) cause net volume decrease and thus 

contribute negative values to E

mV . The structural effects such as interstitial 

accommodation (due to differences in size and shape of the components) and changes 

in the free volume also contribute negative values to E

mV . The actual volume change 

would, therefore, depend on the relative strength of these effects. The molar volumes 

of DMF are 77.42, 78.18, and 78.96 cm
3
·mol

-1
 and those of THF, 1,3-DO and 1,4-DO  
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Table 4.2. Densities ( ρ ), viscosities (η ), excess molar volumes (
E

mV ) and viscosity 

deviations ( η∆ ) for the binary mixtures of DMF (1) with three cyclic ethers (2) at T = 

(298.15-318.15) K. 

a
x1

 
)m(kg

10

3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10

13

6E

m

−⋅

⋅V
 

s)mPa( ⋅

∆η  

DMF (1) + THF (2) 

T = 298.15 K 

0 0.8807 0.463 0 0 

0.0988 0.8873 0.470 -0.058 -0.019 

0.1978 0.8938 0.482 -0.099 -0.034 

0.2971 0.9003 0.496 -0.131 -0.049 

0.3967 0.9067 0.518 -0.146 -0.058 

0.4966 0.9131 0.547 -0.153 -0.062 

0.5967 0.9193 0.586 -0.135 -0.057 

0.6971 0.9254 0.630 -0.101 -0.050 

0.7978 0.9315 0.679 -0.061 -0.039 

0.8988 0.9377 0.737 -0.021 -0.022 

1 0.9442 0.803 0 0 

T = 308.15 K 

0 0.8712 0.428 0 0 

0.0988 0.8779 0.434 -0.067 -0.016 

0.1978 0.8845 0.444 -0.115 -0.029 
0.2971 0.8910 0.458 -0.145 -0.039 

0.3967 0.8975 0.476 -0.167 -0.047 

0.4966 0.9039 0.502 -0.172 -0.048 

0.5967 0.9102 0.533 -0.159 -0.045 

0.6971 0.9164 0.570 -0.130 -0.038 

0.7978 0.9227 0.614 -0.103 -0.026 

0.8988 0.9289 0.659 -0.059 -0.015 

1 0.9350 0.709 0 0 

T = 318.15 K 

0 0.8614 0.390 0 0 

0.0988 0.8680 0.410 -0.054 0.002 

0.1978 0.8749 0.431 -0.127 0.004 

0.2971 0.8817 0.454 -0.181 0.007 

0.3967 0.8885 0.478 -0.225 0.010 

0.4966 0.8951 0.502 -0.242 0.012 

0.5967 0.9013 0.523 -0.214 0.010 

0.6971 0.9073 0.545 -0.160 0.008 

0.7978 0.9134 0.568 -0.108 0.006 

0.8988 0.9195 0.592 -0.049 0.003 

1 0.9258 0.617 0 0 

DMF (1) + 1, 3-DO (2) 

T = 298.15 K 

0 1.0571 0.588 0 0 

0.1012 1.0454 0.567 -0.053 -0.040 
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0.2021 1.0338 0.568 -0.096 -0.058 

0.3028 1.0222 0.578 -0.121 -0.068 

0.4032 1.0106 0.594 -0.127 -0.073 

0.5033 0.9991 0.614 -0.120 -0.074 

0.6032 0.9876 0.642 -0.095 -0.068 

0.7028 0.9764 0.676 -0.073 -0.056 

0.8021 0.9654 0.715 -0.046 -0.040 
0.9012 0.9546 0.759 -0.017 -0.020 

1 0.9442 0.803 0 0. 

T = 308.15 K 

0  1.0459 0.513 0 0 

0.1012 1.0345 0.506 -0.059 -0.024 

0.2021 1.0232 0.510 -0.108 -0.038 

0.3028 1.0119 0.520 -0.140 -0.046 

0.4032 1.0006 0.535 -0.153 -0.049 

0.5033 0.9895 0.552 -0.162 -0.052 

0.6032 0.9783 0.578 -0.145 -0.046 
0.7028 0.9673 0.606 -0.124 -0.038 

0.8021 0.9564 0.637 -0.091 -0.028 

0.9012 0.9456 0.671 -0.047 -0.016 

1 0.9350 0.709 0 0 

T = 318.15 K 

0  1.0334 0.458 0 0 

0.1012 1.0221 0.467 -0.040 -0.005 

0.2021 1.0115 0.477 -0.114 -0.009 

0.3028 1.0008 0.488 -0.164 -0.013 

0.4032 0.9901 0.500 -0.196 -0.016 

0.5033 0.9793 0.515 -0.204 -0.017 

0.6032 0.9683 0.534 -0.178 -0.014 

0.7028 0.9573 0.555 -0.132 -0.010 

0.8021 0.9466 0.576 -0.091 -0.006 

0.9012 0.9359 0.597 -0.030 -0.002 

1  0.9258 0.617 0 0 

DMF (1) + 1, 4- DO (2) 

T = 298.15 K 

0  1.0265 1.196 0 0 
0.1181 1.0173 1.109 0.028 -0.032 

0.2316 1.0082 1.043 0.059 -0.048 

0.3406 0.9992 0.984 0.095 -0.060 

0.4455 0.9904 0.934 0.126 -0.067 

0.5465 0.9820 0.891 0.135 -0.071 

0.6439 0.9739 0.859 0.131 -0.066 

0.7377 0.9661 0.835 0.113 -0.056 

0.8282 0.9586 0.820 0.081 -0.040 

0.9156 0.9513 0.811 0.044 -0.019 

1 0.9442 0.803 0 0 

T = 308.15 K 

0  1.0166 1.013 0 0 

0.1181 1.0077 0.952 0.009 -0.019 
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0.2316 0.9988 0.899 0.030 -0.034 

0.3406 0.9902 0.849 0.039 -0.048 

0.4455 0.9817 0.807 0.052 -0.057 

0.5465 0.9735 0.772 0.050 -0.061 

0.6439 0.9654 0.746 0.052 -0.059 

0.7377 0.9576 0.726 0.039 -0.053 

0.8282 0.9499 0.714 0.030 -0.040 
0.9156 0.9424 0.708 0.014 -0.023 

1 0.9350 0.709 0 0 

T = 318.15 K 

0  1.0052 0.887 0 0 

0.1181 0.9968 0.843 -0.013 -0.007 

0.2316 0.9886 0.797 -0.031 -0.018 

0.3406 0.9804 0.753 -0.036 -0.031 

0.4455 0.9724 0.713 -0.046 -0.042 

0.5465 0.9644 0.680 -0.045 -0.047 

0.6439 0.9564 0.653 -0.034 -0.049 
0.7377 0.9486 0.636 -0.028 -0.043 

0.8282 0.9408 0.624 -0.012 -0.033 

0.9156 0.9332 0.618 -0.002 -0.018 

1 0.9258 0.617 0 0 
a
 Mole fraction of DMF 

 

are 81.87, 82.77, and 83.71 cm
3
·mol

-1
; 70.07, 70.83, and 71.68 cm

3
·mol

-1
; and (85.83, 

86.67, and 87.65) cm
3
·mol

-1
 at 298.15, 308.15 and 318.15 K, respectively. Evidently 

molar volumes of the components in the mixtures differ appreciably and based on the 

differences in molar volumes of the components, the expected order of mutual or 

geometrical fitting of the component liquids should be: (DMF + 1,4-DO) > (DMF + 

1,3-DO) > (DMF + THF); but a reversed trend in E

mV  values was observed. Figure 4.1 

shows that E

mV  values increase in the order: (DMF + THF) < (DMF + 1,3-DO) < 

(DMF + 1,4-DO) and the dielectric constants of the cyclic ethers follow a reverse 

order: THF (ε = 7.58
24

) > 1,3- DO (ε = 7.13
25

)  > 1,4- DO (ε = 2.21
24

). This suggests 

that a cyclic ether with a larger dielectric constant than another has greater specific 

interactions with DMF and the negative E

mV  for all the binary mixture studied can 

primarily be ascribed to dipole-dipole or dipole-induced dipole interactions between 

the component liquids in the mixtures. Also E

mV  values decrease as the experimental 

temperature increases suggesting an increase in intermolecular interactions between  
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Fig. 4.1. Excess molar volume (
E

mV ) versus mole fraction of DMF (x1) for binary mixtures of 

DMF + cyclic ethers: A, at T = 298.15 K; B, at T = 308.15 K; C, at T = 318.15 K. Graphical 

points represent excess molar volumes (
E

mV ): □, THF; ○, 1,3-DO; ∆, 1,4-DO. Smooth curves 

represent 
E

mV values obtained from Redlich-Kister polynomial. 
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the component molecules at higher temperature probably due to greater thermal 

agitation and enhanced mutual fitting of the components at higher temperatures. 

4.3.2. Excess partial molar volumes 

The partial molar volumes ( im,V ) of the i
th

 component in the binary mixtures 

were calculated by using the relation: 

)2()dd)(1( ,i

E

im,i

*

im,

E

im,im, PTxVxVVV −++=  

where *

,imV is the molar volume of the i
th

 component in the binary mixture. The 

derivatives, PTi

E

im dxdV ,, )/( used in Eq. (2) were obtained by following a procedure
26

 of 

fitting the excess molar volumes ( E

mV ) of the binary mixtures to Redlich–Kister 

polynomial
27

 with minimum standard deviations (σ ) falling in the range 0.002-0.006. 

Redlich–Kister polynomial
27

 is expressed as follows:  

)3()21(
2

1i

i

2i21

E

im, ∑
=

−= xaxxV  

where 1x and 2x are the mole fractions of the liquid 1 and 2, and ia  represents the 

multiple-regression coefficients. The standard deviations (σ ) were calculated using 

the relation:  

∑
=

−−=
n

1i

2/12E

exptm,

E

calcm, )4()]pn/()([ VVσ  

where n is the number of experimental data points and p is the number of ia  

coefficients (listed in Table 4.3). Form the partial molar volumes ( im,V ) the excess 

partial molar volumes ( E

m,1V ) can be derived using the relation:  

)5(
*

im,im,

E

im, VVV −=  

and the excess partial molar volume at infinite dilution (
E0,

im,V ) can be had from the 

relation:  

)6()dd( ,,0i

E

im,

E0,

im, i PTxxVV ==  

The excess partial molar volumes ( E0,

m,1V and E0,

m,2V ) at infinite dilution for the three 

binaries at the experimental temperatures are given in Table 4.3.   
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Table 4.3. Redlich-Kister coefficients (ai), standard deviations (σ ) for least squares fitting of 

excess molar volumes (
E

mV ), excess partial molar volumes, (
E

m,1V and 
E

m,2V ) and excess partial 

molar volumes (
E0,

m,1V and 
E0,

m,2V ) at infinite dilution of each component in the studied binary 

mixtures at T = (298.15-318.15) K. 

 

Redlich-Kister  

coefficients (ai) 

DMF (1) + 

THF (2) 1,3-DO (2) 1,4-DO (2) 

T = 298.15 K 

a0 -0.596 -0.480 0.520 

a1 0.145 0.290 0.238 

a2 0.251 0.133 -0.180 

a3 0.184 -0.077 -0.058 
σ  0.002 0.002 0.003 

E

m,1V  76.75 76.86 77.58 

E

m,2V  81.86 69.94 86.35 

E0,

m,1V  -0.674 -0.560 0.160 

E0,

m,2V  -0.016 -0.134 0.520 

 T = 308.15 K 

a0 -0.669 -0.637 0.212 
a1 0.097 0.086 0.041 

a2 -0.040 0.068 -0.119 

a3 -0.053 -0.016 0.040 
σ  0.004 0.003 0.003 

E

m,1V  77.43 77.54 78.19 

E

m,2V  82.11 70.33 86.84 

E0,

m,1V  -0.753 -0.639 0.012 

E0,

m,2V  -0.665 -0.499 0.174 

 T = 318.15 K 

a0 -0.933 -0.819 -0.182 

a1 0.177 0.190 0.023 

a2 0.568 0.635 0.155 

a3 -0.203 -0.205 0.048 
σ  0.006 0.006 0.003 

E

m,1V  78.62 78.79 78.86 

E

m,2V  83.32 71.49 87.70 

E0,

m,1V  -0.339 -0.169 -0.098 

E0,

m,2V  -0.391 -0.199 0.044 

Various molar volumes are given in cm3·mol-1. 
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Fig. 4.2. Excess partial molar volumes (
E

im,V ) for the i
th
 component against mole fraction of 

DMF (x1) for binary mixtures of DMF + cyclic ethers: A, at T = 298.15 K; B, at T = 308.15 K; 

C, at T = 318.15 K. Graphical points represent 
E

im,V values for mixtures of DMF +: THF, □; 

1,3-DO, ○; 1,4-DO, ∆. Solid curves represent 
E

im,V values for DMF and dotted curves represent 

E

im,V values for cyclic ethers.  
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The excess partial molar volumes ( E

m,1V and E

m,2V ) of each component in the studied 

binaries are depicted in Figure 4.2 as a function of x1. 
E

m,1V and E

m,2V  values were found 

to be negative for all the binary systems except the binary mixture containing 1,4-DO 

over the entire composition range at the experimental temperatures. Also, the excess 

partial molar volumes at infinite dilution ( E0,

m,1V and E0,

m,2V ) were found to be negative 

for both components in all the binary systems except for the binary mixture (DMF + 

1,4-DO) [However, E0,

m,2V and E0,

m,2V values were negative at 318.15 K for this system]. 

These results suggest that while (DMF  + 1,4-DO) system is characterized by volume 

expansion at 298.15 and 308.15 K, other systems (DMF + 1,3-DO) and (DMF + THF) 

are characterized by volume contraction. 

 4.3.3. Prigogine-Flory-Patterson theory (PFP) 

In recent years Flory’s statistical theory
28-31

 and its modified version, i.e., 

Prigogine-Flory-Patterson theory,
32,33

 have been successfully used to estimate and 

analyze theoretically the excess thermodynamic functions of the binary liquid 

mixtures; PFP theory is applicable to mixtures of both non-polar and polar molecules. 

The reduced equation of state in Flory’s notation
30

 is given by, 

)7(~~
1

1~

~

~

~~

3/1

3/1

Tvv

v

T

VP
−

−
=    

)8(~
*

V

V
v =  

)9(
~

*
T

T
T =  

)10(
~

*
P

P
P =  

where are  v~ , T
~

and P
~

are reduced volume, reduced temperature and reduced 

pressure; V
*
, T

*
 and P

*
are characteristic volume, characteristic temperature and 

characteristic pressure of each pure liquid components, respectively. In Flory’s 

treatment, the reduced equation of state in the limit of zero pressure (or without 

appreciable error at 1 atmospheric pressure
31

) takes the following form, 
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 )11(~
1~~

3/4

3/1

v

v
T

−
=  

)12(
1

)3/4(1~
3








+

+
=

T

T
v

α

α
 

)13(
1~

~

~ 3/1

3/4
*

−
==

v

vT

T

T
T  

)14(~ 2*
vTP γ=  

where the thermal expansion coefficient (α) and thermal pressure coefficient (γ) are 

given by the following relations, 

)15()d/d()d/d( 11

PP TTVV ρρα −− −==  

)16()d/d( 1

T

−== καγ VVP  

where κT is isothermal compressibility and it can be had from the relation, 

)17(
P

2

T
c

VT
S

α
κκ +=  

The Flory’s parameters for each liquid component are given in Table 4.4.  

 

Table 4.4. Flory’s parameters for pure liquids at 298.15 K. 

Liquids v~  T
~

 
)mol(m

10

13

6*

−⋅

⋅V
 (Pa)*

P  (K)*
T  

)(K

10

1

4

−

⋅α
 

)(Pa

10

1

10

T

−

⋅κ
 

DMF 1.2424 0.05618 62.31 701.85 5307.04 9.744 6.389 

THF 1.2670 0.05987 64.62 562.13 4980.01 10.957 9.329 

1,3-DO 1.2720 0.06067 55.09 726.60 4921.11 11.209 7.442 

1,4-DO 1.2553 0.05815 68.37 674.51 5127.02 10.375 7.227 

 

Isobaric molar heat capacity ( Pc ) for different component liquids were taken from the 

literature.
34,35 

From Prigogine-Flory-Patterson theory,
36,37

 a quantitative estimation of 

different contributions to E

mV can be obtained and the approximate expression for E

mV  

is given by:  
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on)contributi(

)18(
)(

))(~~(

on)contributiv~()oncontributi(

~]1~)3/4[(

]1~)9/14[()~~(

]1~)3/4[(

~)1~(

1

*

22

*

1

21

*

2

*

121

2,1

3/1

21

3/12

21

2,1*

1

3/1

21

3/23/1

*

22

*

11

E

m

*P

PP

PPvv

vv

vvv

Pv

vv

VxVx

V

ψψ

ψψ

χ

ψψ
χ

θψ

+

−−
+

−

−−
−

−

−
=

+ −

−

−

 

where Pi
*
, Vi

*
 and ψi are characteristic pressure, volume and the molecular contact 

energy fraction of the i
th

 pure component, respectively;  the θ2 is the molecular site 

fraction of the second component in a binary liquid mixture. The molecular contact 

energy fractions (ψi), the molecular site fractions (θi) and molecular segment fractions 

(ϕs,i) are defined by the relations, 

)19(1
*

22

*

11

*

11
21

PP

P

φφ

φ
ψψ

+
=−=  

)20(
)/(

1
3/1*

2

*

1s,1

s,1

21
VV+

=−=
φ

φ
θθ  

)21(1
*

22

*

11

*

11
s,2s,1

VxVx

Vx

+
=−= φφ  

Actually in deriving the interaction parameter (χ1,2),  
E

mV  values of each composition  

(of each systems) were fitted to Eq. (18) through the use of Eqs. (11)-(17) using a 

computer program that finally provided an optimized value of the interaction 

parameter (χ1,2) with least error. Table 4.5 contains the optimized χ1,2 values, 

calculated and experimental E

mV  values, their deviation and values of different 

contributions to E

mV  values for equimolar (x1 ≈ 0.5) composition at 298.15 K. It is 

clear from Table 4.5 that the calculated excess molar volumes ( E

PFP m,V ) reasonably 

agree with the experimental excess molar volumes ( E

expm,V ) for all the systems studied.  

A comparison between E

expm,V and E

PFP m,V values as a function of mole fraction (x1) of 

DMF at 298.15 K has been depicted in Figure 4.3. According to PFP theory, the 

interaction contribution is proportional to the interaction parameter χ1,2, the free 

volume contribution arises from the dependence of reduced volume on reduced  
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Table 4.5. Values of interaction parameter (χ1,2) calculated and experimental values of excess 

molar volumes (
E

PFP m,V and 
E

expm,V ), their deviations (
E

mV∆ ) and different PFP contributions at 

298.15 K. 

 

DMF (1) 

+ )m(J 3-

2,1

⋅

χ
 

)mol(m

10

13

6E

expm,

−⋅

⋅V
 

)mol(m

10

13

6E

PFPm,

−⋅

⋅V
 

)mol(m

10

13

6E

m

−⋅

⋅∆V
 PFP contributions x 103 

     inta
 fvb

 ipc
 

THF (2) -4.588 -0.1531 -0.1427 -0.0104 -0.826 -0.224 -1.362 

1,3-DO 

(2) 
-15.085 -0.1204 -0.1204 0 -1.979 -0.326 0.255 

1,4-DO 

(2) 
18.008 0.1353 0.1243 0.0110 2.270 -0.063 -0.128 

ainteraction contribution, bfree volume contribution and cinternal pressure contribution 

 

 

Fig. 4.3. Comparison between experimental excess molar volumes and those obtained from 

Prigogine-Flory-Patterson theory as a function of mole fraction of DMF (x1) for binary 

mixtures of DMF + cyclic ethers at T = 298.15 K. Graphical points represent experimental 

excess molar volumes (
E

expm,V ): □, THF; ○, 1,3-DO; ∆, 1,4-DO and smooth curves represent 

E

PFP m,V values obtained from Prigogine-Flory-Patterson theory. 

 

temperature due to the differences between the degree of expansion of two mixing 

components (always negative as dV
2
/dT

2
 is positive) and the internal pressure 
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contribution depends on the product of the differences between reduced volumes and 

characteristic pressures of the mixing components. Table 4.5 shows that the 

interaction contributions are negative for the systems (DMF + THF) and (DMF + 1,3-

DO) but positive for the system (DMF + 1,4-DO); internal pressure contributions, 

except for 1,3-DO system, are negative for all the studied systems. From Table 4.5 it 

is evident that while interaction contribution (χ1,2) plays a dominant role in deciding 

the sign and magnitude of E

PFP m,V values for the systems (DMF + 1,3-DO) and (DMF + 

1,4-DO), internal pressure contribution (P
*
) plays major role in deciding the nature of 

E

PFP m,V   values for the system (DMF + THF). 

4.3.4. Viscosity deviations 

The viscosity deviation ( η∆ ) is the difference between the measured viscosity 

(η ) and the ideal viscosity ( idη ) of a solution as expressed by Eq. (22):
38

 

)22(idηηη −=∆  

 

and  idη  can be defined by Eq. (23):
39

 

)23()lnexp( id

2

1i

iid ηη ∑
=

= x  

where ηi is the viscosity of the i
th

 component in the mixture and the additivity law in a 

logarithm form has been considered for ideal mixtures. The estimated uncertainty for 

viscosity deviation ( η∆ ) was within ±0.004 mPa.s for the present systems. Plots of 

viscosity deviations ( η∆ ) versus mole fraction (x1) of DMF for the different binary 

mixtures at the experimental temperatures are depicted in Figure 4.4. η∆  values of 

the binary mixtures were fitted to Redlich–Kister polynomial (shown as curves in 

Figure 4.4)
 
with standard deviations (σ ) lying in the range 0.001-0.002. Figure 4.4 

shows that η∆ values, except for the system with THF at 318.15 K, are negative for 

all the mixtures over the entire composition range at all the experimental 

temperatures. The negative η∆  values indicate the presence of dispersion forces in 

these mixtures; while positive η∆  values may be attributed to the presence of specific  
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Fig. 4.4. Viscosity deviations ( η∆ ) versus mole fraction of DMF (x1) for binary mixtures of 

DMF + cyclic ethers: A, at T = 298.15 K; B, at T = 308.15 K; C, at T = 318.15 K. Graphical 

points represent experiment η∆  values: □, THF; ○, 1,3-DO; ∆, 1,4-DO and smooth curves 

represent η∆  values obtained from Redlich-Kister polynomial. 
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interactions. As expected, the η∆  values become less negative, i.e., increase as the 

temperature increases but decrease as the dielectric constant of the ethers decrease 

from THF to 1,4-DO (Figure 4.4). This suggests that the strength of molecular 

interactions in the mixture follows the order: (DMF + THF) > (DMF + 1,3-DO) > 

(DMF + 1,4-DO) and increase with the increase in temperature. Thus the functions 

E

mV  and η∆
 
compliment each other in describing the behavior of the binary mixtures 

studied. 

4.3.5. Thermodynamics of viscous flow 

Eyring’s viscosity relation
39

 yields the following equation for the free energy of 

viscous flow (∆G
*
), 

)24()/exp()/( *
RTGVhN ∆=η  

where h is Planck’s constant, N is Avogadro’s number and other symbols have their 

usual meanings. Rearranging Eq. (24) and putting ∆G
*
= ∆H

*
 - T∆S

*
we get the 

relation, 

)25()/()/ln( **
STHhNVR ∆−∆=η  

Thus, linear regressions of Rln(ηV/hN) against (1/T) can give the values of enthalpy 

(∆H
*
) and entropy (∆S

*
) of activation of viscous flow from the slope and negative 

intercept, respectively.  The ∆H
*
, ∆S

*
 and the linear regression coefficients (R

2
) as 

given in Table 4.6 show that while ∆H
* 

values are positive, ∆S
*
values are negative for 

all the studied binary mixtures throughout the entire composition range. According to 

Corradini et al.
40

 the enthalpy of activation of viscous flow may be regarded as a 

measure of the degree of cooperation between the species taking part in viscous flow. 

In a highly structured liquid there will be considerable degree of order; hence for 

cooperative movement of the entities a large heat of activation is required for the flow 

process. Thus the ∆H
* 

values indicate that the ease of formation of activated species 

necessary for viscous flow follows the order: (DMF + THF) > (DMF + 1,3-DO) > 

(DMF + 1,4 DO). This order is also supported by negative values of ∆S
* 

for the 

mixtures. 
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Table 4.6. Values of enthalpy (∆H
*
) and entropy (∆S

*
) of activation of viscous flow for the 

binary mixtures.  

x1
a )mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2

R  

 DMF (1) + THF (2) 

0 5.884 -18.150 0.9948 

0.0988 4.527 -22.725 0.9902 

0.1978 3.588 -25.992 0.9089 

0.2971 2.695 -29.152 0.7474 

0.3967 2.406 -30.410 0.5981 

0.4966 2.636 -30.051 0.6587 

0.5967 3.736 -26.902 0.8361 

0.6971 4.958 -23.390 0.9473 

0.7978 6.273 -19.605 0.9956 

0.8988 7.865 -14.926 0.9999 

1 9.604 -9.790 0.9972 

 DMF (1) + 1,3-DO (2) 

0 8.965 -8.460 0.9981 

0.1012 6.775 -15.570 0.9902 

0.2021 6.041 -18.118 0.9809 

0.3028 5.856 -18.963 0.9783 

0.4032 5.999 -18.804 0.9849 
0.5033 6.158 -18.629 0.9856 

0.6032 6.494 -17.973 0.9944 

0.7028 7.005 -16.778 0.9971 

0.8021 7.753 -16.830 0.9992 

0.9012 8.687 -12.288 1.0000 

1 9.604 -9.790 0.9972 

 DMF (1) + 1,4-DO (2) 

0  10.970 -9.314 0.9971 

0.1181 10.022 -11.775 0.9970 

0.2316 9.842 -11.781 0.9977 
0.3406 9.810 -11.317 0.9978 

0.4455 9.929 -10.405 0.9988 

0.5465 9.947 -9.876 0.9996 

0.6439 10.097 -8.997 1.0000 

0.7377 10.014 -8.957 1.0000 

0.8282 10.030 -8.673 0.9999 

0.9156 9.956 -8.754 0.9997 
1 9.604 -9.790 0.9972 

a
 Mole fraction of DMF 
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4.3.6. Excess isentropic compressibilities 

 Using the ultrasonic speed (u ) and density data, the isentropic 

compressibilities ( Sκ ) and excess isentropic compressibility ( E

Sκ )
41

 of the binary 

mixtures were determined using the following equations: 

)26(/1 2

S ρκ u=  

)27(id

SS

E

S κκκ −=  

)28(

)(

)()(
2

1i
2

1i

i.Pi

2

1i

2

1i

2

iiii

P,i

2

ii
S,ii

id

S ∑
∑

∑ ∑

=

=

= =



















−











+=

cx

VxT

c

TV
αφ

α
κφκ  

where iφ , κS,i, Vi, αi and iP,c are volume fraction, isentropic compressibility, molar 

volume,  thermal expansion coefficient and isobaric enthalpy of the i
th

 pure 

component in the binary mixtures, respectively at 298.15 K. Experimental speeds of 

sound, isentropic compressibilities (
Sκ ) and excess isentropic compressibilities ( E

Sκ ) 

at 298.15 K are given in Table 4.7. The estimated uncertainty of isentropic 

compressibility ( E

Sκ ) was within ±1.0×10
10

 Pa
-1

 for the mixtures studied. For all the 

investigated binary mixtures, excess isentropic compressibilities ( E

Sκ ) were negative, 

except for the mixture (DMF + 1, 4-DO) at 1,4-DO rich region (Table 4.7). E

Sκ  values 

of the binary mixtures were also fitted to Redlich–Kister polynomial (shown as curves 

in Figure 4.5)
 
with standard deviations (σ ) lying in the range 0.003-0.007. Figure 4.5 

depicts the composition dependence of excess isentropic compressibilities ( E

Sκ ) for 

the investigated binary mixtures at 298.15 K. It shows that the values of excess 

isentropic compressibility ( E

Sκ ) decrease in the order: (DMF + 1,4-DO) > (DMF + 

1,3-DO) > (DMF + THF) supporting the observations obtained from E

mV  and η∆
 

values. 
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Table 4.7. Ultrasonic speeds (u ), isentropic compressibilities ( Sκ ) and excess isentropic 

compressibilities (
E

Sκ ) of binary mixtures of DMF (1) + the cyclic ethers (2) at 298.15 K. 

 

x1
a 

)sm( 1−⋅

u
 

)(Pa

10

1

10

S

−

×κ
 

)(Pa

10

1

10E

S

−

×κ
 

DMF (1) + THF (2) 

0 1277.8 6.954 0 
0.0988 1313.2 6.535 -0.254 

0.1978 1343.8 5.196 -0.420 

0.2971 1369.6 5.921 -0.513 

0.3967 1395.5 5.663 -0.581 

0.4966 1418.8 5.441 -0.605 

0.5967 1438.1 5.260 -0.580 

0.6971 1452.1 5.125 -0.500 
0.7978 1462.9 5.016 -0.387 

0.8988 1463.5 4.979 -0.194 

1 1464.8 4.936 0 

DMF (1) + 1, 3-DO (2) 

0 1338.2 5.283 0 

0.1012 1352.6 5.229 -0.028 

0.2021 1369.8 5.155 -0.072 

0.3028 1387.8 5.079 -0.117 

0.4032 1406.2 5.004 -0.159 

0.5033 1424.9 4.930 -0.199 

0.6032 1440.4 4.880 -0.212 

0.7028 1452.3 4.856 -0.199 

0.8021 1460.2 4.858 -0.158 

0.9012 1462.8 4.896 -0.082 

1 1464.8 4.936 0 

DMF (1) + 1, 4- DO (2) 

0 1343.4 5.398 0 

0.1181 1368.4 5.250 -0.103 

0.2316 1386.5 5.160 -0.148 

0.3406 1397.5 5.124 -0.137 
0.4455 1404.8 5.116 -0.099 

0.5465 1408.6 5.132 -0.036 

0.6439 1414.5 5.122 0.010 

0.7377 1422.7 5.076 0.038 

0.8282 1432.7 5.029 0.053 

0.9156 1446.9 4.983 0.039 

1 1464.8 4.936 0 
a Mole fraction of DMF 
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Fig. 4.5. Excess isentropic compressibility (
E

Sκ ) versus mole fraction of DMF (x1) for binary 

mixtures of DMF + cyclic ethers at T = 298.15 K. Graphical points represent experiment 

experimental 
E

Sκ  values: □, THF; ○, 1,3-DO; ∆, 1,4-DO and smooth curves represent 
E

Sκ  

values obtained from Redlich-Kister polynomial. 

 

 4.3.7. Theoretical prediction of ultrasonic speeds 

Ultrasonic speeds of sound for all the three binary mixtures were theoretically 

predicted using the following theories and empirical relations:  

Flory’s theory
28

 yields, 

)29(
3.6

10 S

4

FLO 







=

ρ

σ
u  

where 
Sσ  is the surface tension of liquid or liquid mixture calculated following 

Pandey’s approach
42

 through a extension of a work of Patterson and Rastogi.
43

  

Collision factor theory (CFT)
44

 yields:  

)30(

)()(

mix

2

1i

2

1i

iiii

CFT
V

BxSx

uu

∑ ∑
= =

∞=  

where u∞ = 1600 m·s
-1

, Si and Bi represent collision factor and actual volume of a 

molecule per mole for the  i
th

 pure component in the mixtures, respectively. 
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Nomoto relation (NOM)
45

 yields, 

)31(

)(

)(

3

2

1i

ii

2

1i

ii

NOM



















=

∑

∑

=

=

Vx

Rx

u  

where Ri stands for molar speed of sound for the i
th

 pure component in the mixtures. 

Impedance dependence relation (IDR)
46

 yields,  

)32(

)(

)(

2

1i

ii

2

1i

iim,i

IDR

∑

∑

=

==

ρx

zx

u  

where iim,z  stands for specific acoustic impedance for the i
th

 pure component in the 

mixtures. 

Ideal mixture relation (IMR)
47

 yields,  

)33()()(
2

1
2

1i

2

1i

2

iiiiiIMR

−

= =








= ∑ ∑ uMxMxu  

where ui is ultrasonic speed of sound for the i
th

 pure component in the mixtures. It is 

observed that values obtained from all of these theories and empirical relations have 

some deviations from experimental speeds of sound and based on the MRSD% values 

(listed in Table 4.8 and shown graphically in Figure 4.6), the relative predictive 

capability for the different relations follows the orders: FLORY > IDR > CFT > NOM 

>> IMR (for DMF + THF system); CFT ~ NOM > IDR > IMR >> FLORY (for DMF 

+ 1,3-DO system) and CFT > IDR > NOM ~ IMR >> FLORY (DMF + 1,3-DO 

system).  

 

Table 4.8. Relative predictive capabilities of various theories and empirical relations for 

ultrasonic speeds of the binary mixtures at 298.15 K 
 

DMF (1) + 
MRSD%

a
 

FLORY CFT NOM IMR IDR 

THF (2) 1.96 2.50 2.86 3.15 2.43 

1,3-DO (2) 1.48 1.10 1.10 1.40 1.39 

1,4-DO (2) 1.74 0.70 0.76 0.76 0.72 
a ∑ −×= pointsdataofnumberis,]}/){(/1[100MRSD% 2/12

expexp NuuuN cal . 
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Fig. 4.6. MRSD% values for theoretical prediction of ultrasonic speeds by different theories 

and empirical relations for binary mixtures of DMF + cyclic ethers at T = 298.15 K. 

 

4.4. Conclusion 

Based on the nature and magnitude of various excess or deviation functions 

( E

mV , η∆
 
and E

Sκ ) and other derived parameters ( E

m,1V ,
E

m,2V ,
E0,

m,1V ,
E0,

m,2V , etc), evidently 

molecular interactions in the binary systems studied can primarily be attributed to 

dipole-dipole or dipole-induced dipole interactions; PFP theory has provided a 

satisfactory quantitative estimation of different contributions to the excess molar 

volumes ( E

mV ) for the systems at ambient temperature and pressure.  
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CHAPTER V 

  
Thermophysical properties of the binary mixtures of 2-ethyl-1-hexanol 

with 1, 2-disubstituted ethanes at T = (298.15- 318.15) K 
 

5.1. Introduction 

The molecular interactions, operating between different liquids in liquid-liquid 

systems, control their physico-chemical properties and are of major significance in 

relation to their industrial applications.1,2 The information based on density and 

viscosity of pure liquid and their mixtures are important for both practical and 

theoretical purposes. The excess properties of the binary mixtures reflect the extent of 

deviation in their properties from ideality and can be successfully employed in 

understanding the nature and the strength of the molecular interactions in such 

mixtures. Again ultrasonic study of the liquid systems containing the pure liquids and 

their mixtures has gained much importance in assessing the nature of molecular 

interactions and investigating the physicochemical behavior of such systems. The 

variation of ultrasonic speed along with the derived acoustic properties, specially their 

excess or deviation properties, are more useful in understanding the interactions 

between the molecules as they are related with structural effects and packing 

phenomena.3-6 The refractive index measurements7 are also used to estimate the 

different parameters like the molar refraction and the excess molar refraction which 

can be helpful for understanding the type of molecular interactions. Therefore the 

systematic investigation of the different parameters and their excess or deviation 

functions are of great importance for a better understanding of the liquid systems and 

appropriate selection of these systems for their practical applications in various 

industrial and biological usages. In this chapter densities and viscosities for the binary 

systems consisting of 2-ethyl-1-hexanol (2-EH) as component 1 and ethylenediamine 

(EDA), 1,2-dichloroethane (DCE) and monoethanolamine (MEA) as component 2 

were measured at 298.15, 308.15 and 318.15 K. Also ultrasonic speeds of sound and 

refractive indices for such systems were measured at 298.15 K under atmospheric 

pressure. Different excess or deviation properties derived from these experimental 

data were discussed in terms of molecular interactions. To the best of our knowledge 

no volumetric, viscometric, acoustic and refractive index study is available in the 
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literature for the binary mixtures of 2-ethyl-1-hexanol with ethylenediamine, 1,2-

dichloroethane and monoethanolamine at the experimental conditions studied.  

5.2. Experimental section 

5.2.1. Materials 

All the chemicals chosen for this investigation were of spectroscopic grade 

(Sigma-Aldrich, purity>99%) and were used without any further purification as 

received from the vendor. The purity of each solvent was ascertained by comparing 

their experimental densities and viscosities at the experimental temperatures as listed 

in Table 5.1 with the available literature data.8-19  

5.2.2. Apparatus and procedure 

Different binary mixtures of the selected solvents were prepared at 298.15 K 

by mass and were kept in special airtight stoppered glass bottles to avoid evaporation.  

The mass measurements were done on a digital electronic analytical balance (Mettler, 

AG 285, Switzerland) with an uncertainty of ±1·10-4 g and the uncertainty in mole 

fraction was evaluated to be ±0.0002. The densities of the pure liquids and their 

binary mixtures were measured with a vibrating-tube density meter (Anton Paar, 

DMA 4500M). The densitometer was calibrated at the experimental temperatures 

using doubly distilled and degassed water and dry air under atmospheric pressure. The 

desired experimental temperatures were automatically kept constant with an accuracy 

of ±1·10-2 K by using a built–in Peltier technique. The viscosity of the pure liquids 

and their binary mixtures were measured using a suspended Canon-type Ubbelohde 

viscometer. Before use the viscometer was thoroughly cleaned, dried and calibrated at 

the experimental temperatures with triply distilled, degassed water and purified 

methanol. The efflux times of flow of liquid samples were recorded with a digital 

stopwatch with an uncertainty of ±0.01s.  Ultrasonic speeds of sound (u) were 

measured at T = (298.15 ± 0.01) K with an accuracy of 0.3 % by using a variable path, 

single crystal ultrasonic interferometer (Mittal Enterprise, New Delhi, F-05) working 

at 2 MHz. Refractive indices were measured with an Abbe's refractometer at T = 

(298.15 ± 0.01) K. In all determinations, an average of triplicate measurements was 

taken into account and adequate precautions were taken to minimize evaporation loses 

during the actual measurements. The details of the methods, uncertainties and 

measurement techniques have already been described in Chapter III. 
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Table 5.1. Physical properties of the pure liquids at T = (298.15 to 318.15) K 

 
Pure  
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

2-EH 
 

298.15 0.82907 
0.829068 

0.828969 
8.4186 8.41810 

308.15 0.82159 0.821589 6.0823 6.09010 
318.15 0.81413 0.814119 3.7257 - 

EDA 
298.15 0.89479 

0.894511 
0.894811 

1.2758 1.27611 

308.15 0.88563 0.885612 1.1072 1.10711 
318.15 0.86762 0.86766713 0.9445 0.944514 

DCE 
 

298.15 1.24637 1.247415 0.7804 
0.75915 

0.780516 
308.15 1.23121 1.231215 0.6744 0.67415 
318.15 1.21455 1.2145514 0.5719 0.571914 

MEA 

298.15 1.01179 1.011817 18.9538 18.9519
 

308.15 1.00468 
1.0046717 

1.0043118 
11.9630 11.96618 

318.15 0.99815 
0.9981717 

0.9963518  
7.9132 7.91418 

 

5.3. Results and discussion 

The measurement of the different physical properties of pure liquids and their 

binary mixtures are being used as an important tool for describing the molecular 

interactions operating among the unlike components of the mixture. Such studies 

highlight the deviation of these properties from their ideal behavior and help to 

investigate the molecular interactions between the unlike components in the mixture. 

These deviations depend upon the nature of the liquids, mixture composition and the 

experimental temperatures. Thus the investigation on the excess or deviation 

parameters helps to estimate and understand the extent of the molecular interactions 

operating in the mixture. The experimentally determined densities (ρ) and viscosities 

(η) along with the excess molar volumes ( E
mV ) and viscosity deviations (∆η) of the 

binary mixtures studied at the experimental temperatures are listed in Table 5.2.  
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Table 5.2.  Density ( ρ ), viscosity (η ), excess molar volume ( E
mV ) and viscosity 

deviation ( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K 
 

x1 

)m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 

s)mPa( ⋅

∆η
 

2-EH (1) + EDA (2) 
T = 298.15 K 

0 0.89479 1.2758 0 0 
0.0488 0.88820 1.4630 -0.036 0.0641 
0.1034 0.88175 1.7049 -0.080 0.1542 
0.1651 0.87552 2.0516 -0.142 0.3095 
0.2352 0.86941 2.4932 -0.215 0.5047 
0.3157 0.86323 3.0203 -0.282 0.7057 
0.4090 0.85701 3.6868 -0.345 0.9266 
0.5185 0.85056 4.3758 -0.376 0.9821 
0.6486 0.84376 5.1930 -0.347 0.8551 
0.8059 0.83651 6.2905 -0.218 0.4536 

1 0.82907 8.4186 0 0 
T = 308.15 K 

0 0.88563 1.1072 0 0 
0.0488 0.87910 1.2537 -0.027 0.0505 
0.1034 0.87260 1.4332 -0.050 0.1127 
0.1651 0.86664 1.7323 -0.119 0.2655 
0.2352 0.86031 2.0719 -0.151 0.4190 
0.3157 0.85419 2.5380 -0.201 0.6422 
0.4090 0.84828 3.0787 -0.274 0.8563 
0.5185 0.84206 3.5855 -0.307 0.9074 
0.6486 0.83560 4.0757 -0.296 0.7331 
0.8059 0.82864 4.7035 -0.181 0.3337 

1 0.82159 6.0823 0 0 
T = 318.15 K 

0 0.86762 0.9445 0 0 
0.0488 0.86213 1.0491 -0.015 0.0392 
0.1034 0.85673 1.1960 -0.033 0.1075 
0.1651 0.85166 1.4374 -0.080 0.2527 
0.2352 0.84650 1.6815 -0.117 0.3772 
0.3157 0.84146 2.0221 -0.167 0.5654 
0.4090 0.83639 2.4019 -0.213 0.7463 
0.5185 0.83127 2.7433 -0.252 0.8192 
0.6486 0.82586 2.9488 -0.243 0.6486 
0.8059 0.82008 3.1463 -0.156 0.2918 

1 0.81413 3.7257 0 0 
2-EH (1) + DCE (2) 

T = 298.15 K 
0 1.24637 0.7804 0 0 

0.0779 1.18639 0.7528 0.016 -0.1865 
0.1597 1.13193 0.9344 0.034 -0.2066 
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0.2457 1.08261 1.2791 0.022 -0.1208 
0.3363 1.03773 1.7632 -0.026 0.0266 
0.4318 0.99622 2.4669 -0.051 0.2875 
0.5327 0.95797 3.2867 -0.088 0.5162 
0.6394 0.92248 4.2152 -0.117 0.6444 
0.7525 0.88931 5.1569 -0.116 0.4839 
0.8724 0.85819 6.3998 -0.067 0.1848 

1 0.82907 8.4186 0 0 
T = 308.15 K 

0 1.23121 0.6744 0 0 
0.0779 1.17215 0.5472 0.042 -0.2532 
0.1597 1.11892 0.6466 0.052 -0.3116 
0.2457 1.07068 0.8895 0.030 -0.2682 
0.3363 1.02658 1.3328 -0.010 -0.0802 
0.4318 0.98582 1.8869 -0.033 0.1437 
0.5327 0.94825 2.6389 -0.069 0.4626 
0.6394 0.91336 3.4333 -0.096 0.6813 
0.7525 0.88076 4.1632 -0.097 0.6341 
0.8724 0.85017 4.9219 -0.051 0.3279 

1 0.82159 6.0823 0 0 
T = 318.15 K 

0 1.21455 0.5719 0 0 
0.0779 1.15698 0.3641 0.046 -0.2977 
0.1597 1.10499 0.4412 0.065 -0.3302 
0.2457 1.05783 0.5692 0.052 -0.3371 
0.3363 1.01485 0.8605 0.002 -0.2136 
0.4318 0.97495 1.3005 -0.015 0.0159 
0.5327 0.93818 1.8483 -0.050 0.2963 
0.6394 0.90394 2.4608 -0.065 0.5653 
0.7525 0.87197 2.9102 -0.061 0.5672 
0.8724 0.84206 3.2181 -0.029 0.2848 

1 0.81413 3.7257 0 0 
2-EH (1) + MEA (2) 

T = 298.15 K 
0 1.01179 18.9538 0 0 

0.0495 0.99182 18.3499 -0.121 0.1424 
0.1049 0.97172 17.7102 -0.193 0.3046 
0.1674 0.95291 17.0280 -0.312 0.4819 
0.2382 0.93455 16.3047 -0.422 0.6825 
0.3193 0.9165 15.5619 -0.512 0.9348 
0.4020 0.90119 14.7035 -0.623 1.0259 
0.5225 0.88222 13.6371 -0.711 1.2338 
0.6523 0.86478 12.2476 -0.663 1.0844 
0.8085 0.8469 10.4609 -0.423 0.6268 

1 0.82907 8.4186 0 0 
T = 308.15 K 

0 1.00468 11.9630 0 0 
0.0495 0.98394 11.6681 -0.077 0.0990 
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0.1049 0.96386 11.4254 -0.152 0.2826 
0.1674 0.94459 11.1083 -0.235 0.4261 
0.2382 0.92644 10.8491 -0.362 0.6664 
0.3193 0.90856 10.5217 -0.467 0.8826 
0.4020 0.89325 10.0940 -0.577 0.9793 
0.5225 0.87407 9.4923 -0.635 1.0910 
0.6523 0.85674 8.6493 -0.592 0.9542 
0.8085 0.83907 7.4358 -0.372 0.5123 

1 0.82159 6.0823 0 0 
T = 318.15 K 

0 0.99815 7.9132 0 0 
0.0495 0.97677 7.6953 -0.045 0.0717 
0.1049 0.95624 7.5229 -0.096 0.2115 
0.1674 0.93699 7.3377 -0.185 0.3620 
0.2382 0.91853 7.1545 -0.290 0.5411 
0.3193 0.90064 6.9980 -0.396 0.7765 
0.4020 0.88508 6.7868 -0.480 0.9411 
0.5225 0.86596 6.4309 -0.542 1.0924 
0.6523 0.84875 5.9254 -0.511 1.0842 
0.8085 0.83135 5.0766 -0.328 0.7728 

1 0.81413 3.7257 0 0 
 
5.3.1. Excess molar volumes 

Excess molar volume ( E
mV ), a thermodynamic property, is sensitive towards 

the change in structure during the mixing process and can be had from the relation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ  is the density of the mixture and ix , iM  and iρ  are the mole fraction, molar 

mass and density of the ith component in the mixture, respectively. The estimated 

uncertainty in the excess molar volumes ( E
mV ) was found to be ±0.005 cm3

·mol-1. The 

variation of excess molar volumes ( E
mV ) with the mole fraction (x1) of 2-EH at 298.15 

K is depicted in Figure 5.1. It shows that the excess molar volume ( E
mV ) varies in a 

sigmoidal fashion with the mole fraction (x1) of 2-EH for the binary mixture (2-EH + 

DCE) with positive E
mV  values at x1 ≤  0.2457 and negative E

mV  values at x1 ≥  0.3363.  

Similar composition dependence of E
mV  values was observed at other experimental 

temperatures for this mixture. However, negative E
mV  values were observed for the 

binary mixtures (2-EH + EDA) and (2-EH + MEA) over the entire composition range  
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Fig. 5.1. Excess molar volume ( E
mV ) versus mole fraction of 2-EH (x1) for the binary mixtures 

of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

at all the experimental temperatures. The E
mV  values can be interpreted from their sign 

and magnitudes reflecting the nature and the extent of the molecular interactions 

operating between the components of the liquid mixtures. The sign and the magnitude 

of E
mV  values mainly arise from the involvement of different types of interactions: 

physical and chemical or specific interactions. The physical interactions involve 

mainly the dispersion forces and cause volume expansion and thus yield positive E
mV  

values. On the contrary the chemical or specific interactions that lead to volume 

contraction involve mainly the charge transfer type forces, hydrogen bond formation 

and other complex forming interactions between unlike components of the mixture 

and thus contribute negative values to E
mV . Furthermore, the structural contribution 

that involves the geometrical fitting or interstitial accommodation of one component 

into other owing to their difference in molar volumes also yields negative E
mV  values. 

A comparison of the dipole moments (µ) and relative permittivities (εr )
20 of the pure 

components {(µ2-EH=1.74 D, µEDA=1.99 D, µDCE=1.8 D, µMEA=2.3 D) and (εr,2-EH 

=7.54, εr,EDA =13.82, εr,DCE =10.42, εr,MEA =31.94)} suggests that the expected order of 

molecular interactions between the like components of the studied systems should be: 

MEA-MEA > EDA-EDA > DCE-DCE > 2-EH-2-EH. The sigmoidal variations of the 

E
mV values for the mixture (2-EH + DCE) may be attributed to the breaking of the 
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dipolar association (through dipole-dipole interactions amongst the DCE molecules) 

in DCE leading to initial volume expansion ( 0E
m >V ) on mixing with 2-EH and this 

effect reaches its maximum at around x1 = 0.2457 and thereafter the E
mV values drop in 

magnitude and become negative after x1 ≥  0.3363. The negative E
mV  values for this 

mixture may be attributed to hydrogen bond interaction between the –OH group of 2-

EH molecule and the –Cl group of DCE molecules. The other effect yielding negative 

E
mV  values for this system is most probably the geometrical fitting or interstitial 

accommodation of one component into the other due to the large differences in their 

sizes and molar volumes. As DCE being a smaller molecule with a molar volume of 

Vm,DCE = 79.41 cm3
·mol-1 compared to 2-EH with a molar volume of Vm,2-EH = 157.08 

cm3
·mol-1 at 298.15 K, it can fit itself into the space/voids formed between the 

polymeric entities of 2-EH molecules21 leading to more compact structure for the 

mixture (2-EH + DCE), although mixing of DCE with 2-EH also breaks 

intermolecular hydrogen bonds as well as dipolar associations in 2-EH.  

On the contrary the negative E
mV  values for the mixtures (2-EH + EDA) and 

(2-EH + MEA) over the whole composition range at all the experimental temperatures 

suggest the presence of strong molecular interactions between the unlike components 

of the mixtures; most probably due to the following facts: i) the presence of highly 

polar 2NH− and OH−  groups in MEA and two 2NH−  groups in EDA leads to 

hydrogen bond interactions with the OH−  group of 2-EH molecules on mutual 

mixing and ii) the geometrical fitting of EDA and MEA molecules in the 

intermolecular space or voids between the 2-EH molecules. This is due to difference 

in the size and molar volume of the participating components in the mixtures. Both 

EDA with a molar volume of Vm,EDA = 67.15 cm3
·mol-1 and MEA with a molar 

volume of Vm,MEA = 60.37 cm3
·mol-1 are smaller molecules than 2-EH (Vm,2-EH = 

157.08 cm3
·mol-1) and this fact permits the easy fitting of these two molecules (EDA 

and MEA) in the intermolecular space/voids between the 2-EH molecules and thus 

more compact structures result for the mixtures (2-EH + EDA) and (2-EH + MEA). 

Figure 5.1 reveals that E
mV values have the following order of magnitude for the 

studied mixtures:  (2-EH + DCE) > (2-EH + EDA) > (2-EH + MEA) irrespective of 

the sign of E
mV values. This order suggests the following order of molecular 



 
Chapter V 

131 

interactions: (2-EH + MEA) > (2-EH + EDA) > (2-EH + DCE). Similar behavior of 

the E
mV values against the mole fraction (x1) of 2-EH was observed for these mixtures 

at other experimental temperatures. However, for each mixture the E
mV values increase 

as the experimental temperature increases. So it is evident that the degree of 

molecular interactions between the dissimilar species becomes weaker at higher 

temperatures; most probably due to enhanced thermal agitation and kinetic energy of 

the component molecules at higher temperatures. 

5.3.2. Excess partial molar volumes 

The partial molar quantities like partial molar volume, partial molar volume at 

infinite dilution, etc., are also helpful in understanding the molecular interactions 

between the component molecules upon mixing. Therefore, these parameters for the 

ith component of the mixtures were determined at 298.15 K. The partial molar 

volumes ( im,V ) of the ith component were obtained from the relation:22,23 

  )2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where 
*

im,V  and E
im,V  are the molar volume and the excess partial molar volume of the 

ith component in  the binary mixtures, respectively. The derivatives PTxV ,i
E

im, )( ∂∂  

involved in these calculations were obtained using the excess molar volumes ( E
mV ) 

and the Redlich-Kister coefficients ( ia )24 of appropriate degree (as determined by 

Marquardt algorithm25). The details of these calculations are described in chapter II. 

The calculated Redlich-Kister coefficients ( ia ) and the standard deviations (σ ) are as 

follows a0 = -1.4980, a1 = -0.2488, a2 = 0.6669 for the mixture (2-EH + EDA); a0 = -

0.3239, a1 = -0.7469, a2 = 0.2529, a3 = 0.2829 for the mixture (2-EH + DCE) and a0 = 

-2.7839, a1 = -0.9154, a2 = 0.8206, a3 = 1.3550 for the mixture (2-EH + MEA) with 

standard deviations (σ ) 0.0018, 0.0061, 0.0095, respectively for the mixtures (2-EH + 

EDA), (2-EH + DCE) and (2-EH + MEA). For a better understanding of the overall 

state of molecular interactions, the excess partial molar volumes (
E

im,V ) and excess 

partial molar volumes (
E0,
im,V ) at infinite dilution were calculated by using the standard 

relations described in chapter II. These parameters are more sensitive to the change in 

the aggregation arising due to mixing of the components. The 
E

im,V values of a binary  
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Table 5.3. Molar volumes ( *
m,1V and *

m,2V ), partial molar volumes at infinite dilution 

( 0
m,1V and 0

m,2V ) and excess partial molar volumes at infinite dilution ( E0,
m,1V and E0,

m,2V ) 

for each component in the binary mixtures at 298.15 K 
 

Volume  
parameters 

2-EH (1) + 
EDA (2) DCE (2) MEA (2) 

*
1,mV  157.08 157.08 157.08 

0
1,mV  156.49 157.47 154.68 

*
2,mV  67.15 79.41 60.37 

0
m,2V  66.07 78.87 58.84 

E0,
m,1V  -0.58 0.39 -2.40 

E0,
m,2V  -1.08 -0.53 -1.52 

Volume parameters are given in cm3
·mol-1. 

 
mixture provide valuable information regarding the individual component’s response 

to the molecular interactions.  These parameters for the studied mixtures at 298.15 K 

are listed in Table 5.3. The excess partial molar volumes (
E

im,V ) for each component in 

the studied binaries are represented in Figure 5.2 as a function of the mole fraction 

(x1) of 2-EH. Figure 5.2 shows that 
E
m,1V values initially decrease for the mixture 

containing DCE (up to x1 = 0.4318) and EDA (up to x1 = 0.2352) and thereafter 

gradually increase for both the mixtures. But for the mixture with MEA 
E
m,1V values 

gradually increase with increasing mole fraction (x1) of 2-EH. However, for all the 

studied mixtures 
E
m,2V values behave in opposite fashion as compared to 

E
m,1V values as 

expected. Partial molar volumes (
0
m,1V ) at infinite dilution for 2-EH in the mixture (2-

EH + DCE) was found to be greater than its molar volume ( *
m,1V ), i.e., 2-EH expands 

in volume but that of DCE (
0
m,2V ) was found to lower than its molar volume ( *

m,2V ), 

i.e., DCE contracts in volume. Partial molar volumes (
0
m,1V  and 

0
m,2V ) at infinite 

dilution for both the components in the mixtures (2-EH + EDA) and (2-EH + MEA) 

were also found to be lower than their respective molar volumes ( *
m,1V  and *

m,2V ). 

Again more negative 
E

im,V values for the mixture (2-EH + MEA) compared to the 

mixtures (2-EH + EDA) and (2-EH + DCE) are significantly more apparent and this  



 
Chapter V 

133 

 

Fig. 5.2. Excess partial molar volume ( E
im,V ) against mole fraction of 2-EH (x1) for the binary 

mixtures of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K: A, for 2-EH; B, for 1,2-

disubstituted ethanes. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

fact supports comparatively more compact structure for the mixture (2-EH + MEA) 

than other two mixtures. These results suggest the interstitial accommodation of these 

disubstituted ethanes in the voids of 2-EH ensemble and thus corroborates with the 

following order of packing efficiency or structure compactness in the mixtures:   

(2-EH + MEA) > (2-EH + EDA) > (2-EH + DCE). 

5.3.3. Predictions of excess molar volumes 

Of late several theoretical models have been used to correlate the experimental and 

theoretical excess molar volumes ( E
mV ). Herein this chapter Prigogine-Flory-Patterson 

(PFP) theory26,27 and the Peng Robinson equation of state28-31 at 298.15 K were used 

for the studied binary mixtures.  

i) Prigogine-Flory-Patterson theory (PFP):   

The Prigogine-Flory-Patterson (PFP) theory26,27 is a modified version of 

Flory’s statistical theory and has been successfully tested to correlate and analyze the 

excess thermodynamic functions like excess molar volume ( E
mV ) of the liquid 

mixtures theoretically. According to this theory the excess molar volume ( E
mV ) 
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originates from a combination of interactional, a free volume and internal pressure 

combinations and E
mV is given by: 

on)contributi(
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The first term on the right hand side of the Eq. (3) relates to the interactional 

contribution, the second term relates to free volume contribution and the last term is 

the internal pressure contribution. The different parameters (θ, ψ and P*) involved in 

Eq. (3) are the molecular surface fraction, molecular contact energy fraction and 

characteristic pressure respectively. The other terms and notations involved in this 

theory for the pure components and their mixtures were obtained using Flory’s 

theory28-31 and are given in Table 5.4.  

 

Table 5.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K 

Liquids a
cP  v~  T

~
 

)mol(m

10
13

6*

−⋅

⋅V
 (Pa)*

P  (K)*
T  

)(K

10
1

4

−

⋅α
 

)(Pa

10
1

10
T

−

⋅κ
 

2-EH 317.509 1.2271 0.0537 128.01 496.96 5548.96 9.010 8.139 
EDA 172.6020 1.3451 0.0699 49.93 1226.52 4262.04 15.182 6.677 
DCE 128.4020 1.3018 0.0646 60.99 746.81 4611.90 12.765 8.636 
MEA 195.5020 1.1768 0.0449 51.30 737.98 6641.29 6.740 3.771 

.molKJ:Unit 11 −− ⋅⋅a  

 

For the prediction of E
mV  values the interaction parameter ( 2,1χ ) is required and so it 

was obtained by fitting the experimental equimolar ( 5.01 ≈x ) E
mV  values to Eq. (3) by 

using computer program as detailed in chapter II. The theoretically calculated and 

experimentally obtained excess molar volumes, their deviation and the optimized 

2,1χ value near equimolar ( 5.01 ≈x ) composition for the studied binaries at 298.15 K 

are given in Table 5.5.  It suggests that the calculated excess molar volumes ( E
PFPm,V )  
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Table 5.5. Interaction parameter ( 2,1χ ), calculated and experimental values of excess 

molar volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different PFP 

contributions at 298.15 K 

2-EH (1) 
+ )m(J 3-

2,1

⋅

χ
 

)mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 PFP contributions x 103 

inta
 fvb

 ipc
 

DA (2) -149.559 -0.3763 -0.3182 -0.0581 -0.0233 0.0052 0.0243 
DCE (2) -32.092 -0.0880 -0.0497 -0.0383 -0.0057 0.0020 0.0068 
MEA (2) -11.657 -0.7110 -0.6211 -0.0899 -0.0027 0.0009 -0.0042 

a interaction contribution, b free volume contribution and c internal pressure contribution 
 

do not agree well with the experimental excess molar volumes ( E
mV ) for all the 

mixtures studied. 

ii) Peng-Robinson Equation of State (PREOS): 

In recent years the cubic equation of states has gained more importance 

because of their simplicity, computational efficiency, reliability and their easy 

application in the liquid mixtures through mixing or combination rules. These 

equations of state are commonly used to describe the phase equilibria of hydrocarbon 

system and finds wide applications in the prediction of properties of the solution. In 

the present chapter the classical cubic Peng-Robinson equation of state (PREOS) has 

been used to predict the excess molar volume ( E
PREOSm,V ) of the mixtures at 298.15 K. 

The general form of the two parameter PREOS is given by:32 

( ) ( )
)4(

bVbbVV

a

bV

RT
P

−++
−

−
=  

where a and b are the attraction parameter and van der Waals co-volume parameters, 

respectively. a and b can be obtained by using the standard relations as described in 

chapter II. For the pure components:      
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Fig. 5.3. A comparison between the excess molar volumes ( E
mV ) against mole fraction of 2-

EH (x1) for the binary mixtures of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols 

represent experimental excess molar volumes ( E
mV ): □, EDA; ○, DCE; ∆, MEA. Dashed lines 

and dotted lines represent excess molar volumes ( E
mV ) obtained form PREOS and PFP theory, 

respectively. 

 

where cT  and cP  are critical temperature and pressure of the pure components. The 

parameter ξ  can be defined in terms of acentric factor (ω )33 as: 

)9(0.26992-1.542260.37464 2ωωξ +=  

The parameters (
cT , 

cP  and ω ) for the pure components were taken from the 

literature.20,33 For the binary mixtures the attraction parameter a and co-volume 

parameter b were calculated using the following standard relation:33 

   )10()1()(
2

1i

2

1j
ijjiji∑∑

= =

−= kaaxxTa  

)11()(
2

1i
ii∑

=

= bxTb  

where ijk is the interaction coefficient of the components i and j for a binary mixture. 

Rearrangement of Eq. (4) in terms of compressibility factor yields:  

)12(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ                
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In Eq. (12) the terms, Z = PV/RT, A = aP/(RT)2 and B = Pb/RT. Thus from the 

knowledge of the compressibility factor (Z) for pure components and their mixtures, 

the corresponding volumes and the excess molar volumes of the systems were 

calculated. The interaction coefficient ( ijk ) for the mixtures (2-EH + EDA), (2-EH + 

DCE) and (2-EH + MEA) were found to be -0.1668, -0.0624 and -0.1235 with 

standard deviations (σ ) 0.0661, 0.0866 and 0.0441, respectively. The experimental 

excess molar volumes ( E
mV ) and the calculated excess molar volumes ( E

PFPm,V  and 

E
PREOSm,V ) as a function of mole fraction (x1) of 2-EH in the present system at 298.15 K 

are depicted in Figure 5.3. It reveals that the calculated excess molar volumes ( E
PFPm,V  

and E
PREOSm,V ) although agree to some extent with the experimental excess molar 

volumes ( E
mV ) for the mixtures (2-EH + EDA) and (2-EH + MEA) but for the mixture 

(2-EH + DCE), both the models (PREOS and PFP) fail to predict its excess molar 

volumes. 

5.3.4. Viscosity deviations 

The study of transport properties of the liquid mixture is very useful in process 

design, development of the liquid state theories and predictive methods, etc. Viscosity 

deviation (∆η) depends on the strength of intermolecular hydrogen bonding, 

molecular size and shape of the components. Hence it is very important and useful 

tool for understanding the nature of intermolecular interactions between the unlike 

components. Therefore, the viscosity deviations (∆η) of all the studied binaries were 

evaluated at T = (298.15-318.15) K from the relation:34 

)13(idηηη −=∆  

where idη  is the ideal viscosity of the solution as given by:35 

)14()lnexp( id

2

1i
iid ηη ∑

=

= x  

Figure 5.4 (∆η versus x1 at 298.15 K) shows that the ∆η values are positive for the 

mixtures (2-EH + EDA) and (2-EH+MEA) over the entire composition range. 

However, for the mixture (2-EH + DCE), ∆η values vary in a sigmoidal fashion with 

negative ∆η values at the lower mole fraction of 2-EH (up to x1 ≤ 0.2457) and positive 

∆η values at 2-EH rich regions (x1 ≥ 0.2457). Similar composition dependence of ∆η 

values was observed at other experimental temperatures for these mixtures. 
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Fig. 5.4. Viscosity deviation ( η∆ ) versus mole fraction of 2-EH (x1) for the binary mixtures 

of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols represent experimental points: 

□, EDA; ○, DCE; ∆, MEA. 

 

For many liquid-liquid systems the ∆η versus x1 plot often shows a reversed trend 

compared to the E
mV  versus x1 plots; i.e., if E

mV is positive ∆η will be negative and vice 

-versa.36 Such a coincidence was observed for all the studied binaries. According to 

Vogel and Weiss,37 viscosity deviations are positive for mixtures with strong 

molecular interactions and negative for the mixtures without specific interaction or 

with weak interactions. The negative ∆η values for the mixture (2-EH + DCE) at 

dilute 2-EH regions is most probably due to loss of dipolar association of DCE on 

mixing with 2-EH. But at 2-EH rich regions ∆η values gradually increase and become 

positive suggesting predominance of specific interactions like dipole-dipole 

interactions, hydrogen bond interaction and interstitial accommodation or geometrical 

fitting as described earlier. The positive ∆η values for the mixtures (2-EH + EDA) and 

(2-EH + MEA) over the entire composition range entails that these two binary 

mixtures are characterized by strong molecular interactions (amongst the dissimilar 

species) arising out of specific dipole-dipole interactions, hydrogen bonds and 

interstitial accommodation. Thus the ∆η values also suggest the same order of 

molecular interactions for the mixtures as discussed earlier. Anyway, for each mixture 
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∆η values decrease at higher temperatures reflecting the fact that the molecular 

interactions amongst the dissimilar species become weaker at higher temperatures. 

5.3.5. Thermodynamics of viscous flow 

According to Eyring’s viscosity relation,35 the free energy of viscous flow 

( *
G∆ ) is given by the relation: 

)15()/exp()/( *
RTGVhN ∆=η  

where h is Planck’s constant, N is Avogadro’s number and other symbols have their 

usual meanings. Rearranging Eq. (15) and putting ∆G
*= ∆H

* - T∆S
* yields the 

following relation: 

)16(/)/ln( **
STHhNVR ∆−∆=η  

Thus, linear regressions of Rln(ηV/hN) against (1/T) give the enthalpy ( *H∆ ) and 

entropy ( *
S∆ ) of activation of viscous flow from the corresponding slope and 

negative intercept, respectively. *
G∆ , *H∆ , *

S∆ and the regression coefficients ( 2R ) 

are given in Table 5.6. It shows that while *H∆  and *S∆ values are positive for the 

mixtures (2-EH + DCE) and (2-EH + MEA), the *S∆ values are mostly negative for 

the binary mixtures (2-EH + EDA) except at x1 ≥ 0.6486. Such a trend in 
*H∆ and *

S∆ values indicate that formation of transition state for viscous flow is 

accompanied by disruption of the dipolar association as well as specific interactions 

between the components of the mixtures. According to Corradini et al.,38 the enthalpy 

of activation of viscous flow is regarded as a measure of the degree of cooperation 

between the species involved in viscous flow. In a highly structured liquid there will 

be considerable degree of order; hence for cooperative movement of the species a 

large heat of activation is required for the viscous flow. Thus the *H∆ values indicate 

that the molecular compactness follows the order: (2-EH + MEA) > (2-EH + + EDA) 

> (2-EH + + DCE). This order is also supported by the *
S∆ values for the mixtures 

studied. The *E
G∆  values are plotted against the mole fraction of 2-EH ( 1x ) in Figure 

5.5 at 298.15 K.  Reid and Taylor39 suggested that the positive *EG∆  stands for 

molecular interactions or compactness due to geometrical fittings of one component 

into the other on mixing and negative *E
G∆  indicate the dominance of dispersion 

forces in the mixtures. From Figure 5.5 it is evident that the *E
G∆ values for the 

mixtures stand in support of the order of the molecular interactions discussed above. 
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Table 5.6. Free energy ( *G∆ ), enthalpy ( *
H∆ ) and entropy ( *S∆ ) of activation of viscous 

flow for the binary mixtures. 

x1 )mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2

R  

298.15 K 308.15 K 318.15 K 
2-EH (1) + EDA (2) 

0 13.309 13.419 13.488 10.634 -8.995 0.9988 
0.0488 13.804 13.898 13.929 11.928 -6.325 0.9978 
0.1034 14.347 14.410 14.448 12.840 -5.066 0.9999 
0.1651 14.978 15.073 15.114 12.931 -6.893 0.9987 
0.2352 15.643 15.720 15.721 14.466 -3.988 0.9978 
0.3157 16.312 16.440 16.413 14.788 -5.195 0.9913 
0.4090 17.014 17.149 17.086 15.903 -3.829 0.9879 
0.5185 17.663 17.771 17.674 17.473 -0.745 0.9892 
0.6486 18.332 18.351 18.121 21.428 10.256 0.9895 
0.8059 19.075 18.994 18.574 26.480 24.662 0.9872 

1 20.093 19.957 19.332 31.346 37.488 0.9812 
 2-EH (1) + DCE (2) 

0 12.506 12.583 12.591 11.226 -4.330 0.9971 
0.0779 12.599 12.236 11.590 27.605 50.182 0.9918 
0.1597 13.313 12.846 12.285 28.624 51.305 0.9991 
0.2457 14.265 13.842 13.142 30.968 55.877 0.9938 
0.3363 15.231 15.053 14.414 27.332 40.345 0.9781 
0.4318 16.231 16.116 15.684 24.341 27.034 0.9868 
0.5327 17.108 17.146 16.788 21.809 15.560 0.9748 
0.6394 17.889 17.989 17.719 20.361 8.096 0.9747 
0.7525 18.552 18.651 18.335 21.714 10.389 0.9721 
0.8724 19.250 19.247 18.774 26.282 23.337 0.9753 

1 20.093 19.957 19.332 32.346 37.488 0.9812 
 2-EH (1) + MEA (2) 

0 19.734 19.235 18.783 33.915 47.589 0.9998 
0.0495 19.838 19.364 18.911 33.667 46.394 0.9999 
0.1049 19.944 19.511 19.060 33.125 44.199 0.9999 
0.1674 20.047 19.648 19.210 32.524 41.828 0.9999 
0.2382 20.150 19.804 19.368 31.784 38.974 0.9994 
0.3193 20.255 19.954 19.546 30.808 35.337 0.9991 
0.4020 20.321 20.062 19.687 29.755 31.579 0.9988 
0.5225 20.410 20.190 19.840 28.885 28.358 0.9984 
0.6523 20.412 20.229 19.910 27.870 24.945 0.9981 
0.8085 20.313 20.143 19.812 27.752 24.866 0.9973 

1 20.093 19.957 19.332 31.346 37.488 0.9812 
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Fig. 5.5. Excess free energy of activation of viscous flow ( *E
G∆ ) versus mole fraction of 2-

EH (x1) for the binary mixtures of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols 

represent experimental points: □, EDA; ○, DCE; ∆, MEA. 

 

5.3.6. Viscosity prediction 

Several theoretical models, empirical and semi empirical based relations have 

been proposed to represent the dependence of viscosity on mole fraction in binary 

liquid mixtures. The simulation of the viscosity of liquid mixtures can be obtained by 

the use of these empirical models. Mehrotra et al
40 have reviewed the practical 

implication of these models. Such empirical models have also been developed based 

on van der waals’ theory and the corresponding state principle by using the reduced 

thermodynamic properties of the substances.41 In the present chapter the viscosities of 

the binary liquid mixtures were theoretically evaluated and correlated with the 

experimental viscosities using the cubic equation of state based on Peng-Robinson 

model32 and the Bloomfield-Dewan model42 at 298.15 K. 

 i) Viscosity model using Peng-Robinson Equation of State: 

According to this model, the viscosity of a mixture is given by: 
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This expression is a combination of Eyring’s viscosity expression with the Peng-

Robinson equation of state. In Eq. (17) Vm, (ηV)id, 0
iϕ ,  φi and g12 are the molar 

volume, kinematic viscosity of an ideal mixture, fugacity coefficient of the ith 

component in pure state, fugacity coefficient of the ith component in a binary mixture 

and the binary interaction parameter, respectively. (ηV)id can be had from the 

expression: 

   )18()ln(exp)(
2

1i
iii

id








= ∑

=

VxV ηη  

According to PREOS, fugacity coefficient for a pure component and for the ith 

component in their binary mixture are given by: 
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The inter relationship between the binary interaction parameter g12 (gii = 0 and gij = 

gji) and the excess activation free energy of viscous flow, ∆G
*E is given by: 

  )21(
2

1 2

1i

2

1j
1221

*E

ijji

E*E*

∑∑
= =

+=+=
∆

gxx
RT

G
gxx

RT

G

RT

G
 

and E*
G∆ were obtained from the relation:34 

)22()(
2

1i

*
i

*E* ∑
=

∆−∆=∆ GxGG i  

The binary interaction parameters (g12) were obtained from a C-program utilizing a 

non-linear regression analysis to yield minimum standard deviations (σ) between the 

experimental and the calculated viscosities for the studied mixtures. The binary 

interaction parameters (g12) were found to be 0.423 (σ = 0.029), 0.338 (σ = 0.145) and  

0.027 (σ =0.014) for the mixtures (2-EH + EDA), (2-EH + DCE) and (2-EH + MEA), 

respectively. 
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Fig. 5.6. A comparison between the viscosities (η ) against mole fraction of 2-EH (x1) for the 

binary mixtures of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols represent 

experimental viscosities: □, EDA; ○, DCE; ∆, MEA. Dashed lines and dotted lines represent 

viscosities ( η ) obtained form Bloom Field-Dewan theory and PREOS, respectively. 

 

ii) Bloomfield-Dewan viscosity model: 

Bloomfield and Dewan proposed a viscosity model based on the free-volume 

theory42 and the absolute reaction rate theory.35 All the involved thermodynamic 

parameters used in this model were evaluated using Flory’s statistical thermodynamic 

theory for liquid mixtures.28-31 The statistical theory from which this equation of state 

evolved treats the properties of a mixture in terms of reduced properties of the pure 

components. The proposed expression for the viscosity is given by: 

)23()~(ln
R

RT

G
vf

∆
−=∆ η  

where )~(vf  and RG∆ are the characteristic function of the free volume and the 

residual free energy of mixing, respectively and ηln∆ is given by the expression: 

)24()(lnln
2

1i
ii∑

=

−=∆ ηηη x  

)~(vf  and R
G∆  were evaluated using the following standard relations:42 
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where iφ  is the segment fraction of the ith component in a binary mixture.28-31 The 

excess energy EG∆ in the above expression can be obtained from the Flory’s 

statistical theory using the relation: 
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The estimating ability of this model was tested by calculating the standard deviations 

(σ) between the experimental and the calculated viscosities and the standard 

deviations (σ) were found to be 2.56, 0.25 and 8.66 for the mixtures with EDA, DCE 

and MEA, respectively. A comparison of the experimental viscosities with the 

viscosities calculated from these two viscosity prediction models has been illustrated 

in Figure 5.6. It reveals that the model based on PREOS better predicted the 

viscosities for all the studied mixtures than the Bloomfield-Dewan model.  

5.3.7. Ultrasonic speed of sound and derived functions: 

The ultrasonic studies can provide valuable information regarding the strength 

of molecular interactions in pure liquids and their mixtures. Therefore the 

measurement of ultrasonic speeds has become one of the important tools to estimate 

the nature and the strength of the molecular interactions in the binary liquid mixtures. 

Concentration dependence of the isentropic compressibility ( Sκ ) and other acoustic 

properties can impart valuable information about molecular interactions and structural 

aspects in the binary mixtures. Hence using the experimentally measured densities 

( ρ ) and speed of sound ( u ) of the binary mixtures at 298.15 K the isentropic 

compressibility ( Sκ ), intermolecular free length ( fL ), acoustic impedance ( imz ) and 

their excess or deviation functions were determined. The variation of these excess or 

deviation functions with the mole fraction (x1) of 2-EH provides better understanding 

of the molecular interactions between the components of the binary mixtures. The 

excess isentropic compressibility ( E
Sκ ) can be determined from the relation: 

   )28(          id
SS

E
S κκκ −=  
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The isentropic compressibility, Sκ  in the above expression was calculated using the 

Laplace relation:43 

)29(1 2
S uρκ =  

The experimental speeds of sound for the pure liquids were in good agreement with 

the literature values8,17,44,45 at 298.15 K. According to Benson and Kiyohara46 and 

Acree,47 the isentropic compressibility ( id
Sκ ) for an ideal mixture is given by: 
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where, iτ  is the volume fraction of the ith component in the mixture, iS,κ , *
im,V , iα  and 

iP,c are the isentropic compressibility, the molar volume, the expansion coefficient and 

the molar isobaric heat capacity of the pure components, respectively. The 

experimental densities were used to calculate the expansion coefficients 

( P
1 )( dTdρρα −−= ) and the iP,c values (required for the calculation) were taken from 

the literature.9,20 The speed of sound (u ), isentropic compressibility ( Sκ ) and excess 

isentropic compressibility parameters ( E
Sκ ), at 298.15 K are given in Table 5.7. Figure 

5.7 illustrates the excess isentropic compressibilities ( E
Sκ ) of the studied mixtures 

against the mole fraction (x1) of 2-EH at 298.15 K. While E
Sκ  values for the mixtures 

(2-EH + EDA) and (2-EH + MEA) were found to be negative over the entire 

composition range, those for the mixture (2-EH + DCE) followed a sigmoid trend 

with positive E
Sκ  values at DCE rich regions but with negative E

Sκ  values at 2-EH rich 

regions. The descending order of negative E
Sκ  values for the studied mixtures 

indicates enhanced rigidity or more efficient packing of the dissimilar species in the 

mixtures.36   The intermolecular free length ( fL ), specific acoustic impedance ( imz ) 

and their excess functions were determined using the standard relations (detailed in 

Chapter II). Intermolecular free length ( fL ), acoustic impedance ( imz ) and their 

excess functions at 298.15 K are given in Table 5.8.  The E
fL  and E

imz  values are 

depicted in Figure 5.8 against the mole fraction (x1) of 2-EH at 298.15 K.   
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Table 5.7.  Ultrasonic speeds (u ), isentropic compressibility ( Sκ ) and excess isentropic 

compressibility ( E
Sκ ) for binary mixtures at 298.15 K 

1x  
)sm( 1−⋅

u
 

)(Pa

10
1

10
S

−

×κ
  

)(Pa

10
1

10E
S

−

×κ
 

2-EH (1) + EDA (2) 

0 1670.8 4.003 0 
0.0488 1666.2 4.055 -0.275 
0.1034 1653.4 4.149 -0.501 
0.1651 1636.1 4.267 -0.695 
0.2352 1619.5 4.385 -0.881 
0.3157 1598.8 4.532 -1.032 
0.4090 1569.8 4.735 -1.119 
0.5185 1530.4 5.020 -1.117 
0.6486 1475.1 5.447 -0.965 
0.8059 1395.7 6.137 -0.544 

1 1318.2 6.941 0 
2-EH (1) + DCE (2) 

0 1193.6 5.632 0 
0.0779 1179.8 6.056 0.152 
0.1597 1195.4 6.182 0.061 
0.2457 1228.0 6.125 -0.174 
0.3363 1272.5 5.951 -0.494 
0.4318 1310.0 5.849 -0.717 
0.5327 1334.8 5.859 -0.809 
0.6394 1346.0 5.983 -0.770 
0.7525 1342.3 6.241 -0.585 
0.8724 1325.9 6.628 -0.260 

1 1318.2 6.941 0 
2-EH (1) + MEA (2) 

0 1716.8 3.353 0 
0.0495 1735.0 3.349 -0.470 
0.1049 1740.1 3.399 -0.860 
0.1674 1735.2 3.485 -1.188 
0.2382 1720.0 3.617 -1.447 
0.3193 1697.1 3.788 -1.643 
0.4020 1660.3 4.025 -1.714 
0.5225 1611.7 4.364 -1.736 
0.6523 1538.1 4.888 -1.513 
0.8085 1435.6 5.729 -0.952 

1 1318.2 6.941 0 
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Fig. 5.7. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of 2-EH (x1) for the 

binary mixtures of 2-EH + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, 

DCE; ∆, MEA. 

 

Fig. 5.8. Excess intermolecular free length ( E
fL ) and excess acoustic impedances ( E

imz ) versus 

mole fraction of 2-EH (x1) for the binary mixtures of 2-EH + 1,2-disubstituted ethanes at T = 

298.15 K. Symbols: □, EDA; ○, DCE; ∆, MEA. 
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Table 5.8. Intermolecular free length ( fL ), specific acoustic impedance ( imz ), excess 

intermolecular free lengths ( E
fL ) and excess acoustic impedances ( E

imz ) for the studied 

binaries at 298.15 K 

 

1x  fL  (Å) 
)Smkg(

10
12

6
im

−−

−

⋅⋅

⋅z
 E

fL  (Å) 
)Smkg(

10
12

6E
im

−−

−

⋅⋅

⋅z
 

 2-EH (1) + EDA (2) 

0 0.4115 1.4950 0 0 
0.0488 0.4142 1.4799 -0.0037 0.0045 
0.1034 0.4189 1.4579 -0.0061 0.0045 
0.1651 0.4249 1.4324 -0.0082 0.0038 
0.2352 0.4307 1.4080 -0.0115 0.0076 
0.3157 0.4379 1.3801 -0.0148 0.0121 
0.4090 0.4476 1.3453 -0.0173 0.0148 
0.5185 0.4608 1.3017 -0.0183 0.0152 
0.6486 0.4800 1.2446 -0.0161 0.0104 
0.8059 0.5095 1.1675 -0.0071 -0.0034 

1 0.5419 1.0929 0 0 
 2-EH (1) + DCE (2) 

0 0.4881 1.4877 0 0 
0.0779 0.5061 1.3997 0.0138 -0.0572 
0.1597 0.5114 1.3531 0.0147 -0.0715 
0.2457 0.5090 1.3294 0.0077 -0.0612 
0.3363 0.5018 1.3205 -0.0044 -0.0344 
0.4318 0.4974 1.3050 -0.0139 -0.0121 
0.5327 0.4979 1.2787 -0.0189 0.0013 
0.6394 0.5031 1.2417 -0.0194 0.0064 
0.7525 0.5138 1.1937 -0.0148 0.0031 
0.8724 0.5295 1.1379 -0.0055 -0.0054 

1 0.5419 1.0929 0 0 
 2-EH (1) + MEA (2) 

0 0.3766 1.7370 0 0 
0.0495 0.3764 1.7208 -0.0084 0.0157 
0.1049 0.3792 1.6909 -0.0148 0.0215 
0.1674 0.3840 1.6535 -0.0203 0.0243 
0.2382 0.3912 1.6074 -0.0248 0.0238 
0.3193 0.4003 1.5554 -0.0291 0.0240 
0.4020 0.4127 1.4962 -0.0304 0.0182 
0.5225 0.4297 1.4219 -0.0333 0.0214 
0.6523 0.4547 1.3301 -0.0297 0.0133 
0.8085 0.4923 1.2158 -0.0179 -0.0004 

1 0.5419 1.0929 0 0 
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It is evident that the plots of E
imz  versus mole fraction  (x1) of 2-EH are opposite in 

nature to those of the E
fL  plots. Table 5.8 shows that while the specific acoustic 

impedances ( imz ) decrease, the intermolecular free lengths ( fL ) increase as the mole 

fraction (x1) of 2-EH in the mixtures increase. The magnitude of the intermolecular 

free lengths ( fL ) has the order: (2-EH + DCE) > (2-EH + EDA) > (2-EH + MEA); 

this indicates that the molecular interactions between dissimilar molecules is also 

decreasing in the same order. The results, therefore, suggest the order of molecular 

interactions: (2-EH + MEA) > (2-EH + EDA) > (2-EH + DCE), which has already 

been discussed earlier. 

5.3.8. Prediction of ultrasonic speed of sound 

The speeds of sound were predicted theoretically using the Collision factor 

theory (CFT), Nomoto relation (NOM), Impedance dependence relation (IDR), Ideal 

mixture relation (IMR) and Jungie (JUN). The details of these empirical models and 

method of calculation are described in chapter II. Theoretically calculated speeds of 

sound were correlated with the experimentally obtained ultrasonic speeds and the 

predictive capabilities of these models were judged on the basis of the percent 

standard deviations (σ%). The comparison of the σ% values has been depicted for 

each studied binaries in Figure 5.9. Figure 5.9 clearly reveals that the predictive 

capabilities of the different models used follow the order: CFT > IDR > IMR > NOM  

> JUN (for 2-EH + EDA mixture); NOM > CFT > JUN > IDR > IMR (for 2-EH + 

DCE mixture) and IDR > CFT > IMR > NOM > JUN (for 2-EH + MEA mixture), 

respectively. 

5.3.9. Excess molar refractions  

Refractive indices can often be correlated with densities, surface tension and 

dielectric permittivity. That is why refractive index data along with other parameters 

derived from it provide valuable information regarding the molecular interactions in 

the liquid mixtures. For example, molar refraction is a volumetric property and thus 

excess molar refractions ( E
mR ) can equally shed light on the molecular interactions in 

a multi-component liquid mixture like excess molar volumes. Hence the experimental 

refractive indices and densities at 298.15 K were utilized to evaluate the molar 

refraction and the excess molar refraction with the help of the following standard 

relations:48 
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The experimental refractive indices, molar refractions and excess molar refractions 

for the three binaries under investigation at 298.15 K are presented in Table 5.9. The 

experimental refractive indices ( Dn ) were in good agreement with literature 

values8,12,49,50 at 298.15 K.  Table 5.9 manifests that E
mR  values are negative for the 

mixtures (2-EH + EDA) and (2-EH + MEA) over the entire composition range but 

such values vary slightly in a sigmoidal fashion for the mixture (2-EH + DCE). While 

the negative excess molar refractions suggest the solvent-solvent interactions, positive 

excess molar refractions suggest the presence of the dispersion forces between the 

unlike components in the mixtures.51,52 Thus these results are also in good agreement 

with those obtained earlier from other excess or deviations properties.  

 

Fig. 5.9. Percent standard deviations ( %σ ) for theoretical prediction of ultrasonic speeds by 

different empirical relations at T = 298.15 K for the binary mixtures studied. 

 

The experimental refractive indices of the studied binaries were also predicted using 

several empirical or semi-empirical models like Lorentz-Lorenz (LL), Arago-Biot 

(AB), Gladstone-Dale (GD), Eykma (EYK), Newton (NEW), Heller (HEL), Eyring- 
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Table 5.9. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar 

refractions ( E
mR ) for the binary mixtures at 298.15 K 

 

1x  Dn  
)mol(m

10
13

6
m

−⋅

⋅R
 

)mol(m

10
13

6E
m

−⋅

⋅R
 

2-EH (1) + EDA (2) 
0 1.4541 18.189 0 

0.0488 1.4515 19.272 -0.006 
0.1034 1.4488 20.478 -0.020 
0.1651 1.4462 21.838 -0.037 
0.2352 1.4438 23.391 -0.049 
0.3157 1.4416 25.186 -0.051 
0.4090 1.4392 27.259 -0.061 
0.5185 1.4369 29.704 -0.059 
0.6486 1.4345 32.620 -0.048 
0.8059 1.4321 36.167 -0.013 

1 1.4292 40.512 0 
2-EH (1) + DCE (2) 

0 1.4419 21.006 0 
0.0779 1.4428 22.531 0.006 
0.1597 1.4406 24.124 0.004 
0.2457 1.4386 25.793 -0.005 
0.3363 1.4369 27.546 -0.019 
0.4318 1.4353 29.400 -0.029 
0.5327 1.4338 31.356 -0.041 
0.6394 1.4326 33.441 -0.038 
0.7525 1.4314 35.653 -0.030 
0.8724 1.4304 38.008 -0.015 

1 1.4292 40.512 0 
2-EH (1) + MEA (2) 

0 1.4521 16.289 0 
0.0495 1.4498 17.471 -0.017 
0.1049 1.447 18.791 -0.041 
0.1674 1.4447 20.281 -0.063 
0.2382 1.4425 21.978 -0.081 
0.3193 1.4402 23.923 -0.100 
0.4020 1.4386 25.920 -0.106 
0.5225 1.4366 28.845 -0.100 
0.6523 1.4345 32.009 -0.080 
0.8085 1.432 35.829 -0.044 

1 1.4292 40.512 0 
 
 
 
 

 

 



 
Chapter V 

152 

 

John (EJ) and Weiner (WEI) as detailed in chapter II. The predictive capabilities of 

these models were ascertained by estimating the percent standard deviations ( %σ ). 

The percent standard deviations were 0.03, 0.01 and 0.06 for the mixtures (2-EH + 

EDA), (2-EH + DCE) and (2-EH + MEA), respectively for most of the models used 

and this fact suggests predicted refractive indices were in good agreement with the 

corresponding experimental values at 298.15 K. 

5.3.10. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 5.10-5.12). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer  (RX-1).  2-EH, being a branched 

eight carbon alcohol, is a flexible molecule and have a number of thermally accessible 

geometric conformers. All these conformers contribute to its infrared spectrum with 

smooth bands.53 The FTIR spectrum of 2-EH exhibits the following characteristic 

bands: i) fundamental C-H stretching vibrations in the range 2900-2880 cm-1, 

different C-C stretching vibrations at 1038 cm-1, different H-C-H bending vibrations 

at around 1463 and 1379 cm-1 and a broad O-H band around 3340 cm-1.55 DCE has 

characteristic peaks around 1232 cm-1 for trans conformer and two peaks around 1313 

and 1285 cm-1 for gauche conformer.54 The broad O-H band of 2-EH gradually 

became less broad and its intensity also decreased as the mole fraction of DCE 

increased for the mixture (2-EH +DCE). On the contrary the fundamental C-H 

stretching vibrations of 2-EH in the range 2900-2880 cm-1 gradually became more 

distinct and sharp. Also the bands at 1232, 1285 and 1313 cm-1 of DCE shifted 

slightly in peak position and intensity as the mole fraction (x1) of 2-EH increased for 

this mixture. All these changes in the spectrum of the mixture (2-EH + DCE) suggest 

weak interactions between the components. However, for the mixture (2-EH + EDA) 

the N-H and N-CH2 stretching bands (at around 3296 and 2855 cm-1, respectively) of 

EDA become less intense and broad as the mole fraction (x1) of 2-EH in the mixture 

increased. Again the –NH bending vibration55 of EDA that appeared at 1598 cm-1 

slowly shifted to higher frequency (from 1598 to 1600 cm-1) with increasing mole 

fraction of 2-EH. This indicates formation of inter-molecular hydrogen bonds  
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Fig. 5.10. FTIR spectra of the various binary mixtures of (2-EH + DCE): A, pure 2-EH (xDCE 

= 0.00); B, (xDCE = 0.20); C, (xDCE = 0.40); D, (xDCE = 0.60); E, (xDCE = 0.80); F, Pure DCE 

(xDCE = 1.00). 

 

Fig. 5.11. FTIR spectra of the various binary mixtures of (2-EH + EDA): A, pure 2-EH (xEDA 

= 0.00); B, xEDA = 0.20; C, xEDA = 0.40; D, xEDA = 0.60; E, xEDA = 0.80; F, Pure EDA (xEDA = 

1.00). 
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Fig. 5.12. FTIR spectra of the various binary mixtures of (2-EH + MEA): A, pure 2-EH (xMEA 

= 0.00); B, xMEA = 0.20; C, xMEA = 0.40; D, xMEA = 0.60; E, xMEA = 0.80; F, Pure MEA (xMEA = 

1.00). 

 

between dissimilar molecules in the mixture (2-EH + EDA). Similarly for the mixture 

(2-EH + MEA) the bands due to –OH and NH2 groups (in the range 3335-2850 cm-1) 

became much broader and their intensity decreased significantly as the mole fraction 

(x1) of 2-EH decreased in the mixture. Also the fundamental C-H stretching vibrations 

of 2-EH gradually became less intense and broad, almost overlaps with the broad 

bands of –OH and –NH2 groups. These spectral changes definitely suggest that the 

mixtures are characterized by intra-molecular and inter-molecular hydrogen bonds. 

5.4. Conclusion 

 The densities, viscosities, ultrasonic speeds of sound and refractive indices for 

the binary mixtures of 2-EH with EDA, DCE and MEA at 298.15, 308.15 and 318.15 

K over the entire composition range were determined. From the experimental data, the 

excess volumes ( E
mV ), viscosity deviations ( η∆ ), excess molar refractions ( E

mR ) and 

different excess acoustic parameters like excess isentropic compressibility ( E
Sκ ), 

excess intermolecular free length ( E
fL ) and excess acoustic impedance ( E

imz ) were 
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obtained. The reported excess or deviation properties show both positive and negative 

deviations from ideal ones and their variations with mole fraction ( 1x ) of 2-EH were 

discussed in terms of molecular interactions like dipole-dipole interactions, hydrogen 

bond formation and interstitial accommodation, etc. This study revealed that the 

molecular interaction is highest in the mixture (2-EH + MEA) and least in the mixture 

(2-EH + DCE) and thus the order of molecular interactions follows the order:  (2-EH 

+ MEA) > (2-EH + EDA) > (2-EH + DCE). These excess molar volumes were 

correlated by using PFP, PREOS models and viscosities were correlated using 

PREOS and Bloomfield-Dewan models. FTIR spectra of the mixtures showed 

characteristic band shifts in position and intensity reflecting the nature of molecular 

interaction in the studied mixtures. 
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CHAPTER VI 

Hydrogen bond interactions in the mixtures of 1,4-dioxane with some 1, 2- 

disubstituted ethanes at T = (298.15-318.15) K
*
 

 

6.1. Introduction 

Molecular interactions control the physico-chemical properties of different 

liquids in liquid-liquid systems. Knowledge of such molecular interactions in liquid-

liquid systems is very important for their industrial applications1-3 and in the 

elucidation of the structural properties of the molecules4 in the liquid state. Mixed 

solvents were being used for studying complex reactions and developing theoretical 

understanding of chemical separations, fluid flow and heat transfers, etc. The basis for 

any process design in chemical industries is a reliable set of chemical and physical 

properties of the pure components and their mixtures. Therefore the determination of 

macroscopic properties like density, viscosity and speed of sound, etc. help greatly for 

exploring the liquid state,5 this is due to the close connection between the liquid 

structure and such macroscopic properties. However, experimental values of these 

properties are not available many-a-time and the measurements are often expensive or 

difficult; hence estimation methods often become very helpful. These properties 

functionally depend upon temperature, pressure and the composition of the liquid-

liquid systems. For example, density and ultrasonic speed of sound depend on the 

binding forces between the liquids and are very much sensitive to the liquid structure 

and composition.6 Hence studies on the physico-chemical properties of liquid-liquid 

systems stand as an efficient guide for the selection of such systems regarding their 

practical utilization in industrial and consumer applications. 1,2-disubstituted ethanes 

are excellent prototypes for conformational studies, because the relative stability of 

the gauche and trans conformation of 1,2-disubstituted ethanes depend upon the 

substituents and upon the dielectric constant of the medium.7 Ramasmari et al.
8 

studied the conformational behavior of 1, 2-dichloroethanes in several solvents by 1H-

NMR, IR, refractive index and theoretical studies. It has been found that gauche 

conformers are preferentially more stabilized in media with higher dielectric 

constants. Nath et al.
9 studied the binary mixtures of 1,2-dichloroethane with benzene, 

toluene, p-xylene, quinoline and cyclohexane. Anyway, to the best of our knowledge 
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reports on the physico-chemical properties of the binary mixtures studied in this 

chapter are rare in the literature. Therefore, herein this chapter an attempt has been 

undertaken to unravel the nature of molecular interactions in the binary mixtures of 

1,4-dioxane (1,4-DO) with ethylenediamine (EDA), 1,2-dichloroethane (DCE) and 

monoethanolamine (MEA) at 298.15, 308.15 and 318.15 K under ambient pressure.  

Among the selected liquids 1,4-DO is a non-polar, aprotic, non-hydrogen 

bonded cyclic diether and finds numerous applications in industrial processes as a 

solvent for saturated and unsaturated hydrocarbons.10 The other three solvents also 

find industrial importance and consumer applications, e.g., EDA is an important raw 

material for the production of polymers, pharmaceuticals, pesticides, herbicides and 

dye fixing agent, etc; DCE is a σ-acceptor and is used as a solvent, degreaser, etc;
9 

MEA is used in the purification of petroleum, as a solvent in dry cleaning, as a CO2 

adsorbent and as an ingredient in paints and pharmaceuticals.11 Thus the pure liquid 

components for the present study were chosen based on their varied applications. 

The experimental data ( ρ , η , u  and Dn ) were used to determine the excess 

molar volumes ( E
mV ), viscosity deviations ( η∆ ), acoustic parameters like isentropic 

compressibility ( Sκ ), intermolecular free length ( fL ), specific acoustic impedance 

( imz ), free volume ( fV ), excess isentropic compressibility ( E
Sκ ), excess intermolecular 

free length ( E
fL ), excess specific acoustic impedance ( E

imz ), excess free volume ( E
fV ) 

and excess molar refractions ( E
mR ) for the binary mixtures. Partial molar volumes 

( 0
m,1V and 0

m,2V ) and excess partial molar volumes ( E0,
m,1V and E0,

m,2V ) at infinite dilution of 

each component were also determined using the excess molar volumes ( E
mV ) of the 

binary mixtures. All these functions were discussed in terms of molecular 

interactions, structural effects and the nature of liquid mixtures. The excess molar 

volumes ( E
mV ) of the binary mixtures at ambient temperature and pressure were also 

treated in terms of PFP theory.12,13 A comparison between the experimental and 

calculated E
mV  and η  values (based on PFP12,13 or Bloomfield-Dewan viscosity 

model14 and PREOS15) was also made to estimate the predictive capability of these 

theories for the selected binary mixtures. Moreover, ultrasonic speeds of sound and 

refractive indices for all the binary mixtures were theoretically predicted on the basis 
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of several empirical and semi-empirical relations. In addition, IR spectra of the 

mixtures were correlated to the molecular interactions between the components in the 

mixtures. 

6.2. Experimental section  

6.2.1. Materials 

All the chemicals used (Reagent/Reagent Plus grade, Sigma-Aldrich, 

Germany, purity > 99%) were used without any further purification. Provenance and 

purity of the chemicals used in this chapter have already been given in chapter III. 

However, purity of the solvents was ascertained by GLC and also a comparison of the 

experimental densities and viscosities at the experimental temperatures was made in 

Table 6.1 with the literature data,16-28 whenever available.  

 

Table 6.1. Densities ( ρ ) and viscosities (η ) of the pure liquids at T = (298.15 to 318.15) K 

 
Pure  
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

1,4-DO 
 

298.15 1.02779 
1.026516 

1.027817 1.1777 
1.19616 

1.177918 

308.15 1.01678 1.016616 

1.016819 
1.0094 1.01316 

0.998518 

318.15 1.00524 1.005216 

1.0052620 
0.8896 0.88716 

0.90121 

EDA 
298.15 0.89479 0.894522 

0.894823 
1.2758 1.27622 

308.15 0.88563 0.885622 1.1072 1.10722 
318.15 0.86762 0.86766724 0.9445  

DCE 
 

298.15 1.24637 1.247425 0.7804 
0.75925 

0.780526 
308.15 1.23121 1.231225 0.6744 0.67425 
318.15 1.21455  0.5719  

MEA 

298.15 1.01179 1.011827 18.9538 18.955
 

308.15 1.00468 1.0046727 

1.004328 
11.9630 11.96628 

318.15 0.99815 
0.9981727 

0.9963528 
7.9132 7.91428 

 

6.2.2. Apparatus and procedure 

The binary mixtures were prepared by mass in air-tight bottles with stopper 

inside a dry box at 298.15 K as detailed in chapter III. The mass measurements were 

made on a digital electronic analytical balance (Mettler, AG 285, Switzerland) with an 
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uncertainty of g101 4−⋅± . All solutions were prepared afresh before use. The densities 

were measured with a vibrating-tube density meter (Anton Paar, DMA 4500M). The 

temperature of the density meter was automatically kept constant with an accuracy of 

K101 2−⋅±  using a built–in Peltier technique. The viscosities were measured with the 

aid of a suspended Canon-type Ubbelohde viscometer at the experimental 

temperatures K.01.0±  Ultrasonic speeds of sound (u) were measured with an 

accuracy of 0.3 % by using a single crystal variable-path ultrasonic interferometer 

(Mittal Enterprise, New Delhi, F-05) working at 2 MHz. Refractive indices were 

measured with an Abbe's refractometer. In all determinations, an average of triplicate 

measurements was taken into account and adequate precautions were taken to 

minimize evaporation loses during the actual measurements. The details of the 

instruments, their calibrations and uncertainties of the measured properties are given 

in chapter III. 

6.3. Results and discussion 

The experimental densities ( ρ ), viscosities (η ), excess molar volumes ( E
mV ) 

and viscosity deviations ( η∆ ) of the binary mixtures at the experimental temperatures 

are given in Table 6.2. For an understanding of the nature of the molecular 

interactions between the components of the liquid mixtures, excess/deviations 

properties are of immense help. Non-ideal liquid mixtures often show deviations from 

a rectilinear dependence of their properties such as molar volume, viscosity, etc., upon 

the component mole fractions or compositions. Such deviations basically arise from 

the strong or weak interactions between the liquid components in a mixture based 

upon their nature and compositions. 

6.3.1. Excess molar volumes 

The excess molar volumes ( E
mV ) of the mixture can be had from the equation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ  is the density of the mixture and ix , iM  and iρ  are the mole fraction, molar 

mass and density of the ith component in the mixture, respectively. The estimated 

uncertainty for excess molar volumes ( E
mV ) was evaluated to be ± 0.005 -13  molcm ⋅ .  
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Table 6.2. Density ( ρ ), viscosity ( η ), excess molar volume ( E
mV ) and viscosity deviation 

( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K 

1x  
)m(kg

10
3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 

s)mPa( ⋅

∆η
 

1,4-DO (1) + EDA (2) 
T = 298.15 K 

0 0.89479 1.2758 0 0 
0.0800 0.90717 1.2628 0.068 -0.005 
0.1636 0.91948 1.2504 0.144 -0.009 
0.2511 0.93176 1.2391 0.223 -0.011 
0.3428 0.94428 1.2276 0.286 -0.014 
0.3850 0.94992 1.2227 0.308 -0.014 
0.5399 0.97035 1.2064 0.334 -0.015 
0.6461 0.9841 1.1973 0.302 -0.014 
0.7578 0.99837 1.1892 0.227 -0.011 
0.8756 1.01303 1.1824 0.119 -0.007 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 0.88563 1.1072 0 0 
0.0800 0.89775 1.0922 0.076 -0.007 
0.1636 0.90985 1.0784 0.155 -0.012 
0.2511 0.92106 1.0655 0.307 -0.016 
0.3428 0.93433 1.0527 0.297 -0.020 
0.3850 0.93989 1.0480 0.320 -0.020 
0.5399 0.95996 1.0329 0.352 -0.020 
0.6461 0.97348 1.0259 0.323 -0.017 
0.7578 0.98759 1.0193 0.245 -0.013 
0.8756 1.00204 1.0156 0.136 -0.005 

1 1.01678 1.0094 0 0 
T = 318.15 K 

0 0.86762 0.9445 0 0 
0.0800 0.88010 0.9318 0.093 -0.008 
0.1636 0.89274 0.9205 0.177 -0.015 
0.2511 0.90551 0.9111 0.254 -0.019 
0.3428 0.91846 0.9021 0.319 -0.023 
0.3850 0.92435 0.8983 0.338 -0.025 
0.5399 0.94542 0.8929 0.372 -0.022 
0.6461 0.95955 0.8913 0.348 -0.017 
0.7578 0.97427 0.8918 0.276 -0.011 
0.8756 0.98943 0.8902 0.166 -0.006 

1 1.00524 0.8896 0 0 
1,4-DO (1) + DCE (2) 

T = 298.15 K 
0 1.24637 0.7804 0 0 

0.0934 1.22134 0.8045 0.207 -0.006 
0.1881 1.19717 0.8332 0.368 -0.010 
0.2843 1.17399 0.8640 0.469 -0.013 
0.3819 1.15177 0.8974 0.507 -0.016 
0.4258 1.14209 0.9132 0.511 -0.017 
0.5816 1.10956 0.9729 0.422 -0.018 
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0.6838 1.08925 1.0159 0.314 -0.018 
0.7875 1.06916 1.0636 0.184 -0.015 
0.8929 1.04886 1.1171 0.063 -0.010 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 1.23121 0.6744 0 0 
0.0934 1.20617 0.6918 0.243 -0.008 
0.1881 1.18234 0.7127 0.415 -0.015 
0.2843 1.15950 0.7370 0.526 -0.019 
0.3819 1.13763 0.7628 0.572 -0.024 
0.4258 1.12816 0.7747 0.574 -0.026 
0.5816 1.09617 0.8211 0.493 -0.032 
0.6838 1.07638 0.8551 0.375 -0.033 
0.7875 1.05658 0.8949 0.252 -0.032 
0.8929 1.03688 0.9435 0.113 -0.023 

1 1.01678 1.0094 0 0 
T = 318.15 K 

0 1.21455 0.5719 0 0 
0.0934 1.18914 0.5856 0.313 -0.010 
0.1881 1.16497 0.6042 0.555 -0.017 
0.2843 1.14196 0.6266 0.724 -0.022 
0.3819 1.12000 0.6499 0.822 -0.027 
0.4258 1.11067 0.6611 0.834 -0.029 
0.5816 1.07943 0.7050 0.764 -0.034 
0.6838 1.06046 0.7374 0.623 -0.036 
0.7875 1.04221 0.7750 0.414 -0.035 
0.8929 1.02408 0.8234 0.183 -0.025 

1 1.00524 0.8896 0 0 
1,4-DO (1) + MEA (2) 

T = 298.15 K 
0 1.01179 18.9538 0 0 

0.0597 1.01553 16.0540 -0.147 -0.001 
0.1251 1.01805 13.3865 -0.222 -0.002 
0.1969 1.02039 10.9652 -0.286 -0.003 
0.2760 1.02247 8.7983 -0.333 -0.004 
0.3639 1.02423 6.8921 -0.358 -0.005 
0.4618 1.02564 5.2493 -0.356 -0.005 
0.5716 1.02641 3.8676 -0.302 -0.004 
0.6958 1.02709 2.7386 -0.233 -0.003 
0.8373 1.02758 1.8488 -0.136 -0.002 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 1.00468 11.9630 0 0 
0.0597 1.00750 10.3163 -0.112 -0.004 
0.1251 1.01007 8.7723 -0.212 -0.008 
0.1969 1.01165 7.3404 -0.250 -0.012 
0.2760 1.01321 6.0311 -0.286 -0.014 
0.3639 1.01447 4.8507 -0.301 -0.015 
0.4618 1.01523 3.8043 -0.279 -0.015 
0.5716 1.01549 2.8980 -0.214 -0.013 
0.6958 1.01574 2.1319 -0.140 -0.009 
0.8373 1.01622 1.5061 -0.072 -0.003 
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1 1.01678 1.0094 0 0 
T = 318.15 K 

0 0.99815 7.9132 0 0 
0.0597 1.00035 6.9395 -0.101 -0.005 
0.1251 1.00177 6.0097 -0.155 -0.010 
0.1969 1.00306 5.1318 -0.203 -0.015 
0.2760 1.00408 4.3215 -0.234 -0.007 
0.3639 1.00475 3.5555 -0.240 -0.017 
0.4618 1.00492 2.8675 -0.209 -0.016 
0.5716 1.00506 2.2547 -0.171 -0.014 
0.6958 1.00496 1.7194 -0.109 -0.010 
0.8373 1.00510 1.2664 -0.059 -0.003 

1 1.00524 0.8896 0 0 
 

 

Fig. 6.1. Excess molar volume ( E
mV ) versus mole fraction of 1,4-DO (x1) for the binary 

mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, DCE; 

∆, MEA. 

 

Figure 6.1 ( E
mV  versus 1x  at 298.15 K) illustrates that the E

mV  values are positive for 

the mixtures (1,4-DO + EDA) and (1,4-DO + DCE) mixture but are negative for (1,4-

DO + MEA) mixture over the entire range of compositions at all the experimental 

temperatures. The excess molar volume generally depends upon two factors: (i) 

variation of intermolecular forces between two components in contact; the physical 

effects involve dispersion forces and non-specific interactions in the mixture and thus 

contribute positive values to E
mV . The chemical or specific interactions result in 
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volume decrease or contraction and involve hydrogen bond formation or rupture, 

charge transfer type forces and other complex forming interactions between dissimilar 

species and thus contribute negative values to E
mV ; (ii) variation in molecular packing 

subject to interstitial accommodation of one component into other may arise due to 

difference in free volume and molar volume of the components. If the interactions 

between dissimilar species are weaker than those between similar species excess 

molar volume ( E
mV ) will be positive. As already stated earlier that 1,2-disubstituted 

ethanes generally prefer gauche conformation and possess intra-molecular hydrogen 

bonding except DCE.29 For DCE, the gauche conformer is polar and stabilized by 

electrostatic interaction between their dipole moments.29 A comparison of the relative 

permittivity30 of the liquid components { DO4,1, −rε (2.21) < DCE,rε  (10.42) < 

EDA,rε (13.82) < MEA,rε (31.94)} suggests that the following approximate order of 

molecular interaction between similar components: (MEA-MEA) > (EDA-EDA) > 

(DCE-DCE) > (1,4-DO-1,4-DO).  The positive E
mV  values for the mixtures (1,4-DO + 

EDA) and (1,4-DO + DCE) indicate breaking of liquid order on mixing and 

dispersion interactions between dissimilar components. Dispersion interactions may 

arise from the breaking of cohesive forces or intra-molecular hydrogen bonds between 

the similar molecules on addition of 1,4-DO to the ethanes.  So mixing of 1,4-DO 

probably results in the breaking of the weak dipole-dipole cohesive forces amongst 

the DCE molecules29 and intra-molecular hydrogen bonds in EDA molecules.29 1,4-

DO can also form hydrogen bond through its two ethereal O-atoms with NH2 groups 

of EDA molecule and thus it can hamper intra-molecular hydrogen bonds in EDA 

molecules. That is why E
mV  values of the mixture (1,4-DO + EDA) are lower than 

those of the mixture (1,4-DO + DCE). In the case of the mixture (1,4-DO + MEA), 

the negative E
mV  values suggest the presence of specific interactions like 

intermolecular hydrogen bonds between the dissimilar components (through the 

involvement of the ethereal O-atoms of 1,4-DO and the highly polar –OH and -NH2 

group present in MEA molecule) and geometrical fitting of the molecules 

( K298.15atmolcm36.25 13
MEAm,DO-1,4m,

−⋅=−VV ) on mixing. Thus the magnitude of 

E
mV  values have the order:  (1,4-DO + DCE) > (1,4-DO + EDA) > (1,4-DO + MEA); 
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thus it is apparent that the molecular interaction is least for the mixture (1,4-DO + 

DCE) and highest for the mixture (1,4-DO + MEA). Furthermore, Table 6.2 suggests 

that in each case E
mV  values increase as the temperature increases over the whole 

composition range from 298.15 to 318.15 K. Such a trend in temperature dependence 

of E
mV  values indicates that temperature enhancement causes a decrease in the 

interaction between the component molecules; therefore thermal agitation that 

probably breaks or disturbs the developing dispersion forces and non-specific 

interactions as well as specific interactions between the liquid components in the 

studied mixtures. 

6.3.2. Excess partial molar volumes 

The partial molar volumes ( im,V ) of the ith component in the binaries over the 

entire composition range at 298.15 K were obtained from the relation:31 

)2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where *
im,V  is the molar volume of the ith component in the binaries. The derivatives, 

PTxV ,i
E

im, )( ∂∂  used in Eq. (2) were obtained by following a procedure described in 

chapter II by using the Redlich–Kister coefficients ( ia )32 for the excess molar 

volumes ( E
mV ): 0272.0,5266.0,0760.0,3439.1 3210 −=−=== aaaa  for the mixture 

(1,4-DO + EDA); 0604.0,6155.0,0974.1,9370.1 3210 =−=−== aaaa  for the 

mixture (1,4-DO + DCE) and 8004.0,4153.0,4367.0,3210.1 3210 =−==−= aaaa  

for the mixture (DO + MEA) with standard deviations (σ )33 0.0008, 0.0051, 0.0147 

for the three mixtures, respectively. Partial molar volumes (
0
m,1V  and 

0
m,2V ) at infinite 

dilution, excess partial molar volumes (
E

im,V ) and excess partial molar volumes (
E0,
im,V ) 

at infinite dilution were determined using the standard relations described in chapter 

II. Partial molar volumes (
0
m,1V and 

0
m,2V ) and excess partial molar volumes (

E0,
im,V ) at 

infinite dilution for each component in the binary mixtures are listed in Table 6.3.  

Excess partial molar volumes (
E
m,1V  and 

E
m,2V ) of each component in the studied 

mixtures were depicted in Figure 6.2 as a function of 1x . Partial molar volume (
0
m,1V  

and 
0
m,2V ) at infinite dilution of each liquid was found to be greater than the molar  
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Table 6.3. Molar volumes ( *
m,1V  and *

m,2V ), partial molar volumes at infinite dilution (
0
m,1V  

and 
0
m,2V ) and excess partial molar volume at infinite dilution ( E0,

m,1V and 
E0,

m,2V ) for each 

component in the binary mixtures at 298.15 K.  
 

Volume 
parameters 
 

1,4-DO (1) + 

EDA (2) DCE (2) MEA (2) 

*
1,mV  85.73 85.73 85.73 

0
1,mV  86.50 88.09 82.75 

*
2,mV   67.15 79.41 60.37 

0
m,2V   68.02 79.69 59.87 

E0,
m,1V   0.769 2.358 -2.973 

E0,
m,2V  0.866 0.285 -0.499 

Volume parameters are given in cm3 ·mol-1. 
 

 

Fig. 6.2. Excess partial molar volume ( E
im,V ) against mole fraction of 1,4-DO (x1) for the 

binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K: A, for DO; B, for 1,2-

disubstituted ethanes. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

volume of the respective pure liquid for the studied mixtures except the (1,4-DO + 

MEA) mixture. Also, the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at infinite 

dilution were positive for both components in the mixtures (1,4-DO + EDA) and  
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(1,4-DO + DCE) except the mixture (1,4-DO + MEA). This suggests that while the 

systems with EDA and DCE are characterized by volume expansion on mixing with 

1,4-DO, the mixture with MEA is characterized by volume contraction on mixing 

with 1,4-DO, i.e., the mixture (1,4-DO + MEA) is characterized by a better packing 

efficiency and intermolecular hydrogen bonds between the dissimilar molecules were 

not broken at dilute regions.  

 6.3.3. Predictions of excess molar volumes 

 i) Prigogine-Flory-Patterson theory (PFP):    

In recent years, Flory’s statistical theory34-37 and its modified version known as 

the Prigogine-Flory-Patterson (PFP) theory12,13 has been employed to estimate and 

analyze excess thermodynamic functions theoretically. The Flory’s parameters such 

as reduced volume ( v~ ), reduced temperature (T
~

), characteristic volume ( *
V ), 

characteristic pressure ( *P ) and characteristic temperature ( *T ) for each liquid 

component are given in Table 6.4. The PFP theory considers excess molar volumes 

( E
mV ) of the binary mixtures to be the sum of three contributions:  (i) the interaction 

contribution ( E
intV ), which is proportional to the interaction parameter, 2,1χ ; (ii) the 

free volume contribution ( E
fvV ), which arises from the dependence of the reduced 

volume upon the reduced temperature as a result of the difference between the degree 

of expansion of the two components and (iii) the internal pressure contribution ( E
*

p
V ),  

 

Table 6.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K 

Liquids a
cP  v~  T

~
 

)mol(m

10
13

6*

−⋅

⋅V
 

(Pa)

*
P

 
(K)

*
T

 
)(kK 1−

α
 

)(TPa 1

T

−

κ
 

1, 4-DO 152.10 1.2672 0.0599 67.65 708.53 4976.93 1.0970 741.3 
EDA 172.60 1.3451 0.0699 49.93 1226.52 4262.04 1.5182 667.7 
DCE 128.40 1.3018 0.0646 60.99 746.81 4611.89 1.2765 863.6 
MEA 195.50 1.1768 0.0448 51.30 737.98 6641.29 0.6740 377.1 

a Unit: 11 molKJ −− ⋅⋅  and values are adapted from Ref [30].  

 

which depends both on the differences of the characteristic pressures and on the 

differences of reduced volumes of the components. The following equation was used 

to estimate E
mV  values: 
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where  1ψ  and 2ψ stand for the molecular contact energy fractions of liquid 1 and 

liquid 2 in a mixture; 2θ  is the molecular site fraction of liquid 2 in a mixture and 

other symbols have their usual significance12,13 (details are given in chapter II). The 

interaction contributions to E
mV  were obtained from Eq. (3) by using a computer 

program as mentioned in chapter II. The optimized 2,1χ values, calculated and 

experimental E
mV values, their deviation and different contributions to E

mV values for 

near equimolar ( 5.01 ≈x ) composition at 298.15 K are given in Table 6.5. It reveals 

that the calculated excess molar volumes ( E
PFPm,V ) reasonably agree well with the 

experimental excess molar volumes ( E
mV ) for all the mixtures studied. 

ii) Peng-Robinson Equation of State (PREOS): 

Cubic equations of state are extensively used in process simulations for the 

prediction of thermodynamic properties and phase equilibria of hydrocarbon systems 

due to their simplicity, robustness and computational efficiency. Herein this chapter 

the classical cubic Peng-Robinson equation of state (PREOS) has been used for 

predicting the excess molar volumes ( E
PREOSm,V ) of the mixtures at 298.15 K. PREOS 

is given by:15 

( ) ( )
)4(

bVbbVV

a

bV

RT
P

−++
−

−
=  

For a pure component the energy a and co-volume b parameters can be obtained from 

the relations: 

)5(11)()(

2























−+==

c

c
T

T
TaTaa ξ  
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Table 6.5. Interaction parameter ( 2,1χ ), calculated and experimental values of excess molar 

volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different PFP contributions at 

298.15 K 

1,4-DO (1) 
+ 

)m(J 3-

2,1

⋅

χ
 

)mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 

310oncontributiPFP ×  

inta
 fvb

 ipc
 

EDA (2) -20.606 0.334 0.323 0.011 -0.0026 0.0022 0.0105 
DCE (2) 42.811 0.511 0.511 0.000 0.0079 0.0004 0.0004 
MEA (2) -14.039 -0.344 -0.344 0.000 -0.0018 0.0030 -0.0009 

a interaction contribution, b free volume contribution and c internal pressure contribution 
 

)6()()( cTbTbb ==

)7(45724.0)(
22

c

c
c

P

TR
Ta =

)8(07780.0)(
c

c
c

P

RT
Tb =  

where cT  and cP  are critical temperature and pressure of a pure component. The 

parameter ξ  in terms of acentric factor (ω )38 is defined by: 

   )9(0.26992-1.542260.37464 2ωωξ +=  

cT  , cP  and ω values of the pure liquids used were taken from the literature.22,39 For a 

binary mixture the energy a and co-volume b parameter can be given by:38 

   )10()1()(
2

1i

2

1j
ijjiji∑∑

= =

−= kaaxxTa  

)11()(
2

1i
ii∑

=

= bxTb  

where ijk is the interaction coefficient for a binary mixture of components i and j. 

Rearranging Eq. (4) in terms of the compressibility factor (Z), provides the following 

relations:  

)12(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ  

where RTPVZ /= , RTPbB /= and 2)/(RTaPA = . Thus from a knowledge of the 

compressibility factors for the components and their mixtures, the corresponding 

excess molar volumes ( E
PREOSm,V ) of the mixtures were calculated. The values of the 

interaction coefficients ( ijk ) were found to be 0.0582, 0.0679 and 0.0206 with  
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Fig. 6.3. A comparison between the excess molar volumes ( E
mV ) against mole fraction of 1,4-

DO (x1) for the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. 

Symbols represent experimental excess molar volumes ( E
mV ): □, EDA; ○, DCE; ∆, MEA. 

Dashed lines and dotted lines represent excess molar volumes ( E
mV ) obtained form PREOS 

and PFP theory, respectively. 

 

standard deviations (σ ) 0.019, 0.086 and 0.056, respectively for the mixtures (1,4-

DO + EDA), (1,4-DO+ DCE) and (1,4-DO + MEA). A comparison between the 

experimental excess molar volumes ( E
mV ) and the calculated excess molar volumes 

( E
PFPm,V  and E

PREOSm,V ) from PFP theory and PREOS for the studied mixtures at 298.15 

K has been depicted in Figure 6.3.  

6.3.4. Viscosity deviations 

The viscosity deviation ( η∆ ) can be obtained from the difference between the 

measured viscosity (η ) and the ideal viscosity ( idη ) of a mixture as follows:16, 33 

)13(idηηη −=∆  

and the ideal viscosity ( idη ) is given by:40 

)14()lnexp( id

2

1i
iid ηη ∑

=

= x  
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Fig. 6.4. Viscosity deviation ( η∆ ) versus mole fraction of 1,4-DO (x1) for the binary 

mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, DCE; 

∆, MEA. 

 

The estimated uncertainty for viscosity deviation ( η∆ ) was evaluated to be ±0.0002 

smPa ⋅  for the mixtures studied. Figure 6.4 ( η∆ versus 1x at 298.15 K) shows that the 

η∆ values are negative over the whole composition range for the mixtures at the 

experimental temperatures. It was observed if E
mV  values are positive, η∆ values 

become negative for many binary mixtures and vice-versa. Such a coincidence was 

found for the mixtures (1,4-DO + EDA) and (1,4-DO + DCE) but for the mixture 

(1,4-DO + MEA) both E
mV  and η∆ values are negative. However, for each mixture 

η∆ values decrease as the experiment temperature increases indicating that the 

interaction between the dissimilar molecules becomes weaker at higher temperatures 

(Table 6.2).  

6.3.5. Thermodynamics of viscous flow 

According to Eyring’s viscosity relation,40 the free energy of viscous flow 

( *
G∆ ) is given by the relation: 

)15()/exp()/( *
RTGVhN ∆=η  

where h is Planck’s constant, N is Avogadro’s number and other symbols have 

their usual meanings. 
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Table 6.6. Free energy ( *G∆ ), enthalpy ( *
H∆ ) and entropy ( *S∆ ) of activation of viscous 

flow for the binary mixtures. 

x1 
)mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2

R  

298.15 K 308.15 K 318.15 K 
1,4-DO (1) + EDA (2) 

0 13.309 13.419 13.488 10.634 -8.995 0.9988 
0.0800 13.340 13.443 13.511 10.786 -8.586 0.9992 
0.1636 13.374 13.471 13.539 10.910 -8.280 0.9994 
0.2511 13.411 13.504 13.573 10.994 -8.119 0.9996 
0.3428 13.448 13.532 13.608 11.054 -8.033 0.9999 
0.3850 13.465 13.549 13.625 11.080 -8.003 0.9999 
0.5399 13.526 13.610 13.706 10.842 -8.997 0.9998 
0.6461 13.569 13.656 13.765 10.646 -9.793 0.9996 
0.7578 13.614 13.703 13.830 10.391 -10.789 0.9989 
0.8756 13.662 13.758 13.890 10.269 -11.361 0.9991 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 1,4-DO (1) + DCE (2) 

0 12.506 12.583 12.591 11.226 -4.330 0.9971 
0.0934 12.606 12.675 12.683 11.459 -3.878 0.9978 
0.1881 12.717 12.775 12.792 11.590 -3.800 0.9990 
0.2843 12.828 12.883 12.912 11.573 -4.223 0.9996 
0.3819 12.942 12.991 13.031 11.619 -4.442 0.9999 
0.4258 12.994 13.040 13.085 11.638 -4.547 0.9999 
0.5816 13.177 13.216 13.282 11.619 -5.211 0.9995 
0.6838 13.301 13.336 13.416 11.585 -5.729 0.9987 
0.7875 13.430 13.468 13.561 11.485 -6.496 0.9982 
0.8929 13.567 13.619 13.734 11.096 -8.255 0.9974 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 1,4-DO (1) + MEA (2) 

0 19.734 19.235 18.783 33.915 47.589 0.9998 
0.0597 19.378 18.912 18.499 32.487 43.997 0.9997 
0.1251 18.990 18.561 18.188 30.954 40.156 0.9997 
0.1969 18.563 18.175 17.846 29.274 35.954 0.9996 
0.2760 18.091 15.750 17.472 27.329 31.017 0.9995 
0.3639 17.566 17.277 17.045 25.351 26.142 0.9996 
0.4618 16.979 16.749 16.572 23.047 20.379 0.9996 
0.5716 16.318 16.153 16.041 20.458 13.913 0.9995 
0.6958 15.567 15.476 15.437 17.504 6.525 0.9993 
0.8373 14.708 14.704 14.752 14.056 -2.160 0.9989 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 

Rearranging Eq. (15) and putting ∆G
*= ∆H

* - T∆S
* yields the following relation: 

)16(/)/ln( **
STHhNVR ∆−∆=η  

Thus, linear regressions of Rln(ηV/hN) against (1/T) give the enthalpy ( *H∆ ) and 

entropy ( *
S∆ ) of activation of viscous flow from the corresponding slope and 
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negative intercept, respectively. *
G∆ , *H∆ , *

S∆ and the regression coefficients ( 2R ) 

are given in Table 6.6. It shows that while *H∆ values are positive, *
S∆ values are 

negative for all the binary mixtures except the mixture (1,4-DO + MEA). According 

to Corradini et al.,41 the enthalpy of activation of viscous flow is regarded as a 

measure of the degree of cooperation between the species taking part in viscous flow. 

In a highly structured liquid there will be considerable degree of order; hence for 

cooperative movement of the species a large heat of activation is required for the flow 

process. Thus the *H∆ values indicate that the ease of formation of activated species 

necessary for viscous flow follows the order: (1,4-DO + DCE) ≈ (1,4-DO + EDA) > 

(1,4-DO + MEA). This order is also supported by negative *
S∆ values for the 

mixtures (1,4-DO + DCE) and (1,4-DO + EDA) and positive values of *
S∆ for the 

mixture (1,4-DO + MEA). 

6.3.6. Viscosity prediction 

Several empirical models can simulate the viscosity of liquids or liquid 

mixtures and practical implications of such viscosity models were reviewed by 

Mehrotra et al.
42 Empirical methods have also been developed using the 

corresponding state principle based on van der Waals’ hypothesis43 that the properties 

of substances in terms of reduced thermodynamic properties show similar behavior. 

For the mixtures studied viscosities were predicted using Peng-Robinson cubic 

equation of state15 and Bloomfield–Dewan model.19 

 i) Peng-Robinson Equation of State: 

The excess activation free energy of viscous flow ( E*
G∆ ) for the binary 

mixtures can be obtained from the relation: 

)17()(
2

1i

*
i

*E* ∑
=

∆−∆=∆ GxGG i

 

A simple rearrangement of Eq. (17) gives the viscosity for a mixture:44 

   )18(exp
)( E*

m

id








 ∆
=

RT

G

V

Vη
η  

where mV  and id)( Vη are the molar volume and kinematic viscosity of an ideal 

mixture, respectively.  id)( Vη  is defined as follows: 

   )19()ln(exp)(
2

1i
iii

id








= ∑

=

VxV ηη  
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In order to incorporate the binary interaction parameter 12g  ( jiijii and0 ggg == ), 

E*G∆  for a binary mixture is given as: 

  )20(
2

1 2

1i

2

1j
1221

*E

ijji

E*E*

∑∑
= =

+=+=
∆

gxx
RT

G
gxx

RT

G

RT

G
 

The interaction parameter 12g  can be evaluated from a comparison of the 

experimental viscosities to those obtained from Eq. (18). The value of E*
G can also be 

obtained from the relation: 

   )21()ln(ln
2

1i

0
iii

E*

∑
=

−= ϕϕx
RT

G
 

where 0
iϕ  and iϕ  stand for the fugacity coefficients of the ith component in pure state 

and in the mixture, respectively. As per PREOS, fugacity coefficient for a pure 

component is given by: 

 )22(
)21(

)21(
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−+

++
−−−−=

BZ

BZ

B

A
BZZϕ  

and fugacity coefficient for the ith component in a binary mixture is given by: 
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Combination of Eqs. (18-23) yields,  
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In order to obtain the binary interaction parameter ( 12g ), a non-linear regression 

analysis was performed iteratively by using a C-program to have minimum standard 

deviation (σ ) for a binary mixture. The binary interaction parameters ( 12g ) were 

found to be –0.294 ( 001.0=σ ), -0.053 ( 002.0=σ ) and –0.116 ( 001.0=σ ) for the 

mixtures (1,4-DO + EDA), (1,4-DO + DCE) and (1,4-DO + MEA), respectively.  

ii) Bloomfield-Dewan viscosity model: 

It combines two major semi-empirical theories of liquid viscosities in order to 

estimate viscosity of the liquid mixtures. The first one is the absolute reaction rate 

theory40 that relates the viscosity to the free energy required by a molecule to 
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overcome the attractive force field of its neighbors in order to jump to a new 

equilibrium position, i.e., to flow.  The second one is the free volume theory45 that 

relates the viscosity to the probability of occurrence of an empty neighboring site into 

which a molecule can jump and the probability depends exponentially on the free 

volume of the liquid. Thus the probability of viscous flow has been considered as a 

product of the probabilities of acquiring sufficient activation energy and the 

occurrence of an empty site. All the thermodynamic quantities involved in 

Bloomfield-Dewan model can be had from Flory's statistical thermodynamic theory 

for liquid mixtures.34-37 Bloomfield and Dewan14 developed the following expression: 
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G∆ is the residual free  energy of mixing and can be had from the relation: 
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where iφ is the segment fraction of the ith component in a binary mixture and is 

defined in the literature.34-37 The excess free energy E
G∆ can be obtained from the 

Flory’s statistical theory of liquid mixtures by using the relation: 
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The standard deviations (σ ) between the experimental viscosities and those 

calculated from Bloomfield and Dewan model were 0.03, 0.39 and 4.99 for the 

mixtures with EDA, DCE and MEA, respectively. A comparison between the 

experimental viscosities and the calculated viscosities from these two viscosity 

prediction models are depicted in Fig 6.5. It is evident that PREOS predicted the 

viscosities for the mixtures very well 
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Fig. 6.5. A comparison between the viscosities ( η ) against mole fraction of 1,4-DO (x1) for 

the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols represent 

experimental viscosities: □, EDA; ○, DCE; ∆, MEA. Dashed lines and dotted lines represent 

viscosities ( η ) obtained form Bloom Field-Dewan theory and PREOS, respectively. 

.   

6.3.7. Ultrasonic speed of sound and derived functions 

The speeds of sound (u ) and the densities ( ρ ) of the binary mixtures at 

298.15 K were used to determine their isentropic compressibilities ( Sκ ), excess 

isentropic compressibilities ( E
Sκ ) and the other acoustic parameters. The experimental 

speeds of sound of each pure liquid were in good agreement with the literature 

values16,27,46,47 at 298.15 K. The excess isentropic compressibilities ( E
Sκ ) were 

calculated by using the relation: 

   )30(id
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E
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where 2
S 1 uρκ =  and id

Sκ , the isentropic compressibility for an ideal mixture, is 

given by the relation:48 
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where iτ  is the volume fraction of the component ‘i’ in the mixture, iS,κ , *
im,V , iα  and 

ip,c are the isentropic compressibility, the molar volume, the expansion coefficient and 

the molar isobaric heat capacity of the pure components, respectively. The expansion 

coefficients ( iα ) were determined from experimental densities and the values of iP,c  

were taken from the literature.30 The other acoustic parameters like intermolecular 

free length ( fL ), specific acoustic impedance ( imz ) and their excess/deviation 

functions were calculated by using the standard relations as described in chapter II. 

The parameters u , Sκ  and 
E
Sκ  at 298.15 K are listed in Table 6.7. Figure 6.6 

illustrates the variation of excess isentropic compressibilities ( E
Sκ ) of the mixtures 

against mole fraction of 1,4-DO (x1) at 298.15 K. It is evident that while the excess 

isentropic compressibilities ( E
Sκ ) for the mixtures (1,4-DO + EDA) and (1,4-DO + 

DCE) are positive, those for the mixture (1,4-DO + MEA) are negative over the entire 

composition range at 298.15 K. The positive E
Sκ  values for the mixtures (1,4-DO + 

EDA) and (1,4-DO + DCE) are indicative of dispersion interaction between mixing 

component like breaking up of the weak dipole-dipole cohesive forces present among 

the DCE molecules and intermolecular hydrogen bonding present in EDA molecules 

upon mixing. For the mixture (1,4-DO + MEA), the negative E
Sκ values suggest the 

presence of specific interaction like intermolecular hydrogen bond between the 

components as well as mutual geometrical fitting of the dissimilar molecules on 

mixing. The magnitude of E
Sκ  values follows the order: (1,4-DO + DCE) > (1,4-DO + 

EDA) > (1,4-DO + MEA), indicating that the molecular interaction is least for the 

mixture (1,4-DO + DCE) and highest for the mixture (1,4-DO + MEA). Thus these 

results stand in parallel to those obtained earlier from excess molar volumes and 

viscosity deviations. Intermolecular free length ( fL ) and specific acoustic impedance 

( imz ) for the studied binaries at 298.15 K are listed in Table 6.8.  According to King-

Kincaid,49 a regular rise in intermolecular free length causes a fall in speeds of sound 

for the mixtures and vice-versa. This is also in accordance with the expected increase 

in the isentropic compressibility and decrease in specific acoustic impedance. 
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Table 6.7. Ultrasonic speeds ( u ), isentropic compressibility ( Sκ ) and excess isentropic 

compressibility ( E
Sκ ) for binary mixtures at 298.15 K 

1x  
)sm( 1−⋅

u
 

)(Pa

10
1

10
S

−

⋅κ
  

)(Pa

10
1

10E
S

−

⋅κ
 

1,4-DO (1) + EDA (2) 
0 1670.8 4.003 0 

0.0800 1625.9 4.170 0.027 
0.1636 1585.3 4.327 0.046 
0.2511 1546.2 4.489 0.069 
0.3428 1506.8 4.664 0.105 
0.3850 1488.8 4.749 0.128 
0.5399 1428.4 5.051 0.214 
0.6461 1395.1 5.221 0.245 
0.7578 1369.6 5.340 0.226 
0.8756 1353.7 5.387 0.134 

1 1343.4 5.391 0 
1,4-DO (1) + DCE (2) 

0 1193.6 5.632 0 
0.0934 1198.9 5.696 0.075 
0.1881 1204.7 5.756 0.148 
0.2843 1211.7 5.802 0.210 
0.3819 1218.7 5.846 0.275 
0.4258 1222.7 5.857 0.295 
0.5816 1240.4 5.858 0.335 
0.6838 1256.1 5.819 0.325 
0.7875 1277.4 5.732 0.270 
0.8929 1306.8 5.583 0.155 

1 1343.4 5.391 0 
1,4-DO (1) + MEA (2) 

0 1716.8 3.353 0 
0.0597 1696.8 3.420 -0.172 
0.1251 1677.7 3.490 -0.343 
0.1969 1654.2 3.581 -0.491 
0.2760 1626.7 3.696 -0.614 
0.3639 1593.6 3.845 -0.698 
0.4618 1557.5 4.019 -0.746 
0.5716 1517.9 4.229 -0.744 
0.6958 1471.8 4.495 -0.662 
0.8373 1417.1 4.846 -0.456 

1 1343.4 5.391 0 
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Fig. 6.6. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of 1,4-DO (x1) for the 

binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, 

DCE; ∆, MEA. 

 

Table 6.8 shows that while the specific acoustic impedances ( imz ) decrease, the 

intermolecular free lengths ( fL ) increase as the mole fraction (x1) of 1,4-DO in the 

mixtures increase. The magnitude of the intermolecular free lengths ( fL ) has the 

order: (1,4-DO + DCE) > (1,4-DO + EDA) > (1,4-DO + MEA); this indicates that the 

molecular interactions between dissimilar molecules is also decreasing in the same 

order. The excess intermolecular free lengths ( E
fL ) and excess acoustic impedances 

( E
imz ) are plotted in Figure 6.7 against the mole fraction of 1,4-DO in the mixtures. 

The negative excess intermolecular free lengths ( E
fL ) and positive excess acoustic 

impedances ( E
imz ) for the mixture (1,4-DO + MEA) reflect the stronger interactions 

between the two components in contrast to the mixtures (1,4-DO + EDA) and (1,4-

DO + DCE) for which E
imz  values are negative and E

fL  values are positive. The 

negative E
fL  and positive 

E
imz values for the mixture (1,4-DO + MEA) are due to 

stronger hetero-association between MEA and 1,4-DO molecules and such hetero-

association may be attributed to both hydrogen bonding and interstitial 

accommodation of MEA molecules within the voids of 1,4-DO structure.    
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Table 6.8. Intermolecular free length ( fL ), specific acoustic impedance ( imz ), excess 

intermolecular free lengths ( E
fL ) and excess acoustic impedances ( E

imz ) for the studied 

binaries at 298.15 K 

1x  fL  (Å) 
)smkg(

10
12

6
im

−−

−

⋅⋅

⋅z
 E

fL  (Å) 
)smkg(

10
12

6E
im

−−

−

⋅⋅

⋅z
 

 1,4-DO (1) + EDA (2) 

0 0.4115 1.4950 0 0 

0.0800 0.4200 1.4750 0.0032 -0.0109 

0.1636 0.4279 1.4577 0.0055 -0.0187 

0.2511 0.4358 1.4407 0.0077 -0.0256 

0.3428 0.4442 1.4228 0.0100 -0.0330 

0.3850 0.4482 1.4142 0.0113 -0.0368 

0.5399 0.4623 1.3860 0.0151 -0.0473 

0.6461 0.4700 1.3729 0.0158 -0.0483 

0.7578 0.4753 1.3674 0.0137 -0.0410 

0.8756 0.4774 1.3713 0.0080 -0.0236 

1 0.4776 1.3807 0 0 

 1,4-DO (1) + DCE (2) 

0 0.4881 1.4877 0 0 

0.0934 0.4909 1.4643 0.0038 -0.0134 

0.1881 0.4934 1.4422 0.0073 -0.0253 

0.2843 0.4954 1.4225 0.0103 -0.0347 

0.3819 0.4973 1.4037 0.0132 -0.0432 

0.4258 0.4978 1.3964 0.0141 -0.0457 

0.5816 0.4978 1.3763 0.0158 -0.0492 

0.6838 0.4961 1.3682 0.0152 -0.0463 

0.7875 0.4924 1.3657 0.0126 -0.0377 

0.8929 0.4860 1.3707 0.0073 -0.0215 

1 0.4776 1.3807 0 0 

 1,4-DO (1) + MEA (2) 

0 0.3766 1.7370 0 0 

0.0597 0.3804 1.7232 -0.0023 0.0074 

0.1251 0.3842 1.7080 -0.0050 0.0155 

0.1969 0.3892 1.6879 -0.0073 0.0210 
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0.2760 0.3954 1.6633 -0.0091 0.0246 

0.3639 0.4033 1.6322 -0.0101 0.0248 

0.4618 0.4124 1.5974 -0.0109 0.0249 

0.5716 0.4230 1.5580 -0.0114 0.0246 

0.6958 0.4361 1.5117 -0.0108 0.0225 

0.8373 0.4528 1.4562 -0.0084 0.0175 

1 0.4776 1.3807 0 0 

 

 

Fig. 6.7. Excess intermolecular free length ( E
fL ) and excess acoustic impedances ( E

imz ) versus 

mole fraction of 1,4-DO (x1) for the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at 

T = 298.15 K. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

6.3.8. Molar refractions  

The molar refractions ( mR ) for the binary mixtures were calculated from the 

relation: 

)33(
2
1

2

1i
ii

2
D

2
D

m ρ

∑
=

+

−
=

Mx

n

n
R  

where ρ  is the density of the mixture and ix , iM  are the mole fraction and molar 

mass of the ith component in the mixture, respectively. 
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Table 6.9. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar refractions 

( E
mR ) for the binary mixtures at 298.15 K 

1x  Dn  
)mol(m

10
13

6
m

−⋅

×R
 

)mol(m

10
13

6E
m

−⋅

×R
 

1,4-DO (1) + EDA (2) 
0 1.4541 18.189 0 

0.0800 1.4510 18.501 0.030 
0.1636 1.4479 18.826 0.062 
0.2511 1.4448 19.166 0.095 
0.3428 1.4415 19.510 0.116 
0.3850 1.4400 19.665 0.122 
0.5399 1.4346 20.211 0.124 
0.6461 1.4311 20.572 0.112 
0.7578 1.4275 20.935 0.083 
0.8756 1.4239 21.312 0.045 

1 1.4202 21.703 0 
1,4-DO (1) + DCE (2) 

0 1.4419 21.006 0 
0.0934 1.4417 21.209 0.137 
0.1881 1.4384 21.271 0.133 
0.2843 1.4355 21.333 0.129 
0.3819 1.4328 21.388 0.116 
0.4258 1.4316 21.409 0.106 
0.5816 1.4281 21.488 0.076 
0.6838 1.4260 21.534 0.051 
0.7875 1.4239 21.575 0.020 
0.8929 1.4222 21.638 0.009 

1 1.4202 21.703 0 
1,4-DO (1) + MEA (2) 

0 1.4521 16.289 0 
0.0597 1.4501 16.594 -0.018 
0.1251 1.4480 16.951 -0.015 
0.1969 1.4454 17.333 -0.022 
0.2760 1.4425 17.754 -0.029 
0.3639 1.4394 18.226 -0.033 
0.4618 1.4360 18.753 -0.036 
0.5716 1.4324 19.355 -0.029 
0.6958 1.4285 20.031 -0.025 
0.8373 1.4245 20.809 -0.031 

1 1.4202 21.704 0 
 

The excess molar refractions ( E
mR ) were obtained from relation, 

)34(
2

1i
im,im

E
m ∑

=

−= RxRR  

where im,R  is the molar refraction of the ith component in the mixture. Excess molar 

refractions ( E
mR ) along with the experimental the refractive indices ( Dn ) for the three 
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binaries are listed in Table 6.9. The experimental refractive indices ( Dn ) were in good 

agreement with literature values23,50-52 at 298.15 K. The variation of excess refractive 

indices ( E
mR ) with the mole fraction of 1,4-DO ( 1x ) at 298.15 K also reveals the same 

order of molecular interactions for the studied mixtures as discussed earlier.  

6.3.9. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 6.8-6.10). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer  (RX-1).  Pure 1,4-DO shows 

characteristic bands at the range 1600-800 cm-1 due to vibrations of the ring (around 

1122 cm-1), the wagging vibrations (800-1050 cm-1) and fan-like vibrations (1250-

1300 cm-1) for CH2 groups and scissor vibrations (1453 cm-1).53 DCE has 

characteristic peaks around 1232 cm-1 for trans conformer and two peaks around 1313 

and 1285 cm-1 for gauche conformer.8 These bands shift slightly in peak position and 

intensity for the mixtures (1,4-DO + DCE) as the mole fraction (x1) of 1,4-DO 

increases in the mixtures and thus stand for weak interactions between the 

components. Of note for the mixture (1,4-DO + EDA) is that the N-H and N-CH2 

stretching bands (around 3296 and 2855 cm-1, respectively) of EDA become less 

intense and broad as the mole fraction of 1,4-DO (x1) in the mixture increases. This 

indicates formation of inter-molecular hydrogen bonds between dissimilar molecules 

in the mixture (1,4-DO + EDA). Similarly for the mixture (1,4-DO + MEA) the bands 

due to –OH and NH2 groups (falling within the range 3335-2850 cm-1) become 

broader and their intensity decreases significantly as the mole fraction (x1) of 1,4-DO 

decreases in the mixture suggesting that the mixtures are characterized by intra-

molecular and inter-molecular hydrogen bonds. 

6.4. Conclusion 

The physico-chemical study revealed that degree of molecular interactions in 

the binary mixtures follows the order: (1,4-DO + MEA) > (1,4-DO + EDA) > (1,4-DO 

+ DCE). This order of molecular interactions originates from the disruption of weak 

dipole-dipole interaction/cohesion forces or intra-molecular hydrogen bonds amongst 

the similar molecules on mixing with 1,4-DO, because mixing of 1,4-DO results in  
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Fig. 6.8. FTIR spectra of the various binary mixtures of (1,4-DO + DCE): A, pure 1,4-DO 

( 0000.0DCE =x ); B, 1820.0DCE =x ; C, 3725.0DCE =x ; D, 5718.0DCE =x ; E, 

7807.0DCE =x ; F, Pure DCE ( 0000.1DCE =x ). 

 
Fig. 6.9. FTIR spectra of the various binary mixtures of (1,4-DO + EDA): A, pure 1,4-DO 

( 0000.0EDA =x ); B, 2682.0EDA =x ; C, 4943.0EDA =x ; D, 6874.0EDA =x ; E, 

8543.0EDA =x ; F, Pure EDA ( 0000.1EDA =x ). 
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Fig. 6.10. FTIR spectra of the various binary mixtures of (1,4-DO + MEA): A, pure 1,4-DO 

( 0000.0MEA =x ); B, 2651.0MEA =x ; C, 4902.0MEA =x ; D, 6839.0MEA =x ; E, 

8523.0MEA =x ; F, Pure MEA ( 0000.1MEA =x ). 

 

the formation of hetero-associates due to inter-molecular hydrogen bond formation 

and mutual interstitial fitting. Interestingly, a comparison of the partial molar volume 

(
0
m,1V and 

0
m,2V ) at infinite dilution to the molar volume of the respective pure liquid 

for the studied mixtures revealed that except the mixture (1,4-DO + MEA) other two 

mixtures are characterized by volume increase. Anyway, FTIR spectra of the mixtures 

showed characterized band shifts in position and intensity as per the above order of 

molecular interactions. 
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CHAPTER VII 

 

Thermophysical properties of the binary mixtures of cyclohexane with 

some esters
*
 

 
7.1. Introduction 

 Instead of a single pure solvent, solvent mixtures containing two or more 

solvents often provide a wide range of mixtures with varied compositions, which are 

optimizable for specific chemical engineering purposes like chemical separation, heat 

transfer, mass transfer and fluid flow, etc. This necessitates a prior knowledge of the 

physico-chemical properties of such liquid mixtures at hand and so systematic studies 

on thermodynamic and transport properties of binary liquid mixtures such as density, 

viscosity and speed of sound, etc., were being used as tools for understanding 

intermolecular interactions and the structural properties of the liquid-liquid mixtures.1 

This is because local structure and macroscopic properties of liquids/liquid mixtures 

are determined by the interactions operative within the molecules involved.2 Excess 

molar volumes ( E
mV ), viscosities deviations ( η∆ ), excess isentropic compressibility 

( E
Sκ ), etc., are frequently being used to understand the intermolecular forces in liquid-

liquid mixtures and thus help in the elucidation of their behavior with a purpose of 

developing theoretical models for their description and simulation processes.3,4 

Cyclohexane (CH) is a non-polar, unassociated, inert hydrocarbon with 

globular structure.5 It is used as a raw material for the industrial production of two 

important intermediates (viz., adipic acid and caprolactam) used in the production of 

nylon. Esters exist as a dipolar associates in their pure state.6 Both the aliphatic esters 

methyl acetate (MA) and ethyl acetate (EA) are commonly used solvents in glues, nail 

polish remover, etc.  Ethyl acetate (EA) is used to decaffeinate coffee beans and tea 

leaves. Methyl salicylate (MS) is a phenolic ester having strong intramolecular 

hydrogen bond between its hydroxyl and carbonyl group7 and is used for relieving 

muscle aches and pains when applied externally to the affected area. Previously 

Rathnam et al.
8 studied the binary mixture of CH with EA in terms of viscosity 

parameters at 313.15 K and Roy et al.
9 studied the binary and ternary mixtures of CH 

with MA and EA at 298.15 K. However, there is lack of comprehensive data on the 

binary mixtures studied in this chapter and studies on the molecular interactions 
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between these liquids in terms of various excess or deviation properties are 

insufficient in the literature. Furthermore, a quantitative estimation of different 

contributions (i.e., interaction contribution, free volume contribution and internal 

pressure contribution) based on PFP theory10, 11 to the excess molar volumes ( E
mV ) of 

the selected binary mixtures is rare in the literature. Hence herein the present chapter 

the binary mixtures of cyclohexane (CH) with methyl acetate (MA), ethyl acetate 

(EA) and methyl salicylate (MS) were studied at 298.15, 308.15 and 318.15 K under 

ambient pressure with a view to unravel the nature of molecular interactions in these 

mixtures in terms of various excess or deviation properties derived from the 

experimental ( ρ , η , u  and Dn ) data. Also a comparison between the experimental 

and calculated E
mV  and η  values (based on PFP10,11 or Bloomfield-Dewan viscosity 

model12 and PREOS13) were made for the studied binary systems. Moreover, solution 

viscosities, ultrasonic speeds of sound and refractive indices for all the binary 

mixtures were theoretically predicted using several empirical and semi-empirical 

relations/models.  

7.2. Experimental section  

7.2.1. Materials 

All the chemicals used in this work were purchased from Sigma-Aldrich, 

Germany (Reagent Plus, purity > 99%) and were used as received from the vendor. 

Purity of the solvents was ascertained by GLC and also by comparing their densities 

and viscosities at the experimental temperatures with the available literature data,14-25 

as shown in Table 7.1.  

7.2.2. Apparatus and procedure 

The binary mixtures were prepared by mass in specially designed air-tight 

bottles with stopper inside a dry box at 298.15 K. Actually for each binary system a 

set of nine binary mixtures were prepared afresh before use with mole fractions 

varying from 0.1 to 0.9. The uncertainty in mole fraction was evaluated to be 

± 0.0002. The densities ( ρ ) were measured with a vibrating-tube density meter 

(Anton Paar, DMA 4500M) calibrated at the experimental temperatures with doubly 

distilled, degassed water and dry air under atmospheric pressure.  
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Table 7.1. Densities (ρ) and viscosities (η) of the pure liquids at T = (298.15-318.15) K 

 
Pure 
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

CH 
 

298.15 0.77384 

0.773714 
0.7739215 
0.773916 
0.774017 

0.8927 
0.885914 
0.89216 

308.15 0.76433 0.7644315 0.7748 0.77417 
318.15 0.75473 0.7547115 0.6620  

MA 
298.15 0.92681 0.926818 

0.926119 
0.3809 0.38418 

0.379819 
308.15 0.91524 0.915220,21 0.3491 0.34920 
318.15 0.90225 0.902221 0.3132 0.313 21 

EA 
 

298.15 0.89455 
0.894820 
0.894521 

0.8944422 
0.4262 

0.43020 
0.42921 
0.42722 

308.15 0.88267 
0.882720 
0.882121 
0.882623 

0.3874 
0.38720 
0.38421 

318.15 0.86994 
0.869221 

0.8699722 
0.869623 

0.3564 0.35321 
0.35622 

MS 
298.15 1.17931 

1.17933624 
1.178225 

1.5358 1.53525 

308.15 1.16931 1.16936724 1.4024  
318.15 1.15942 1.15940524 1.3027  

 

The stated repeatability and accuracy of the densities were 35 cmg101 −− ⋅×±  and 

35 cmg105 −− ⋅×± , respectively. Viscosities (η ) were measured by means of a 

suspended Canon-type Ubbelhode viscometer, placed vertically in a glass sided 

thermostat at a desired experimental temperature for the attainment of thermal 

equilibrium. The flow times of the liquids or liquid mixtures were measured with a 

digital stopwatch correct ± 0.01s. Ultrasonic speeds of sound (u) were measured a 

single crystal variable-path ultrasonic interferometer (Mittal Enterprise, New Delhi, 

F-05) working at 2 MHz. It was calibrated with triply distilled, degassed water and 

methanol maintained at T = (298.15 ± 0.01) K by circulating thermostated water 

around the jacketed cell (2 MHz) filled with the experimental liquids. The uncertainty 

of the ultrasonic speeds was around ±0.2 m s-1. Refractive indices were measured with 

an Abbe's refractometer, calibrated with triply distilled, degassed water and purified 

methanol maintained at T = (298.15 ± 0.01) K.  The estimated uncertainty in the 
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refractive indices was ± 0.0002 units. In all determinations, an average of triplicate 

measurements was taken into consideration and adequate precautions were taken to 

minimize evaporation losses during the measurements. The details of the calibration 

and measurement techniques have been described in chapter III.  

7.3. Results and discussion 

The experimental densities ( ρ ), viscosities ( η ), excess molar volumes ( E
mV ) 

and viscosity deviations ( η∆ ) of the binary mixtures at the experimental temperatures 

are listed in Table 7.2.  

7.3.1. Excess molar volumes 

Excess molar volume is a thermodynamic function sensitive to change of 

structure (i.e., order) or randomness during the mixing process. Excess molar volumes 

( E
mV ) can be had from the equation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ  is the density of the mixture and ix , iM  and iρ  are the mole fraction, molar 

mass and density of ith component in the mixture, respectively. The estimated 

uncertainty for excess molar volumes ( E
mV ) was evaluated to be ± 0.005 -13  molcm ⋅ . 

Figure 7.1 ( E
mV  versus 1x at 298.15 K) illustrate that the excess molar volumes ( E

mV ) 

for the (CH + MS) mixture show a slight sigmoid variation with positive E
mV  values at 

lower mole fractions of CH ( 2294.01 ≤x ) but with negative E
mV  values at CH rich 

regions ( 229.01 ≥x 4); however, E
mV  values for the mixtures (CH + MA) and (CH + 

EA) are positive over the entire composition range at all the experimental 

temperatures. The excess molar volumes ( E
mV ) may be discussed in terms of several 

effects: physical, chemical and geometrical contributions. The physical interactions 

result in volume expansion and involve mainly the dispersion forces and non-specific 

interactions in the mixtures and thus contribute to positive E
mV values. The chemical or 

specific interactions result in volume contraction and involve hydrogen bond 

formation, charge transfer type forces and other complex forming interactions 

between dissimilar species in the mixtures and thus contribute to negative E
mV values. 
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Table 7.2. Density ( ρ ), viscosity ( η ), excess molar volume ( E
mV ) and viscosity deviation 

( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K 
 

x1 
)m(kg

10
3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 

s)mPa( ⋅

∆η  

CH (1) + MA (2) 
T = 298.15 K 

0 0.92681 0.3810 0 0 
0.0754 0.90732 0.3938 0.380 -0.012 
0.1551 0.88781 0.4094 0.800 -0.025 
0.2393 0.86932 0.4285 1.160 -0.039 
0.3286 0.85192 0.4517 1.440 -0.052 
0.3700 0.84477 0.4641 1.510 -0.058 
0.5241 0.82097 0.5242 1.630 -0.071 
0.6314 0.80660 0.5808 1.600 -0.071 
0.7460 0.79358 0.6568 1.389 -0.062 
0.8686 0.78244 0.7579 0.900 -0.040 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 0.91524 0.3491 0 0 
0.0754 0.89370 0.3520 0.601 -0.019 
0.1551 0.87433 0.3605 1.051 -0.034 
0.2393 0.85607 0.3714 1.430 -0.051 
0.3286 0.83895 0.3876 1.722 -0.066 
0.3700 0.83151 0.3965 1.841 -0.072 
0.5241 0.80796 0.4395 1.997 -0.091 
0.6314 0.79386 0.4817 1.974 -0.096 
0.7460 0.78118 0.5432 1.756 -0.090 
0.8686 0.77086 0.6352 1.182 -0.062 

1 0.76433 0.7748 0 0 
T = 318.15 K 

0 0.90225 0.3132 0 0 
0.0754 0.87878 0.3057 0.840 -0.026 
0.1551 0.85971 0.3094 1.320 -0.042 
0.2393 0.84136 0.3155 1.771 -0.059 
0.3286 0.82490 0.3228 2.050 -0.078 
0.3700 0.81769 0.3297 2.171 -0.083 
0.5241 0.79500 0.3556 2.310 -0.108 
0.6314 0.78152 0.3889 2.260 -0.113 
0.7460 0.76950 0.4386 2.000 -0.109 
0.8686 0.75971 0.5201 1.390 -0.080 

1 0.75473 0.6620 0 0 
CH (1) + EA (2) 

T = 298.15 K 
0 0.89455 0.4262 0 0 

0.0914 0.88047 0.4475 0.227 -0.008 
0.1845 0.86626 0.4640 0.480 -0.024 
0.2795 0.85214 0.4872 0.737 -0.037 
0.3764 0.83873 0.5162 0.919 -0.047 
0.4200 0.83290 0.5284 0.987 -0.053 
0.5759 0.81413 0.5909 1.025 -0.061 
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0.6787 0.80289 0.6462 0.941 -0.058 
0.7836 0.79243 0.7107 0.746 -0.050 
0.8907 0.78304 0.7925 0.395 -0.031 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 0.88267 0.3874 0 0 
0.0914 0.86805 0.3981 0.325 -0.015 
0.1845 0.85376 0.4108 0.627 -0.029 
0.2795 0.83972 0.4277 0.914 -0.042 
0.3764 0.82515 0.4456 1.283 -0.057 
0.4200 0.82079 0.4560 1.182 -0.062 
0.5759 0.80223 0.5029 1.248 -0.075 
0.6787 0.79137 0.5436 1.145 -0.076 
0.7836 0.78153 0.6009 0.896 -0.066 
0.8907 0.77239 0.6752 0.534 -0.043 

1 0.76433 0.7748 0 0 
T = 318.15 K 

0 0.86994 0.3564 0 0 
0.0914 0.85474 0.3592 0.443 -0.018 
0.1845 0.84042 0.3635 0.802 -0.036 
0.2795 0.82682 0.3725 1.086 -0.051 
0.3764 0.81389 0.3834 1.297 -0.066 
0.4200 0.80830 0.3882 1.374 -0.074 
0.5759 0.79017 0.4202 1.455 -0.089 
0.6787 0.77936 0.4487 1.389 -0.094 
0.7836 0.76955 0.4913 1.175 -0.088 
0.8907 0.76152 0.5586 0.690 -0.060 

1 0.75473 0.6620 0 0 
CH (1) + MS (2) 

T = 298.15 K 
0 1.17931 1.5358 0 0 

0.1168 1.13610 1.4367 0.281 -0.005 
0.2294 1.09741 1.3549 0.060 -0.001 
0.3379 1.06052 1.2856 -0.370 0.007 
0.4425 1.02285 1.2236 -0.719 0.016 
0.4878 1.00603 1.1969 -0.873 0.018 
0.6411 0.94605 1.1096 -1.281 0.025 
0.7353 0.90552 1.0554 -1.309 0.025 
0.8265 0.86273 1.0015 -1.052 0.021 
0.9146 0.81950 0.9473 -0.707 0.012 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 1.16931 1.4024 0 0 
0.1168 1.12552 1.3008 0.342 -0.008 
0.2294 1.08606 1.2194 0.200 -0.004 
0.3379 1.04900 1.1489 -0.221 0.001 
0.4425 1.01121 1.0892 -0.559 0.011 
0.4878 0.99471 1.0639 -0.752 0.014 
0.6411 0.93462 0.9777 -1.141 0.019 
0.7353 0.89413 0.9256 -1.159 0.019 
0.8265 0.85231 0.8744 -1.002 0.016 
0.9146 0.80851 0.8249 -0.547 0.010 

1 0.76433 0.7748 0 0 
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T = 318.15 K 
0 1.15942 1.3027 0 0 

0.1168 1.11418 1.1942 0.502 -0.009 
0.2294 1.07371 1.1084 0.469 -0.007 
0.3379 1.03673 1.0344 0.028 -0.002 
0.4425 0.99954 0.9721 -0.388 0.007 
0.4878 0.98303 0.9471 -0.583 0.011 
0.6411 0.92305 0.8612 -0.982 0.017 
0.7353 0.88228 0.8087 -0.948 0.017 
0.8265 0.84081 0.7571 -0.812 0.013 
0.9146 0.79715 0.7086 -0.337 0.007 

1 0.75473 0.6620 0 0 
 

 

Fig. 7.1. Excess molar volume ( E
mV ) versus mole fraction of CH (x1) for the binary mixtures 

of CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 

 

Structural/geometrical contributions arising from the variation of molecular packing 

due to interstitial accommodation of one component into other owing to difference in 

free volume and molar volume of the components also contributes to negative E
mV  

values. Esters can exist as dipolar associates and an approximate estimate about the 

nature and the strength of molecular interactions between similar ester molecules can 

be had from the knowledge of their dipole moments ( Dµ ). Dipole moment of 

different components26 used has the order: )00.0(CHD,µ  < )72.1(MAD,µ  < 

)78.1(EAD,µ < )47.2(MSD,µ  in Debye. Hence a comparison of the Dµ  values reveals 
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that the intermolecular interactions should be least in the mixture (CH + MA) and 

highest for the mixture (CH + MS). Thus the expected order of molecular interactions 

(based on dipole-induced dipole interactions) between the unlike components of the 

binary mixtures is: (CH + MS) > (CH + EA) > (CH + MA). If the interactions 

between dissimilar molecules are less than those between similar molecules the 

excess molar volume ( E
mV ) will be positive. Therefore, the observed positive E

mV  

values for the mixtures (CH + MA) and (CH + EA) over the entire composition range 

indicated breaking up of liquid order on mixing and dispersion interactions between 

dissimilar components in these mixtures led to volume expansion. Dispersion 

interaction may arise from breaking of dipole-dipole cohesive forces present between 

similar molecules (ester-ester) on addition of CH to the esters studied. Similarly if the 

interactions between dissimilar molecules are more than those between similar 

molecules (ester-ester) the excess molar volume ( E
mV ) will be negative.  This was 

observed for the mixture (CH + MS). The comparison of E
mV  versus 1x  at 298.15 K 

reveals that the intermolecular interactions amongst the unlike components is highest 

for the mixture (CH + MS) and lowest for the mixture (CH + MA). Thus the order of 

molecular interactions based on excess molar volumes ( E
mV ) is: (CH + MA) < (CH + 

EA) < (CH + MS). This order of molecular interactions for the binary mixtures is 

probably due to combined effects of factors like the molecular size, shape and nature 

of the components, etc. CH is a ring structured globular molecule and can exist either 

in chair form or twisted boat form or in skew-boat form.27 Spectroscopic study by 

Garcia et al.
28 showed that the stable conformer of CH is the chair form with D3d 

symmetry and CH rotates freely between these two conformations at high temperature 

(even greater than room temperature)29 and occupies a small space with its flexible 

ring structure.30 MS molecules are almost planer in shape due to favorable intra-

molecular hydrogen bonding rather than inter-molecular hydrogen bonding, because 

inter-molecular hydrogen bonding requires the OH− group to be out of the plane and 

interaction between neighboring MS molecules originate predominantly from dipolar 

interactions; the intra-molecular hydrogen bonding in liquid MS persists even at 

higher temperatures.7 The order of molar volumes: MS > EA > MA indicates that the 

inter-molecular spacing or vacancies in EA is larger than that in MA. Alkyl esters 

exist as dipolar associates and are hydrogen bond acceptors. The addition of CH 
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(component 1) breaks the inter-molecular association (dipole-dipole interaction in the 

case of MA and EA) in the structure of the pure component (2) making enough space 

available for mutual fitting. Therefore, the molecular packing in the mixture (CH + 

EA) is more compact than that of the mixture (CH + MA); that is why the excess 

molar volumes ( E
mV ) of the mixture (CH + MA) are greater than those of the mixture 

(CH + EA). In case of the mixture (CH + MS) the initial positive E
mV  values can be 

attributed to the breaking up of the three dimensional hydrogen bonded (inter-

molecular and intra-molecular) network or dipolar interactions in liquid MS due to the 

addition of CH and beyond the mole fraction ( 1x ) of CH 2294.0≥  as the amount of 

CH increases further in this mixture, the CH molecules are interstitially 

accommodated or geometrically fitted in the free space between the voids of planar 

MS molecules ( 13
CHm,MSm, molcm21.20 −⋅=−VV  at 298.15 K). This effect increases 

the intermolecular compactness, thereby imparting negative contributions to solution 

volume and compressibility of the mixture (CH + MS). Thus, the order of molecular 

interactions, based on the E
mV  values, is:  (CH + MS) > (CH + EA) > (CH + MA). 

Nevertheless, it was observed that the E
mV  values increased with increasing 

experimental temperature for all the mixtures over the entire composition range. Such 

a trend in temperature dependence of E
mV  values suggests that temperature 

enhancement disrupts the developing specific and non-specific interactions between 

the component molecules in the mixtures due to thermal agitations at elevated 

temperatures.  

7.3.2. Excess partial molar volumes 

Partial molar volumes ( im,V ) of the ith component in the binaries at 298.15 K 

were obtained from the relation:31, 32 

)2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where *
im,V  is the molar volume of the ith component in the binaries. The derivatives, 

PTxV ,i
E

im, )( ∂∂  used in Eq. (2) were obtained using a procedure as mentioned in 

chapter II, the E
mV  values were fitted to the Redlich–Kister polynomial33 by the 

method of least squares regression using the Marquardt algorithm34 to derive the 
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following Redlich–Kister coefficients ( ia ):  a0 = 6.5322, a1 = 0.6065, a2 = 2.0832, a3 

= 1.2945, a4 = -2.5250 for the mixture (CH + MA); a0 = 4.1742, a1 = 0.8079, a2 = -

1.0677 for the mixture (CH + EA) and a0 = -3.7627, a1 = -6.3862, a2 = 1.4985, a3 = -

1.3304 for the mixture (CH + MS) with standard deviations (σ ) 0.006, 0.011 and 

0.029  for the three binaries, respectively. Partial molar volumes ( 0
1,mV and 0

2,mV ) at 

infinite dilution, excess partial molar volumes (
E

im,V ) and excess partial molar 

volumes (
E0,
im,V ) at infinite dilution were obtained from the standard relations as 

described earlier.31,32 Partial molar volumes (
E0,

m,1V and 
E0,

m,2V ) and excess partial molar 

volumes (
E0,
im,V ) at infinite dilution for each component in the binary mixtures are 

listed in Table 7.3.  The excess partial molar volumes (
E
m,1V  and 

E
m,2V ) of each 

component in the binary mixtures are depicted in Figure 7.2 against the mole fraction 

of CH ( 1x ). Figure 7.2 shows that the 
E
m,1V values gradually decreased (i.e., a 

decreasing trend as the alkyl chain length increased9) but the 
E
m,2V  values increased 

with increasing mole fraction of CH ( 1x ) for the studied mixtures. The partial molar 

volume (
0
m,1V and 

0
m,2V ) at infinite dilution of each liquid was found to be greater than 

the molar volume of the respective pure liquid for the studied mixtures, except the 

mixture (CH + MS). Again the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at 

infinite dilution were positive for both components in the mixtures (CH + MA) and 

(CH + EA) but for the mixture (CH + MS), 
0
m,2V  was found to be negative. This 

suggests that while the mixtures (CH + MA) and (CH + EA) are characterized by 

volume expansion, the mixture (CH + MS) is characterized by volume contraction on 

mutual mixing with CH, i.e., the mixture (CH + MS) is characterized by a better 

packing efficiency,35 most probably due to combined effects of dipole-induced dipole 

interactions and interstitial accommodation.  

 7.3.3. Predictions of excess molar volumes 

i) Prigogine-Flory-Patterson theory (PFP):   

Prigogine-Flory-Patterson (PFP) theory10, 11 is a modified version of Flory’s 

statistical theory.36-39 It has been successfully applied to predict, estimate and analyze 

the excess thermodynamic functions of liquid mixtures with non-polar as well as polar  
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Table 7.3. Molar volumes ( *
m,1V  and *

m,2V ), partial molar volumes at infinite dilution ( 0
1,mV and 

0
2,mV ) and excess partial molar volumes at infinite dilution (

E0,
m,1V  and 

E0,
m,2V ) for each 

component in the binary mixtures at 298.15 K 
 

Volume  
parameters 
 

CH (1) + 

MA (2) EA (2) MS (2) 

*
1,mV  108.81 108.81 108.81 

0
1,mV  113.71 111.01 114.65 

*
2,mV  79.93 98.50 129.02 

0
m,2V  89.30 102.32 118.62 

E0,
m,1V  4.91 2.20 5.84 

E0,
m,2V  9.36 3.82 -10.39 

Volume parameters are given in cm3·mol-1. 
 

 

Fig. 7.2. Excess partial molar volume (
E

im,V ) against mole fraction of CH (x1) for the binary 

mixtures of CH + some esters at T = 298.15 K: A, for CH; B, for the esters. Symbols: □, MA; 

○, MA; ∆, MS. 

 
liquids. This theory considers the excess molar volumes ( E

mV ) of binary mixtures to be 

a sum of three contributions: (i) the interaction contribution ( E
intV ) that is proportional 

to the interaction parameter, 2,1χ ; (ii) the free volume contribution ( E
fvV ) that arises 

from the dependence of the reduced volume upon the reduced temperature; and (iii) 
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the internal pressure contribution ( E

p*V ) that depends both on the differences of the 

characteristic pressures and on the differences of reduced volumes of the components. 

The relations for E
mV  in terms the three contributions is as follows: 
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where  1ψ  and 2ψ stand for the molecular contact energy fractions of liquid 1 and 

liquid 2 in a mixture; 2θ  is the molecular site fraction of liquid 2 in a mixture and 

other symbols have their usual significance.10,11 The various characteristic and 

reduced parameters of the pure liquid components (needed for the E
mV  estimation) 

were calculated using Flory’s formalism.36-39 and are listed in Table 7.4. The 

interaction contributions to E
mV  were obtained from Eq. (3) by using a computer 

program as detailed elsewhere.32 The optimized 2,1χ values, calculated and 

experimental E
mV values, their deviation ( E

mV∆ ) and different contributions to E
mV  

values near equimolar ( 5.01 ≈x ) composition at 298.15 K are given in Table 7.5. 

Table 7.5 revealed that the excess molar volumes ( E
PFPm,V ) calculated from PFP theory 

reasonably agree with the experimental excess molar volumes ( E
mV ) for all the binary 

mixtures studied. 

ii) Peng-Robinson Equation of State (PREOS): 

Cubic equations of state are powerful tools for predicting the thermodynamic 

properties and phase equilibria of hydrocarbon systems. These equations are widely 

applied in industrial process design for their relatively simple mathematical structure 

and computational efficiency in the calculation of the volume and other 

thermodynamic parameters like fugacity coefficient, etc.  
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Table 7.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K 

Liquids a
cP  v~  T

~
 

)mol(m

10
13

6*

−⋅

⋅V
 (Pa)*

P  (K)*
T  

)(kK 1−

α
 

)(TPa 1

T

−

κ
 

CH 155.01 1.2939 0.0636 84.09 539.84 4686.95 1.2348 1141.8 
MA 141.93 1.3107 0.0658 60.98 609.89 4530.98 1.3250 1112.8 
EA 170.66 1.3199 0.0670 74.62 605.88 4452.90 1.3756 1179.3 
MS 249.06 1.2147 0.0517 106.22 692.34 5769.79 0.8433 535.8 

a Unit: J ·mol-1 ·K-1 and values adapted from Ref [26] were multiplied with molecular weight for unit 
conversion.  
 

Table 7.5. Interaction parameter ( 2,1χ ), calculated and experimental values of excess molar 

volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different PFP contributions at 

298.15 K 

 

CH (1) 
+ 

 

)m(J 3-

2,1

⋅

χ
 

)mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 310oncontributiPFP ×  

    inta
 fvb

 ipc
 

MA (2) 76.254 1.630 1.630 0.000 0.0219 0.0001 0.0005 
EA (2) 46.868 1.025 0.991 0.034 0.0123 0.0002 0.0007 
MS (2) -13.482 -0.870 -0.870 0.000 -0.0022 0.0022 -0.0047 
a interaction contribution, b free volume contribution and c internal pressure contribution 

 

These equations can correctly predict the solution properties and can also be 

conveniently extended to mixtures using varied mixing or combination rules. Herein 

this chapter the classical cubic Peng-Robinson equation of state  (PREOS) has been 

used for predicting the excess molar volumes ( E
PREOSm,V ) of the mixture studied at 

298.15 K. The two parameter PREOS is given by:13 
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For a pure component the energy a and co-volume b parameters can be obtained from 

the relations:  

 )5(11)()(

2























−+==

c

c
T

T
TaTaa ξ

)6()()( cTbTbb ==  



 

Chapter VII 

202 
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where cT  and cP  are critical temperature and pressure of a pure component. The 

parameter ξ  in terms of acentric factor (ω ) is defined by: 

   )9(0.26992-1.542260.37464 2ωωξ +=  

Acentric factor (ω ) for each pure liquid was calculated from the relation:40  

)10(1log
)1(7

3
−

−
=

c

br

br P
T

T
ω  

where 
cbbr

TTT /= and 
b

T  is the boiling point of a pure liquid. 
b

T , 
cT  and 

cP  values 

were taken from the literature.26 For a binary mixture the energy a and co-volume b 

parameters are given by:40 

   )11()1()(
2

1i

2

1j
ijjiji∑∑ −=

= =

kaaxxTa  

)12()(
2

1i
ii∑=

=

bxTb  

where ijk is an empirically determined binary interaction coefficient characterizing the 

binaries formed by component i and component j and 0ij =k  for i = j. The different 

parameters related to Eq. (4) can be conveniently expressed in terms of 

compressibility factor ( RTPVZ /= ) as follows:  

)13(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ

 

where RTPbB /= and 2)/(RTaPA = . Thus from a knowledge of the compressibility 

factors (Z) of the pure components and their mixtures, the corresponding excess molar 

volumes ( E
PREOSm,V ) of the studied binary mixtures were calculated. The values of the 

interaction coefficient ( ijk ) were found to be 0.1358, 0.0882 and 0.0524 with standard 

deviations (σ ) 0.137, 0.067 and 0.484, respectively for the mixtures (CH + MA), 

(CH + EA) and (CH + MS).  
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Fig. 7.3. A comparison between the excess molar volumes ( E
mV ) against mole fraction of CH 

(x1) for the binary mixtures of CH with some esters at T = 298.15 K. Symbols represent 

experimental excess molar volumes ( E
mV ): □, MA; ○, EA; ∆, MS. Solid lines, dashed lines 

and dotted lines represent excess molar volumes ( E
mV ) obtained from Redlich-Kister 

polynomial, PREOS and PFP theory, respectively. 

 

A comparison between the experimental excess molar volumes ( E
mV ) and the 

calculated excess molar volumes ( E
PFPm,V  and E

PREOSm,V ) as a function of mole fraction 

of CH ( 1x ) for the studied mixtures at 298.15 K is depicted in Figure 7.3. 

7.3.4. Viscosity deviation 

The viscosity deviation ( η∆ ) can be obtained from the difference between the 

measured viscosity (η ) and the ideal viscosity ( idη ) of a solution as follows:41,42 

)14(idηηη −=∆  

and the ideal viscosity ( idη ) is given by:43 

)15()lnexp( id

2

1i
iid ηη ∑

=

= x  

The estimated uncertainty for viscosity deviation ( η∆ ) was evaluated to be ±0.004 

smPa ⋅  for the mixtures studied.  
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Fig. 7.4. Viscosity deviation ( η∆ ) versus mole fraction of CH (x1) for the binary mixtures of 

CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 

 

Figure 7.4 ( η∆ versus 1x at 298.15 K) shows that the η∆ values are negative for the 

mixtures (CH + MA) and (CH + EA), but for the mixture (CH + MS) η∆ values are 

positive (initially negative at MS rich regions with 2294.01 ≤x ) over the whole 

composition range. Similar trends in the η∆ values were observed at the other 

experimental temperatures. Negative η∆ values suggest the easier flow of liquid 

mixture as compared with the pure liquids. This may be due to difference in size and 

shape of the mixing components, dispersion due to breaking of liquid order on mixing 

with a second component and the presence of unfavorable non-specific interactions 

amongst the unlike molecules. However, positive η∆ values suggest the presence of 

specific intermolecular interaction amongst the unlike molecules, resulting into more 

compact structure. Thus, the η∆ values for the studied mixtures suggest that the same 

order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA), as discussed 

earlier based on the E
mV values. Moreover, the decrease in η∆  values as the 

experimental temperature increases for each mixture suggests that the interactions 

between the unlike molecule become weaker at higher temperatures (Table 7.2).  
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7.3.5. Thermodynamics of viscous flow 

Based on the theory of absolute reaction rate the free energy of activation of 

viscous flow ( *G∆ ) and its excess function ( *EG∆ ) for the liquid mixtures were 

obtained by using the Eyring’s viscosity relation:43 

)16()/exp()/( *
RTGVhN ∆=η  

)17(
2

1i

E*
i

*E* ∑
=

∆−∆=∆ GGG  

where N,  h  and *G∆ are Avogadro’s number, Planck’s constant and free energy of 

activation of viscous flow required to move the fluid particles from ground state to 

activated state and other symbols have their usual meanings. Rearranging Eq. (16) and 

putting ∆G
*= ∆H

* - T∆S
*we get the relation: 

)18(/)/ln( **
STHhNVR ∆−∆=η  

Linear regression of Rln(ηV/hN) against (1/T) gives the enthalpy ( *H∆ ) and entropy 

( *
S∆ ) of activation for viscous flow from the corresponding slope and negative 

intercept, respectively. *G∆ , *H∆ , *S∆ and the regression coefficients ( 2R ) are given 

in Table 7.6. It shows that while *H∆ values are positive, *S∆ values are mostly 

negative for the binary mixtures (CH + EA) and (CH + MS), but are mostly positive 

for the mixture (CH + MA). Such a trend in *H∆ and *
S∆ values indicate that 

formation of transition state for viscous flow is accompanied by disruption of the 

developing forces or specific interactions between the components of the liquid 

mixtures. The *EG∆  values are plotted against the mole fraction of CH ( 1x ) in Figure 

7.5 at 298.15 K.  Interestingly *EG∆ and η∆ values follow similar variations against 

the mole fraction of CH ( 1x ). Reid and Taylor44 suggested that the positive *E
G∆  

stands for molecular interactions or compactness due to geometrical fittings of one 

component into the other on mixing and negative *E
G∆ indicate the dominance of 

dispersion forces leading to easier flow of a liquid mixture as compared with the pure 

liquids. From Figure 7.5 it is evident that the *E
G∆ values are negative for the 

mixtures (CH + MA) and (CH + EA) but positive for the mixture (CH + MS) over the 

whole composition range (similar trends in *E
G∆ versus 1x were found at other 

experimental temperatures). This fact suggests the breaking of liquid order on mixing 

and presence of unfavorable non-specific interactions between the unlike molecules.  
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Table 7.6. Free energy ( *G∆ ), enthalpy ( *
H∆ ) and entropy ( *S∆ ) of activation of viscous 

flow for the binary mixtures 

x1 )mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2R  

298.15 K 308.15 K 318.15 K 
CH (1) + MA (2) 

0 10.745 10.914 11.019 6.657 -13.744 0.9928 
0.0754 10.905 11.022 11.051 8.711 -7.406 0.9920 
0.1551 11.082 11.167 11.170 9.761 -4.472 0.9944 
0.2393 11.275 11.326 11.308 10.771 -1.727 0.9967 
0.3286 11.485 11.517 11.452 11.961 1.547 0.9947 
0.3700 11.586 11.612 11.545 12.182 1.951 0.9955 
0.5241 12.008 12.000 11.872 14.015 6.667 0.9942 
0.6314 12.340 12.315 12.190 14.553 7.372 0.9963 
0.7460 12.720 12.701 12.587 14.692 6.562 0.9968 
0.8686 13.148 13.174 13.112 13.670 1.705 0.9966 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
 CH (1) + EA (2) 

0 11.541 11.717 11.915 5.956 -18.719 0.9990 
0.0914 11.691 11.820 11.972 7.501 -14.039 0.9992 
0.1845 11.811 11.932 12.037 8.429 -11.351 0.9997 
0.2795 11.962 12.067 12.134 9.389 -8.648 0.9987 
0.3764 12.134 12.206 12.240 10.536 -5.378 0.9990 
0.4200 12.204 12.273 12.286 10.967 -4.179 0.9979 
0.5759 12.520 12.564 12.537 12.253 -0.933 0.9973 
0.6787 12.765 12.787 12.735 13.198 1.414 0.9975 
0.7836 13.021 13.063 12.995 13.384 1.161 0.9947 
0.8907 13.308 13.379 13.350 12.676 -2.174 0.9950 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
 CH (1) + MS (2) 

0 15.387 15.693 16.029 5.825 -32.054 0.9977 
0.1168 15.182 15.460 15.763 6.526 -29.021 0.9990 
0.2294 14.987 15.247 15.519 7.060 -26.583 0.9997 
0.3379 14.804 15.041 15.282 7.679 -23.896 0.9999 
0.4425 14.631 14.853 15.065 8.162 -21.702 0.9999 
0.4878 14.554 14.770 14.973 8.316 -20.928 0.9998 
0.6411 14.292 14.478 14.645 9.019 -17.694 0.9996 
0.7353 14.126 14.296 14.438 9.469 -15.634 0.9993 
0.8265 13.961 14.112 14.225 10.010 -13.271 0.9988 
0.9146 13.790 13.933 14.021 10.349 -11.573 0.9978 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
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Fig. 7.5. Excess free energy of activation of viscous flow ( *EG∆ ) versus mole fraction of CH 

(x1) for the binary mixtures of CH with some esters at T = 298.15 K. Symbols: □, MA; ○, EA; 

∆, MS. 

7.3.6. Viscosity models 

Mehrotra et al.
45 reviewed the practical implications of several empirical or 

semi-empirical viscosity models for liquid mixture viscosities. These models can 

simulate the viscosity of liquids or liquid mixtures. However, such models that apply 

the corresponding state principle based on van der Waals’ hypothesis46 are limited. 

Therefore, the experimental viscosities of the studied binaries were correlated with 

Peng-Robinson cubic equation of state (PREOS),12,41 Bloomfield–Dewan model 

(BF)13,41 and several popular correlation models like Grunberg–Nissan (GN), Tamura-

Kurata (TK), Hind (HN), Katti–Chaudhri (KC), two parameters three body McAllister 

(McA3), three parameters four body McAllister (McA4), three parameters Heric–

Brewer (HB), Krisnan-Laddha (KL) and Lobe (LB) at 298.15 K.45,47,48 Various model 

coefficients were estimated either by linear or non-linear least-squares regression 

analyses (whichever is required model-wise). Different model coefficients and 

corresponding standard deviations are listed in Table 7.7.  
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Table 7.7. Different viscosity model coefficients and corresponding standard deviations (σ ) 

for the binary mixtures studied at T = 298.15. 

 
Model Coefficients σ  Model Coefficients σ  

CH (1) + MA (2) 
GN 

12d = -0.492 0.003 McA3 
12z = 0.736 

21z = 0.490 

0.034 

TK 
12T = 0.366 0.017 McA4 

1112z = 0.826, 1122z = 0.591 

1222z = 0.481 

0.025 

HN 
12H = 0.369 0.011 KL a = 0.168 

b = -0.001 
c = -0.041 

0.003 

KC RTw /12 = -0.373 0.004 LB 
12α = -0.460 

21α = -0.287 

0.156 

HB 
0a = -0.388, 1a = 0.001 

2a = 0.095 

0.007    

CH (1) + EA (2) 
GN 

12d = -0.381 0.006 McA3 
12z = 0.765 

21z = 0.566 

0.031 

TK 
12T = 0.451 0.012 McA4 

1112z = 0.849, 1122z = 0.650 

1222z = 0.560 

0.072 

HN 
12H = 0.461 0.011 KL a = 0.155 

b = 0.028 
c = -0.051 

0.010 

KC RTw /12 = -0.338 0.005 LB 
12α = -0.437 

21α =-0.238 

0.140 

HB 
0a = -0.358, 1a = -0.066 

2a = 0.118 

0.023    

CH (1) + MS (2) 
GN 

12d = 0.065 0.010 McA3 
12z = 1.195 

21z = 1.213 

0.045 

TK 
12T = 1.141 0.012 McA4 

1112z = 1.176, 1122z = 1.220 

1222z =1.159 

0.109 

HN 
12H = 1.163 0.011 KL a = -0.021 

b = -0.028 
c = -0.001 

0.001 

KC RTw /12 = 0.048 0.005 LB 
12α = -0.883 

21α = 6.864 

0.108 

HB 
0a = 0.048, 1a = 0.064 

2a = 0.003 

0.003    
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The binary interaction parameter ( 12g ) based on Peng-Robinson cubic equation of 

state was found to be –0.409 ( 004.0=σ ), -0.338 ( 005.0=σ ) and –0.829 

( 002.0=σ ) for the mixtures (CH + MA), (CH + EA) and (CH + MS), respectively.  

The standard deviations (σ ) between the experimental viscosities and those 

calculated from Bloomfield and Dewan model were 0.28, 0.22 and 0.44 for the 

mixtures of CH with MA, EA and MS, respectively. Grunberg-Nissan coefficient 

( 12d ) is proportional to interchange energy and approximates the strength of 

molecular interactions between the component liquids in a mixture. 12d  values were 

found to be –0.492 ( 003.0=σ ), –0.381 ( 006.0=σ ) and 0.065 ( 010.0=σ ) for the 

mixtures (CH + MA), (CH + EA) and (CH + MS), respectively. Thus 12d  values are at 

par the degree of molecular interactions49 for the studied mixtures. Interestingly, 

Katti-Chaudhri (KC) interactions coefficients ( RTw /12 ) were also found to –0.373 

( 004.0=σ ), -0.338 ( 005.0=σ ) and 0.048 ( 005.0=σ ) in parallel to the order of 

molecular interactions in the studied mixtures. 

7.3.7. Ultrasonic speed of sound and derived acoustic functions 

 The speeds of sound ( u ) and the densities ( ρ ) of the binary mixtures at 

298.15 K were further used to determine isentropic compressibility ( Sκ ), excess 

isentropic compressibility ( E
Sκ ) and the other acoustic functions like intermolecular 

free length ( fL ), specific acoustic impedance ( imz ), free volume ( fV ), internal 

pressure ( inπ ) along with their excess or deviation properties. The experimental 

speeds of sound for each pure liquid were in good agreement with the literature 

values23,25,50,51 at 298.15 K. The excess isentropic compressibility ( E
Sκ ) were 

calculated by using the relation: 

   )19(                   id
SS

E
S κκκ −=  

where 2
S 1 uρκ =  and id

Sκ is the isentropic compressibility for an ideal mixture. 

Benson-Kiyohara52 and Acree53 has expressed id
Sκ by the relation: 
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where iτ  is the volume fraction of the component ‘i’ in the mixture, iS,κ , *
im,V , iα  and 

ip,c are the isentropic compressibility, the molar volume, the expansion coefficient and 

the molar isobaric heat capacity of the pure components, respectively. The expansion 

coefficients ( iα ) were obtained from experimental density values and ip,c  values were 

taken from the literature.28 The intermolecular free length ( fL ), excess intermolecular 

free length ( E
fL ), free volume ( fV ) and excess free volume ( E

fV ) were calculated by 

using the standard relations42 as detailed in chapter II. Various acoustic parameters 

and their excess functions at 298.15 K are listed in Table 7.8. Figure 7.6 illustrates the 

variation of excess isentropic compressibility ( E
Sκ ) of the mixtures against the mole 

fraction of CH (x1) at 298.15 K. It shows that the E
Sκ  values for the mixtures (CH + 

MA) and (CH + EA) are positive but mostly negative for the mixture (CH + MS) over 

the entire composition range. The positive E
Sκ  values for the mixture (CH + MA) and 

(CH + EA) reveal that the component molecules in the mixtures become more 

compressible or less compact as compared to their pure state. This may be ascribed to 

the disruption of dipolar associated structure or molecular order in pure liquids (alkyl 

acetates) due to the breaking up of the dipole-dipole cohesive forces present amongst 

the individual MA and EA molecules (in pure state) when mixed with CH. For the 

mixture (CH + MS), the initial positive E
Sκ  values at x1=0.1168 probably arises from 

the sudden perturbation of the three dimensional hydrogen bonded (intermolecular 

and intramolecular) network in liquid MS on the addition of CH; however, the 

negative E
Sκ  values over moderate to CH-rich regions are most probably associated 

with favorable mutual (geometrical) fitting of the CH and MS molecules through 

interstitial accommodation as well as dipole-induced dipole interactions caused by the 

dipoles of MS. According to Eyring and Kincaid,54 isentropic compressibility ( Sκ ) 

and intermolecular free length ( fL ) inversely vary with the speeds of sound ( u ). It 

was observed that the speeds of sound ( u ) were observed to increase with increasing 

mole fraction of CH (x1) for the mixtures (CH + MA) and (CH + EA) but decreased 

for the mixture (CH + MS); such an increase in the speeds of sound (u ) led to a 

decrease in isentropic compressibility ( Sκ ) and intermolecular free lengths ( fL ).  
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Table 7.8. Ultrasonic speeds ( u ), isentropic compressibilities ( Sκ ), intermolecular free 

lengths ( fL ), free volumes ( fV ), excess isentropic compressibilities ( E
Sκ ), excess 

intermolecular free lengths ( E
fL ) and excess free volumes ( E

fV ) for binary mixtures at 298.15 
K; x1-mole fraction of CH. 
 

x1 )sm( 1−⋅

u
 

)Pa(

10
1

10
S

−

⋅κ
 

fL (Å) 
)molm(

10
13

6
f

−⋅

⋅V
 

)Pa(

10
1

10E
S

−

⋅κ
 E

fL (Å) 
)molm(

10
13

6E
f

−⋅

⋅V
 

CH (1) + MA (2) 
0 1148.5 8.180 0.5883 0.378 0 0 0 

0.0754 1146.9 8.379 0.5954 0.363 0.189 0.0070 0.003 
0.1551 1152.2 8.484 0.5991 0.351 0.285 0.0106 0.009 
0.2393 1160.6 8.540 0.6011 0.337 0.332 0.0124 0.015 
0.3286 1171.8 8.549 0.6014 0.321 0.334 0.0126 0.020 
0.3700 1177.0 8.545 0.6012 0.313 0.327 0.0124 0.021 
0.5241 1197.8 8.490 0.5993 0.276 0.265 0.0102 0.020 
0.6314 1212.7 8.430 0.5972 0.246 0.202 0.0079 0.015 
0.7460 1226.9 8.371 0.5951 0.213 0.142 0.0056 0.008 
0.8686 1240.2 8.309 0.5929 0.178 0.080 0.0032 0.003 

1 1253.3 8.227 0.5899 0.145 0 0 0 
CH (1) + EA (2) 

0 1144.3 8.537 0.6010 0.411 0 0 0 
0.0914 1154.5 8.521 0.6004 0.385 0.013 0.0004 -0.002 
0.1845 1165.2 8.503 0.5997 0.367 0.024 0.0008 0.005 
0.2795 1176.3 8.481 0.5990 0.344 0.032 0.0011 0.007 
0.3764 1187.5 8.455 0.5981 0.318 0.036 0.0012 0.007 
0.4200 1192.2 8.447 0.5978 0.308 0.042 0.0015 0.008 
0.5759 1209.2 8.401 0.5961 0.263 0.044 0.0015 0.005 
0.6787 1220.1 8.367 0.5949 0.231 0.041 0.0014 0.001 
0.7836 1231.0 8.328 0.5935 0.202 0.034 0.0012 -0.001 
0.8907 1241.5 8.286 0.5920 0.172 0.025 0.0009 -0.002 

1 1253.3 8.227 0.5899 0.145 0 0 0 
CH (1) + MS (2) 

0 1410.9 4.260 0.4245 0.187 0 0 0 
0.1168 1356.0 4.787 0.4500 0.179 0.056 0.0062 -0.002 
0.2294 1325.7 5.185 0.4683 0.174 -0.004 0.0059 -0.003 
0.3379 1305.2 5.535 0.4839 0.170 -0.098 0.0035 -0.003 
0.4425 1292.5 5.852 0.4976 0.165 -0.209 -0.0001 -0.003 
0.4878 1286.7 6.004 0.5040 0.163 -0.243 -0.0012 -0.003 
0.6411 1268.4 6.570 0.5272 0.156 -0.297 -0.0034 -0.004 
0.7353 1258.7 6.970 0.5430 0.152 -0.271 -0.0031 -0.004 
0.8265 1252.8 7.385 0.5590 0.149 -0.209 -0.0023 -0.004 
0.9146 1249.3 7.818 0.5751 0.146 -0.105 -0.0007 -0.003 

1 1253.3 8.227 0.5899 0.145 0 0 0 
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Fig. 7.6. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of CH (x1) for the 

binary mixtures of CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 
 

However, for the mixture (CH + MS), as the speeds of sound (u ) decreased with 

increasing mole fraction of CH (x1), isentropic compressibility ( Sκ ) and 

intermolecular free lengths ( fL ) increased monotonously. Positive excess 

intermolecular free lengths ( E
fL ) for the mixture (CH + MA) and (CH + EA) suggest 

their less compact structure as compared to the mixture (CH + MS) with more 

compact structure and negative E
fL  values. Interestingly, it was observed that free 

volumes ( fV ) and excess free volumes ( E
fV ) for the studied mixtures followed the 

order: (CH + MA) > (CH + EA) > (CH + MS), i.e., the reversed order of molecular 

interactions in parallel to the degree of their structural compactness. Thus the study of 

the various acoustic and their excess functions also stand in support of the following 

order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA), as found 

earlier on the basis of excess molar volumes and viscosity deviations. 

7.3.8. Prediction of ultrasonic speed of sound 

Ultrasonic speeds of sound for the binary mixtures were estimated with 

several theoretical models like Flory theory (FL), Collision factor theory (CFT), 

Nomoto’s relation (NOM), Impedance dependence relation (IDR), Ideal mixture 

relation (IMR), Junjie’s relation (JUN).  Details of these theoretical models and  
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Fig. 7.7. Percent standard deviations ( %σ ) for theoretical prediction of ultrasonic speeds by 

different empirical relations at T = 298.15 K for the binary mixtures studied. Models: FL, 

Flory theory; IMR, Ideal mixing relation; IDR, Impedance dependence relation; CFT, 

Collision factor theory; NOM, Nomoto’s relation; JUN, Junjie’s relation. 

 

calculations are mentioned in chapter II. The goodness of prediction for these models 

was judged by percent standard deviations ( %σ ) (as illustrated in Figure 7.7) against 

the experimental speeds of sound (u ) for the mixtures studied. Figure 7.7 depicts that 

the predictive capability of these models follows the orders: FL > IMR > IDR > CFT 

> JN > NOM (for the mixtures CH + MA); NOM > JN > IMR > FL > IDR > CFT (for 

the mixture CH + EA) and FL > JN > IMR > NOM > CFT > IDR (for the mixture CH 

+ MS), respectively.  

7.3.9. Excess molar refractions 

The excess molar refractions ( E
mR ) for the mixtures were obtained from 

relation:48 

)21(
2

1i
im,im

E
m ∑

=

−= RxRR  

where Rm,i ={(nD,i–1)/(nD,i+2)}Mi/ρi, nD,i and ρi stand for the molar refraction, 

refractive index and density of the ith component in the mixture, respectively. The 

molar refraction (Rm) for a mixture can be had from the relation:48 
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where ρ and nD are the mixture density and refractive index; Mi  stands for the molar 

mass of ith component in a mixture, respectively. Excess molar refractions ( E
mR ) and 

the experimental refractive indices (nD) for the three binaries are listed in Table 7.9. 

The experimental refractive indices (nD) of the pure liquids were in good agreement 

with literature values20,24,54 at 298.15 K. The dependence of the excess refractive 

indices (Rm
E) on the mole fraction of CH (x1) at 298.15 K also stands in parallel to the 

same order of molecular interactions for the studied binaries as discussed above. 

Furthermore the refractive indices of the mixtures were predicted by several models: 

Lorentz-Lorenz (LL), Gladstone-Dale (GD), Arago-Biot (AB), Newton (NEW), 

Eykman (EYK), Eyring-John (EJ), Heller (HEL) and Weiner (WEI) as detailed in 

chapter II and their goodness of prediction was judged by percent standard deviations 

( %σ ) (as illustrated in Figure 7.8) against the experimental refractive indices for all 

the binary mixtures studied. 

 

Fig. 7.8. Percent standard deviations ( %σ ) for theoretical prediction of refractive indices by 

various models at T = 298.15 K for the binary mixtures studied. Models: LL, Lorentz-Lorenz; 

DG, Gladstone-Dale; AB, Arago-Biot; NEW, Newton; EYK, Eykman; EJ, Eyring-John; 

HEL, Heller; WEI, Weiner. 
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Table 7.9. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar refractions 

( E
mR ) for the binary mixtures at 298.15 K 

 

1x  Dn  
)mol(m

10
13

6
m

−⋅

⋅R
 

)mol(m

10
13

6E
m

−⋅

⋅R
 

CH (1) + MA (2) 
0 1.3604 17.658 0 

0.0754 1.3659 18.472 0.055 
0.1551 1.3717 19.352 0.132 
0.2393 1.3776 20.270 0.201 
0.3286 1.3836 21.224 0.256 
0.3700 1.3862 21.649 0.264 
0.5241 1.3958 23.223 0.286 
0.6314 1.4022 24.303 0.285 
0.7460 1.4089 25.425 0.253 
0.8686 1.4158 26.567 0.160 

1 1.4234 27.730 0 
CH (1) + EA (2) 

0 1.3712 22.343 0 
0.0914 1.3753 22.831 -0.004 
0.1845 1.3799 23.362 0.025 
0.2795 1.3849 23.925 0.076 
0.3764 1.3898 24.475 0.104 
0.4200 1.3920 24.721 0.115 
0.5759 1.4000 25.566 0.120 
0.6787 1.4054 26.110 0.110 
0.7836 1.4109 26.642 0.077 
0.8907 1.4172 27.190 0.048 

1 1.4234 27.730 0 
CH (1) + MS (2) 

0 1.5352 40.179 0 
0.1168 1.5247 38.882 0.157 
0.2294 1.5136 37.439 0.116 
0.3379 1.5028 35.999 0.026 
0.4425 1.4920 34.627 -0.043 
0.4878 1.4872 34.032 -0.074 
0.6411 1.4700 32.024 -0.174 
0.7353 1.4585 30.820 -0.205 
0.8265 1.4470 29.728 -0.162 
0.9146 1.4354 28.680 -0.113 

1 1.4234 27.730 0 
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7.3.10. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 7.9-7.11). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer (RX-1).  Redondo et al.55 reported 

that the stable conformer of CH is the chair configuration with D3d symmetry and its 

spectra is characterized by the fundamental C-H stretching vibration at 3000-2800 cm-

1 along with some bands appearing in the range 2700-2600 cm-1 with frequency lower 

than the corresponding C-H stretching vibrations and at higher frequency than other 

possible C-C stretching, C-H bending vibrations, etc., due to some combinations of 

the fundamental bands. The IR spectra of the MA and EA are similar in nature with 

characteristic C=O stretching vibration at 1760 and 1739 cm-1, respectively along with 

some C-H stretching vibration at 3000-2800 cm-1. As the mole fraction of CH in 

mixture (CH + MA) and (CH + EA) increases, the C-H fundamental vibrations 

gradually become sharp with slight changes in peak position.  

 

 
Fig.7.9. FTIR spectra of the various binary mixtures of CH (1) + MA (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MA (x2 = 1.00). 
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Fig. 7.10. FTIR spectra of the various binary mixtures of CH (1) + EA (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure EA (x2 = 1.00). 

 

 
Fig. 7.11. FTIR spectra of the various binary mixtures of CH (1) + MS (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MS (x2 = 1.00). 
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Again, the characteristic C=O and C-O stretching vibrations become much sharper 

with corresponding changes in peak position and intensity. All these changes in FTIR 

spectra of the alkyl esters indicate breaking of dipolar association of the acetate 

molecules with the advent of CH in the mixtures. The IR spectra of MS is 

characterized by C=O and C-O stretching vibrations at around 1676 and 1215 cm-1 

along with a broad band appearing at around 3180 cm-1.56 This band becomes less 

broad as the mole fraction of CH increases in the mixture (CH + MS); these bands 

shifts to higher frequency (3180 to 3190 cm-1) and also becomes less intense. These 

results indicate that the dipolar association of MS molecules due to inter and intra 

molecular H-bonds decreases. Similar shifts were found for the C=O bond of MS. All 

these results indicate that the molecular interactions mainly involved in all the 

mixtures studied are the loss of dipolar association of the polar molecules on mixing 

with the non-polar CH molecules, dipole-induced dipole interactions and interstitial 

accommodations.                

7.4. Conclusion 

In summary, the various derived excess properties like excess molar volume 

( E
mV ), viscosity deviation ( η∆ ), excess isentropic compressibility ( E

Sκ ), etc., reveals 

the following order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA) 

for the mixtures studied. Such an order of molecular interactions originates from a 

combined effect of factors like the molecular size, shape and nature of the 

components; herein the order is attributed to the breaking up of dipolar interactions or 

the three dimensional hydrogen bonded network as well as interstitial accommodation 

on mutual mixing of the components. However, these specific and non-specific 

interactions between the dissimilar molecules in the mixtures decrease at higher 

temperatures. A comparison of the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at 

infinite dilution to the molar volumes of the pure components in the mixtures suggests 

that while the mixtures with MA and EA are characterized by volume expansion, the 

mixture with MS is characterized by volume contraction on mixing with CH. FTIR 

spectra of the mixtures also correlate well with the observed molecular interactions 

for the mixtures studied. 
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CHAPTER VIII 

 

Thermophysical properties of the binary mixtures of cyclohexanone with 

some esters 
 
8.1. Introduction 

The study of molecular interactions in binary and multi-component liquid 

mixtures is of significant importance and interest to both chemists and chemical 

engineers in view of their diversified applications. A knowledge of excess functions 

like excess molar volume, excess isentropic compressibility, etc., may help to 

interpret, correlate and even predict thermodynamic properties of liquid mixtures as 

well as simulate their liquid state in order to design new industrial process equipments 

with better precision at reduced costs and hence such knowledge is an avenue for the 

study of molecular interactions in terms of structural effects and packing 

phenomenon.1-4 Thus systematic investigation on the different physico-chemical 

properties (volumetric, viscometric and acoustic, etc.) and their excess/deviation 

functions are of great importance in chemical industry. Therefore herein this chapter 

an attempt has been undertaken to study the nature of molecular interactions in the 

binary mixtures of cyclohexanone (CHN) with some esters, viz., methyl acetate (MA), 

ethyl acetate (EA) and methyl salicylate (MS) at 298.15, 308.15 and 318.15 K under 

ambient pressure. In chapter VII the thermophysical properties of the binary mixtures 

of cyclohexane with these esters were studied. The selected liquids were chosen due 

to their varied applications. Cyclohexanone is used as an intermediate in nylon 

manufacture and as a solvent for natural resins, lacquers, dyes and insecticides, etc. 

Esters are also industrially important liquids because of their wide usage in flavoring, 

perfumery, artificial essences and cosmetics, etc., as mentioned in chapter VII. 

Herein this chapter experimental data (ρ, η, u and nD) were used to determine 

different excess or deviation functions and are discussed in terms of molecular 

interactions, structural effects and the nature of liquid mixtures. Again a quantitative 

estimation of different contributions (i.e., interaction contribution, free volume 

contribution, etc.) to the excess molar volumes ( E
mV ) of the binary mixtures at ambient 

temperature and pressure were determined from PFP theory.5,6 A comparison was also 

made between the experimental and calculated E
mV  and η values (based on PFP5 or 

Bloomfield-Dewan viscosity model7 and PREOS8) to assess the predictive capability 
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of these theories. Furthermore, ultrasonic speeds of sound and refractive indices for 

all the binary mixtures were theoretically predicted based on several empirical and 

semi-empirical relations.  

8.2. Experimental section 

8.2.1. Materials 

All the chemicals used in this chapter were of spectroscopic grade (Sigma-

Aldrich, Germany, Reagent Plus, purity > 99%) and were used as received from the 

vendor. A comparison between the experimental and literature density and viscosity 

data of the selected esters at the experimental temperatures and pressure has been 

shown in the previous chapter and such a comparison between the experimental and 

literature density and viscosity data9-12 of cyclohexanone has been given in Table 8.1 

for ascertaining its purity. 

8.2.2. Apparatus and procedures 

All the binary mixtures were prepared afresh by mass before use inside a dry 

box by mass at 298.15 K and kept in air-tight bottles with stopper. Each prepared 

solution was distributed into three recipients to perform all the measurements in 

triplicate. The mass measurements were recorded on a digital electronic analytical 

balance (Mettler, AG 285, Switzerland) with an uncertainty of ±0.01 mg. The 

uncertainty in mole fraction was evaluated to be ±0.0002. Densities (ρ) were 

measured with a vibrating-tube densitometer (Anton Paar, DMA 4500M). Viscosities 

(η) were measured by means of a suspended Canon-type Ubbelhode viscometer, 

thoroughly cleaned, dried and placed vertically in a glass sided thermostat maintained 

to ±0.01 K of the desired temperature. Ultrasonic speeds of sound (u) were measured 

with a multi-frequency ultrasonic interferometer (F-05, Mittal Enterprises, New Delhi, 

India) working at 2 MHz. Refractive indices of pure liquid and their binary mixtures 

were measured with an Abbe's refractometer. The details of the instruments, their 

calibrations and uncertainties of the measured properties are given in chapter III. 

8.3. Results and discussion 

Excess or deviation functions are sensitive to the nature and degree of the 

intermolecular forces operating amongst the unlike and like components in the liquid  

mixtures. Therefore, the systematic investigation of the excess or deviation functions 
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Table 8.1. Densities (ρ) and viscosities (η) of the pure liquids at T = (298.15-318.15) K 

 
Pure 
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

CHN 
 

298.15 0.94165 0.94169 
0.941810 2.021 0.0209 

2.020510 
308.15 0.93128 0.931211 1.656 1.656211 

318.15 0.92346 0.923411 1.381 1.380911 
318.15 1.15942 1.15940512 1.303  

 

for the liquid mixtures (differing in size, shape and polarity, etc.) is the initial step for 

a fundamental understanding of the physico-chemical behavior and the nature of the 

molecular interactions amongst the unlike molecules in the mixtures. The sign and 

magnitude of these excess or deviation functions depend upon the relative magnitude 

of contractive and expansive factors that arise on mutual mixing of the components 

and often give a measure of non-ideality in the liquid mixtures involved. The 

experimental values of densities (ρ), viscosities (η), excess molar volumes ( E
mV ) and 

viscosity deviation (∆η) of the binary mixtures under investigation as a function of 

mole fraction (x1) of CHN at the experimental temperatures are listed in Table 8.2.  

8.3.1. Excess molar volumes 

Excess molar volume ( E
mV ) reflects the overall state of the packing effects, 

molecular arrangements and interactions prevailing amongst the components of the 

binary mixtures and arises as a result of several effects or contributions, viz., physical, 

chemical and geometrical contribution. The physical contributions (like breaking of 

liquid order on mutual mixing) mainly involve the dispersion forces, non-specific and 

unfavorable interactions amongst the unlike components in the mixtures. The 

chemical or specific interactions involve hydrogen bond formation, dipole-dipole or 

dipole-induced dipole interactions, charge transfer type forces and other complex 

forming interactions amongst dissimilar species. Structural contributions arise from 

the differences in molecular packing due to interstitial accommodation of one 

component into other’s structure provided the components differ in size, shape and 

volume. While physical contributions cause volume expansion (i.e., positive E
mV ), 

chemical and geometrical contributions cause volume contraction (i.e., negative E
mV ).   
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Using the measured densities of the mixtures, excess molar volumes ( E
mV ) were 

obtained from the relation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ is the density of the mixture and xi, Mi and ρi are the mole fraction, molar 

mass and density of the ith component in a mixture, respectively. The uncertainty in 

the excess molar volumes ( E
mV ) was evaluated to be ±0.006 cm3

·mol-1. Figure 8.1 ( E
mV  

versus x1 at 298.15 K) illustrate that excess molar volumes ( E
mV ) vary in a sigmoid 

fashion with mole fraction (x1) of CHN for the binary mixtures with the alkyl esters 

(MA and EA) at 298.15 K. Similar composition dependence of E
mV  values was 

observed at other experimental temperatures. The E
mV  values are positive at the lower 

mole fraction (x1) of CHN and become negative at the mole fractions x1 ≥ 0.6378 and 

x1 ≥ 0.4730 for the mixtures (CHN + MA) and (CHN + EA), respectively but for the 

mixture (CHN + MS) the E
mV  values are negative over the entire composition range at 

all the experimental temperatures.  Almost similar results were reported earlier for the 

mixtures with alkyl esters at 298.15 K by Roy et al.
9 CHN is a polar associated liquid 

through dipole-dipole interactions and esters also exist as dipolar associates. So an 

approximate estimate of the nature and strength of molecular interactions between 

similar or dissimilar molecules can be guessed from their dipole moments (µD). The 

ascending order of the dipole moment (µD) of the selected liquids is: µD, MA (1.72) < 

µD, EA (1.78) < µD, MS (2.47) < µD, CHN (2.87) in Debye.13 A comparison of the dipole 

moments (µD) reveals that the intermolecular interactions should be lowest in the 

mixture (CHN + MA) and highest in the mixture (CHN + MS) and the expected order 

of molecular interactions amongst the unlike components in the mixtures should be 

(CHN + MS) > (CHN + EA) > (CHN + MA) based on the degree of dipole-dipole 

interactions. The observed positive variation of E
mV  values for the mixtures (CHN + 

MA) and (CHN + EA) with mole fraction (x1) of CHN is due to the breaking of 

dipole-dipole cohesive forces present amongst the similar molecules on mutual 

mixing of the dissimilar molecules.  
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Table 8.2. Density ( ρ ), viscosity ( η ), excess molar volume ( E
mV ) and viscosity deviation 

( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K. 

1x  
)m(kg

10
3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 s)mPa( ⋅

∆η  

CHN (1) + MA (2) 
T = 298.15 K 

0 0.92681 0.3810 0 0 
0.0774 0.92744 0.3952 0.0735 -0.038 
0.1587 0.92858 0.4262 0.1047 -0.070 
0.2444 0.92995 0.4834 0.1166 -0.089 
0.3347 0.93149 0.5647 0.1134 -0.101 
0.4301 0.93314 0.6797 0.0999 -0.101 
0.5310 0.93522 0.8284 0.0434 -0.095 
0.6378 0.93729 1.0332 -0.0144 -0.071 
0.7512 0.93917 1.2861 -0.0550 -0.048 
0.8717 0.94072 1.6093 -0.0618 -0.022 

1 0.94165 2.0209 0 0 
T = 308.15 K 

0 0.91524 0.3491 0 0 
0.0774 0.91598 0.3429 0.0759 -0.051 
0.1587 0.91713 0.3449 0.1178 -0.102 
0.2444 0.91856 0.3668 0.1357 -0.144 
0.3347 0.92014 0.4167 0.1404 -0.171 
0.4301 0.92193 0.5197 0.1250 -0.162 
0.5310 0.92409 0.6539 0.0719 -0.144 
0.6378 0.92631 0.8255 0.0103 -0.117 
0.7512 0.92828 1.0483 -0.0271 -0.076 
0.8717 0.92992 1.3266 -0.0296 -0.030 

1 0.93128 1.6564 0 0 
T = 318.15 K 

0 0.90225 0.3132 0 0 
0.0774 0.90320 0.2682 0.1048 -0.083 
0.1587 0.90488 0.2551 0.1457 -0.141 
0.2444 0.90674 0.2679 0.1718 -0.182 
0.3347 0.90890 0.3083 0.1703 -0.206 
0.4301 0.91119 0.3907 0.1565 -0.202 
0.5310 0.91380 0.5101 0.1099 -0.178 
0.6378 0.91643 0.6546 0.0599 -0.152 
0.7512 0.91908 0.8514 0.0064 -0.103 
0.8717 0.92146 1.0971 -0.0186 -0.044 

1 0.92346 1.3807 0 0 
CHN (1) + EA (2) 

T = 298.15 K 
0 0.89455 0.4262 0 0 

0.0907 0.89863 0.4607 0.0459 -0.030 
0.1833 0.90306 0.5139 0.0584 -0.053 
0.2778 0.90769 0.5924 0.0536 -0.064 
0.3744 0.91256 0.6973 0.0279 -0.066 
0.4730 0.91754 0.8297 -0.0051 -0.060 
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0.5738 0.92293 0.9920 -0.0778 -0.049 
0.6769 0.92798 1.1849 -0.1076 -0.037 
0.7822 0.93298 1.4117 -0.1260 -0.028 
0.8899 0.93759 1.6884 -0.0962 -0.014 

1 0.94165 2.0209 0 0 
T = 308.15 K 

0 0.88267 0.3875 0 0 
0.0907 0.88663 0.3971 0.0760 -0.045 
0.1833 0.89104 0.4367 0.1066 -0.069 
0.2778 0.89581 0.4971 0.1018 -0.083 
0.3744 0.90088 0.5829 0.0692 -0.085 
0.4730 0.90602 0.6939 0.0341 -0.076 
0.5738 0.91137 0.8286 -0.0186 -0.063 
0.6769 0.91662 0.9866 -0.0541 -0.049 
0.7822 0.92170 1.1760 -0.0638 -0.031 
0.8899 0.92664 1.3920 -0.0519 -0.020 

1 0.93128 1.6564 0 0 
T = 318.15 K 

0 0.86994 0.3564 0 0 
0.0907 0.87415 0.3451 0.1002 -0.058 
0.1833 0.87892 0.3678 0.1421 -0.089 
0.2778 0.88413 0.4180 0.1395 -0.101 
0.3744 0.88972 0.4938 0.1004 -0.098 
0.4730 0.89521 0.5874 0.0798 -0.089 
0.5738 0.90111 0.6972 0.0195 -0.078 
0.6769 0.90703 0.8321 -0.0356 -0.059 
0.7822 0.91261 0.9932 -0.0430 -0.035 
0.8899 0.91812 1.1654 -0.0351 -0.024 

1 0.92346 1.3807 0 0 
CHN (1) + MS (2) 

T = 298.15 K 
0 1.17931 1.5358 0 0 

0.1469 1.15497 1.6132 -0.5092 0.014 
0.2793 1.13044 1.6852 -0.8422 0.027 
0.3992 1.10597 1.7545 -1.0413 0.041 
0.5082 1.08166 1.8141 -1.1289 0.048 
0.6079 1.05751 1.8639 -1.1147 0.049 
0.6993 1.03357 1.906 -1.0112 0.045 
0.7834 1.00995 1.9394 -0.8366 0.035 
0.8611 0.98676 1.9695 -0.6069 0.024 
0.9331 0.96381 1.9962 -0.3069 0.012 

1 0.94165 2.0209 0 0 
T = 308.15 K 

0 1.16931 1.4024 0 0 
0.1469 1.14342 1.4484 -0.3597 0.011 
0.2793 1.11840 1.4912 0.6562 0.022 
0.3992 1.09389 1.5296 -0.8635 0.031 
0.5082 1.06923 1.5609 -0.9211 0.035 
0.6079 1.04518 1.5854 -0.9218 0.034 
0.6993 1.02094 1.6047 -0.7855 0.029 
0.7834 0.99744 1.6199 -0.6207 0.022 
0.8611 0.97477 1.6330 -0.4426 0.014 
0.9331 0.95299 1.6454 -0.2650 0.007 
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1 0.93128 1.6564 0 0 
T = 318.15 K 

0 1.15942 1.3027 0 0 
0.1469 1.13269 1.3210 -0.2428 0.007 
0.2793 1.10771 1.3403 -0.5227 0.016 
0.3992 1.08335 1.3565 -0.7252 0.023 
0.5082 1.05892 1.3682 -0.7849 0.026 
0.6079 1.03477 1.3753 -0.7510 0.026 
0.6993 1.01120 1.3789 -0.6641 0.022 
0.7834 0.98801 1.3806 -0.5092 0.017 
0.8611 0.96552 1.3802 -0.3269 0.011 
0.9331 0.94431 1.3796 -0.1905 0.004 

1 0.92346 1.3807 0 0 
 

 

Fig. 8.1. Excess molar volume ( E
mV ) versus mole fraction of CHN (x1) for the binary mixtures 

of CHN with some esters at T = 298.15 K. The graphical points represent excess molar 

volumes ( E
mV ) for the mixtures with: □, MA; ○, EA; ∆, MS. 

 

At dilute to moderate CHN region E
mV  values augment with increasing mole fraction 

(x1) of CHN for the mixtures (CHN + MA) and (CHN + EA) indicating that free 

volumes amongst the unlike molecules are increasing due to loose packing of the 

component molecules in the mixtures. This effect is maximum at x1 ≈ 0.2444 and x1 ≈ 

0.1833 for the mixtures (CHN + MA) and (CHN + EA), respectively. However at 

CHN rich region E
mV  values decrease and become negative for the mixtures (CHN + 

MA) and (CHN + EA). Hence there is increase in the compactness of the liquid 

structure due to close packing. This close packing or compactness in the liquid 

structure may be attributed to: (i) the interstitial accommodation or the geometrical 

fitting of the ester molecules in the free space or vacancies between the CHN 
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molecules or vice-versa, (ii) the dipole-dipole interactions amongst the CHN and the 

ester molecules and iii) intermolecular hydrogen bond interactions. Furthermore it is 

seen that although both the mixtures (CHN + MA) and (CHN + EA) follow the 

similar trend in E
mV  values, the interactions amongst the unlike components in the 

mixture (CHN + EA) is more compared to those in the mixture (CHN + MA). This 

may be due to more polar nature of EA compared to that of MA and greater dipole-

dipole interactions in the mixture (CHN + EA). On the contrary the E
mV  values for the 

mixture (CHN + MS) are negative over the entire composition range at all the 

experimental temperatures. MS is self-associated through dipolar interactions as well 

as intramolecular hydrogen bonding and the mixing of CHN with MS perturbs the 

self-associated structure of MS and induce specific hydrogen bond interactions 

between the -OH group of MS and >C=O group of CHN molecules in the mixture 

(CHN + MS), strong dipole-dipole interactions as well as interstitial accommodation 

of CHN molecules in the free space between MS molecules (Vm,MS – Vm,CHN = 24.79 

cm3·mol-1 at 298.15 K). These effects ultimately increase the intermolecular 

compactness in this mixture ultimately leading to volume contraction. Therefore, the 

molecular interactions in the studied binaries follow the order:  (CHN + MS) > (CHN 

+ EA) > (CHN + MA). Furthermore, E
mV  values for all the studied mixtures increase 

with a rise in the experimental temperature from 298.15 to 318.15 K over the entire 

composition range. Such a temperature dependence of E
mV  values suggests that 

temperature enhancement reduces or disturbs developing specific and non-specific 

interactions amongst the component molecules due to thermal agitation.  

The partial molar volumes ( im,V ) of the ith component in the mixtures were 

obtained at 298.15 K from the relation:14 

)2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where *
im,V  is the molar volume of the ith component in the binaries. The derivatives 

PTxV ,i
E

im, )( ∂∂  were obtained by following a procedure (as detailed in chapter II) 

using the Redlich-Kister coefficients (ai)
15 calculated for the excess molar volumes 

( E
mV ) for each binary mixture. The coefficients are:  a0 = 0.2216, a1 = -0.8773, a2 = -

0.1140, a3 = -0.1861 for the mixture (CH + MA); a0 = -0.1250, a1 = -0.9933, a2 = -
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0.1817, a3 = 0.0495 for the mixture (CH + EA) and a0 = -4.5071, a1 = -0.9010, a2 = -

0.0375, a3 = 0.5274 for the mixture (CH + MS) with standard deviations (σ) 0.045, 

0.034, 0.054 for the corresponding mixtures, respectively. Partial molar volumes 

(
0
m,1V and 

0
m,2V ) at infinite dilution, excess partial molar volumes (

E
im,V ) and excess 

partial molar volumes (
E0,
im,V ) at infinite dilution were determined at 298.15 K by using 

the standard relations described in chapter II.  

 

Table 8.3. Molar volumes ( *
m,1V  and *

m,2V ), partial molar volumes at infinite dilution (
0
m,1V and 

0
m,2V ) and excess partial molar volumes at infinite dilution (

E0,
m,1V and 

E0,
m,2V ) for each 

component in the binary mixtures at 298.15 K; molar volumes are given in cm3·mol-1. 
 

Parameters 
 

CHN (1) + 
MA (2) EA (2) MS (2) 

*
1,m

V  104.23 104.23 104.23 
0
1,m

V  105.40 104.87 100.06 
*

2,m
V  79.93 98.49 129.02 

0
m,2V  78.97 97.24 124.10 

E0,
m,1V  1.17 0.64 -4.17 

E0,

m,2V  -0.96 -1.25 -4.92 

 

 

Fig. 8.2. Excess partial molar volume (
E

im,V ) for the ith component against mole fraction of 
CHN (x1) for the binary mixtures of CHN with some esters at T = 298.15 K. The graphical 

points represent the 
E

im,V  values for the mixtures with: □, MA; ○, EA; ∆, MS. 
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Molar volumes ( *
m,1V  and 

*
m,2V ), partial molar volumes (

0
m,1V and 

0
m,2V ) and excess 

partial molar volumes (
E0,
im,V ) at infinite dilution for each component in the mixtures at 

298.15 K are listed in Table 8.3. Excess partial molar volumes (
E

m,1V  and 
E

m,2V ) of each 

component in the binary mixtures are depicted in Figure 8.2 against the mole fraction 

(x1) of CHN. Figure 8.2 shows that 
E

m,1V  values gradually decrease (i.e., decreasing 

trend as the alkyl chain length increases9) but 
E

m,2V  values increase with increasing 

mole fraction (x1) of CHN for the mixtures studied. Partial molar volumes (
0
m,1V ) at 

infinite dilution for CHN in the mixtures (CHN + MA) and (CHN + EA) were found 

to be greater than its molar volume but those (
E

m,2V ) of the esters (MA and EA) were 

found to be lower than their respective molar volumes. These results corroborate with 

the interstitial accommodation of these ester molecules in the voids of CHN 

molecules and these ester molecules suffer volume contraction. Partial molar volumes 

(
0
m,1V  and 

0
m,2V ) at infinite dilution for both the components in the mixture (CHN + 

MS) were found to be lower than their respective molar volumes. These results, 

therefore, suggest the following order of packing efficiency or structure compactness 

in the mixtures: (CHN + MA) < (CHN + EA) < (CHN + MS). 

8.3.2. Predictions of excess molar volumes 

i) Prigogine-Flory-Patterson theory (PFP): 

The Prigogine-Flory-Patterson (PFP) theory5,6 can be used successfully to 

correlate, predict and estimate the excess molar volumes ( E
mV ) of the binary mixtures 

theoretically. The interaction parameters (χ1,2) needed for the prediction of E
mV  values 

were obtained as described in chapter II and was adjusted by fitting the experimental 

E
mV  values over the entire composition at 298.15 K. According to this theory the 

excess molar volume ( E
mV ) originates from a combination of interactional, a free 

volume and internal pressure contributions and E
mV  is given by: 
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where  ψ1 and ψ2 stand for the molecular contact energy fractions of liquid 1 and 

liquid 2 in a mixture; θ2 is the molecular site fraction of liquid 2 in a mixture and 

other symbols have their usual significance.5,6 Various characteristic and reduced 

parameters of the pure liquid components such as reduced volume (ṽ), reduced 

temperature (T
~

), characteristic volume (V*), characteristic pressure (P*) and 

characteristic temperature (T*) for each liquid component (needed for the E
mV  

estimation) were calculated using Flory’s formalism16-19 and are listed in Table 8.4. 

 

Table 8.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K. 

 

Liquids a

Pc  v~  T
~

 
)mol(m

10
13

6*

−⋅

⋅V
 (Pa)*

P  (K)*
T  

)(kK 1−

α
 

)(TPa 1

T

−

κ
 

CH 182.16 1.2407 0.0559 84.01 637.72 5333.17 0.9659 695.1 
MA 141.93 1.3107 0.0658 60.98 609.89 4530.98 1.3250 1112.8 
EA 170.66 1.3199 0.0670 74.62 605.88 4452.90 1.3756 1179.3 
MS 249.06 1.2147 0.0517 106.22 692.34 5769.79 0.8433 535.8 
aValues adapted from Ref. [13] were multiplied with molecular weight for unit conversion. 

 

The interaction contributions to E
mV  were obtained from Eq. (3) by using a computer 

program as detailed in chapter II. The optimized χ1,2 values, calculated and 

experimental E
mV  values, their deviation and different contributions to E

mV  values at 

equimolar (x1 ≈ 0.5) composition at 298.15 K are given in Table 8.5. It reveals that the 

calculated excess molar volumes ( E
PFPm,V ) reasonably agree with the experimental 

excess molar volumes ( E
mV ) for all the mixtures studied. 
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Table 8.5. Interaction parameters (χ1,2), calculated and experimental values of excess molar 

volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different contributions at 298.15 K. 

CHN(1) 
+ 

 
χ1,2 

(J·mol-1) )mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 PFP contributions ×103 

inta
 fvb

 ipc
 

MA (2) 17.291 0.043 0.043 0.000 0.0031 0.0017 -0.0007 
EA (2) 17.046 -0.005 -0.005 0.000 0.0033 0.0023 -0.0010 
MS (2) -78.873 -1.1289 -1.1289 0.000 -0.0111 0.0002 -0.0005 

a interaction contribution; b free volume contribution; c internal pressure contribution 
 

ii) Peng-Robinson Equation of State (PR-EOS): 

Cubic equation of states are more commonly used in process simulations to 

correlate the solution properties and phase equilibria of hydrocarbon systems because 

they offer the best balance between accuracy, reliability, simplicity, computational 

efficiency and can also be extended to the liquid mixtures with different mixing or 

combination rules. Herein this chapter the classical cubic Peng-Robinson equation of 

state (PREOS) was used for correlating the excess molar volumes ( E
EOS-PRm,V ) of the 

mixtures at 298.15 K. The two parametric PR-EOS is given by the relation:8 

( ) ( )
)4(

bVbbVV

a

bV

RT
P

−++
−

−
=  

For a pure component the attraction parameter (a) and co-volume parameters (b) were 

obtained by using the standard relations as detailed in chapter II. However, acentric 

factor (ω) for each pure liquid was calculated from the relation:20 

)5(1log
)1(7

3
−

−
= c

br

br P
T

T
ω  

where Tbr = Tb / Tc and Tb is the boiling point of a pure liquid. Tb, Tc and Pc values 

were taken from the literature.13 For a binary mixture, the attraction parameter (a) and 

co-volume (b) parameters are given by the relations:20 

   )6()1()(
2

1i

2

1j
ijjiji∑∑

= =

−= kaaxxTa  

)7()(
2

1i
ii∑

=

= bxTb  
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where kij is the interaction coefficient for a binary mixture of components i and j and 

kij = 0  for i = j. On rearrangement in terms of the compressibility factor (Z = PV/RT), 

Eq. (4) becomes:  

 )8(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ  

where B = Pb/RT and A = aP/(RT)2. Thus from a knowledge of the compressibility 

factors of both the pure components and their mixtures the corresponding excess 

molar volumes ( E
EOS-PRm,V ) of the binary mixtures were determined. The values of the 

interaction coefficient (kij) were found to be 0.0449, 0.0426 and -0.1672 with standard 

deviations (σ) 0.041, 0.055 and 0.069, respectively for the mixtures (CHN + MA), 

(CHN + EA) and (CHN + MS). A comparison between the experimental excess molar 

volumes ( E
mV ) and the calculated excess molar volumes ( E

PFPm,V  and E
EOS-PRm,V ) as a 

function of mole fraction (x1) of CHN for the studied mixtures at 298.15 K is depicted 

in Figure 8.3 and it is evident that the calculated excess molar volumes reasonably 

agree with the experimental excess molar volumes for all the studied mixtures.  

 
Fig. 8.3. A comparison between the excess molar volumes ( E

mV ) versus mole fraction of CHN 

(x1) for the binary mixtures of CHN (1) with some esters (2) at T = 298.15 K. The symbols 

represent experimental E
mV  values for the mixtures with: □, MA; ○, EA; ∆, MS. Olive dashed 

lines, PR-EOS; blue dotted lines, PFP; red short dotted lines, Redlich-Kister polynomial. 
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8.3.3. Viscosity deviation 

The viscosity deviations (∆η) can be calculated by finding the difference 

between the measured viscosity (η) and the ideal viscosity (ηid) of a mixture as 

follows: 

)9(idηηη −=∆  

and the ideal viscosity (ηid) is given by:21 

)10()lnexp( id

2

1i
iid ηη ∑

=

= x  

The uncertainty in viscosity deviation (∆η) was evaluated to be ±0.004 mPa s. Figure 

8.4 (∆η versus x1 at 298.15 K) shows that the ∆η values are negative for the mixtures 

(CHN + MA) and (CHN + EA) but positive for the mixture (CH + MS) over the entire 

composition range.  Similar composition dependence of ∆η values was observed at 

other experimental temperatures. The negative ∆η values suggest the easier flow of a 

liquid mixture in comparison to individual pure liquids. This is possibly due to the 

breaking of liquid order on mutual mixing and unfavorable nonspecific interactions 

amongst the unlike molecules. The positive ∆η values suggest the presence of strong 

intermolecular interactions amongst the unlike molecules leading to more compact 

structure. 

 

Fig. 8.4. Viscosity deviations (∆η) versus mole fraction of CHN (x1) for the binary mixtures 

of CHN with some esters at T = 298.15 K. The symbols represent the ∆η values for the 

mixtures with: □, MA; ○, EA; ∆, MS.  
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Negative ∆η values for the mixtures (CHN + MA) and (CHN + EA) at dilute CHN 

range may be due to the molecular unpacking and unfavorable nonspecific interaction 

amongst the unlike components in the mixture. This effect is maximum at x1 ≈ 0.3347 

and x1 ≈ 0.3744 for the mixtures (CHN + MA) and (CHN + EA), respectively at all 

the experimental temperatures. Beyond these compositions, however, the ∆η values 

increase due to increased dipole-dipole interactions and interstitial accommodation at 

CHN rich regions. On the contrary positive ∆η values for the mixture (CHN + MS) 

over the entire composition range suggest that the mixing of CHN with MS is 

characterized by strong intermolecular interactions amongst the component molecules 

due to dipole-dipole interactions, specific hydrogen bond interactions as well as 

interstitial accommodation. Thus the ∆η values also suggest the following order of 

molecular interactions in the mixtures: (CHN + MS) > (CHN + EA) > (CHN + MA). 

However, for each mixture the ∆η values decrease with a rise in the experimental 

temperatures and thus the molecular interactions amongst the dissimilar components 

become weaker at higher temperatures (Table 8.2.).  

8.3.4. Thermodynamics of viscous flow 

It is useful to study the activation parameters of viscous flow for a better 

understanding of different possible physico-chemical interactions prevailing in the 

mixtures and such parameters can be evaluated using viscosities of the mixtures in 

terms of Eyring’s theory of absolute reaction rate21 as expressed by the relation: 

                )11(exp
*








 ∆








=

RT

G

V

hN
η   

Substituting ∆G
*= ∆H

* - T∆S
* in Eq. (11), we get:  

      )12(ln *
*

S
T

H

hN

V
R ∆−

∆
=







η
 

where N is Avogadro’s number, h is Planck’s constant, ∆G
*, ∆H

* and ∆S
* are the 

activation free energy, enthalpy and entropy for viscous flow and other symbols have 

their usual meanings. Therefore linear regressions of Rln(ηV/hN) against (1/T) yield 

the enthalpy (∆H
*) and entropy (∆S

*) of activation of viscous flow from the 

corresponding slope and intercept, respectively.  
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Again the excess free energy of activation of viscous flow of the mixtures (∆G
*E) can 

be had from the relation: 

)13()(
2

1i

E*
i

*E* ∑
=

∆−∆=∆ GxGG i
 

∆G
*, ∆H

*, ∆S
* and the regression coefficients (R2) are given in Table 8.6. Table 8.6 

manifests that ∆H
* values are positive for all the mixtures but ∆S

* values are mostly 

negative for the mixtures (CHN + EA) and (CHN + MS) except the mixture (CHN + 

MA). Interestingly ∆S
* values decrease or become more negative in the order: (CHN 

+ MA) > (CHN + EA) > (CHN + MS) in parallel to the extent of molecular 

compactness as discussed above. Excess free energies of activation of viscous flow 

(∆G
*E) were plotted in Figure 8.5 against the mole fraction (x1) of CHN for all the 

mixtures at 298.15 K. According to Reid and Taylor22 positive ∆G
*E may be ascribed 

to molecular interactions or structural compactness due to geometrical fittings of one 

component into the other’s structure in the mixture and negative ∆G
*E values may be 

ascribed to the dominance of dispersion forces allowing easier fluid flow.  

 

Fig. 8.5. Excess free energy of activation of viscous flow (∆G
*E) versus mole fraction of CH 

(x1) for the binary mixtures of CHN with some esters at T = 298.15 K. The symbols represent 

the ∆G
*E

 values for the mixtures with:  □, MA; ○, EA; ∆, MS. 
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Table 8.6. Free energy (∆G
*), enthalpy (∆H

*) and entropy (∆S
*) of activation of viscous flow 

for the binary mixtures; x1-mole fraction of CHN. 

 

x1 )mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2

R  

298.15 K 308.15 K 318.15 K 
CHN (1) + MA (2) 

0 10.744 10.914 11.019 6.647 -13.777 0.9927 
0.0774 10.896 10.929 10.671 14.193 10.907 0.9677 
0.1587 11.143 11.006 10.601 19.174 26.797 0.9848 
0.2444 11.516 11.227 10.794 22.253 35.938 0.9967 
0.3347 11.964 11.618 11.231 22.890 36.624 0.9997 
0.4301 12.487 12.250 11.923 20.881 28.104 0.9986 
0.5310 13.043 12.905 12.696 18.195 17.243 0.9988 
0.6378 13.657 13.570 13.425 17.099 11.515 0.9991 
0.7512 14.269 14.254 14.193 15.405 3.784 0.9993 
0.8717 14.898 14.932 14.938 14.287 -2.063 0.9997 

1 15.539 15.579 15.625 14.254 -4.308 0.9999 
 CHN (1) + EA (2) 

0 11.541 11.718 11.915 5.956 -18.721 0.9991 
0.0907 11.748 11.796 11.845 10.303 -4.844 0.9999 
0.1833 12.032 12.053 12.026 12.113 0.246 0.9988 
0.2778 12.398 12.398 12.377 12.709 1.033 0.9998 
0.3744 12.815 12.819 12.829 12.609 -0.688 0.9999 
0.4730 13.259 13.279 13.300 12.647 -2.052 0.9999 
0.5738 13.714 13.746 13.765 12.960 -2.536 0.9999 
0.6768 14.169 14.206 14.244 13.037 -3.794 0.9999 
0.7822 14.617 14.670 14.726 12.995 -5.439 0.9999 
0.8899 15.076 15.117 15.162 13.791 -4.307 0.9999 

1 15.539 15.579 15.625 14.254 -4.308 0.9999 
 CHN (1) + MS (2) 

0 15.387 15.693 16.029 5.825 -32.055 0.9977 
0.1469 15.428 15.695 15.986 7.116 -27.869 0.9991 
0.2793 15.464 15.696 15.949 8.232 -24.245 0.9995 
0.3992 15.498 15.694 15.912 9.333 -20.665 0.9996 
0.5082 15.521 15.687 15.873 10.289 -17.538 0.9997 
0.6079 15.535 15.672 15.831 11.134 -14.750 0.9997 
0.6993 15.543 15.655 15.787 11.905 -12.189 0.9998 
0.7834 15.543 15.635 15.744 12.538 -10.068 0.9998 
0.8611 15.542 15.614 15.701 13.164 -7.966 0.9999 
0.9331 15.541 15.596 15.660 13.764 -5.955 0.9999 

1 15.539 15.579 15.625 14.254 -4.308 0.9999 
 

Therefore the observed negative ∆G
*E

 values (Figure 8.5) suggest the easier viscous 

flow for the mixtures (CHN + MA) and (CHN + EA) as compared to the mixture 

(CHN + MS). Similar composition dependence of ∆G
*E values was observed at other 

experimental temperatures. 
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8.3.5. Viscosity correlation 

Several empirical and semi-empirical relations are used to represent the 

composition dependence of viscosity in binary liquid mixtures as well as to simulate 

the viscosity of liquids or liquid mixtures.23 Such empirical methods have also been 

developed using the corresponding state principle based on van der Waals’ 

hypothesis.24 Herein this chapter the experimental viscosities at 298.15 K were 

correlated with models like Bloomfield-Dewan,7 cubic equation of state based Peng-

Robinson,8 Grunberg-Nissan,25 and Katti-Choudhury.26 

 i) Peng-Robinson Equation of State (PR-EOS): 

In this viscosity model Eyring’s viscosity expression for liquid mixtures is coupled 

with Peng-Robinson equation of state. The final form of the viscosity expression is 

given by:27 
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where Vm, (ηV)id, ϕi
0, ϕi and g12 (gii = 0 and gij = gji) are the molar volume, kinematic 

viscosity of an ideal mixture, fugacity coefficients of the ith component in pure state, 

fugacity coefficients of the ith component in a mixture and binary interaction 

parameter, respectively. The details of the model have been described in chapter II. In 

order to obtain the binary interaction parameter (g12), a non-linear regression analysis 

was performed to have minimum standard deviation (σ) for a binary mixture. The 

binary interaction parameters (g12) were found to be –0.571 (σ = 0.055), -0.505 (σ = 

0.033) and –0.131 (σ = 0.002) for the mixtures (CHN + MA), (CHN + EA) and (CHN 

+ MS), respectively.  

ii) Bloomfield-Dewan viscosity model: 

Bloomfield and Dewan developed this model by combining the absolute 

reaction rate theory21 and the free volume theory,28 which treats the properties of a 

mixture in terms of reduced properties of the pure components. The expression 

proposed for the viscosity deviation (∆lnη) of a mixture is given by: 
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where f(ṽ) and ∆G
R are the characteristic function of the free volume and the residual 

free energy of mixing, respectively. These quantities were obtained by using the 

standard literature relations.28 Based on Flory's statistical thermodynamic theory for 

liquid mixtures,16-19 the excess energy ∆G
E can be obtained from the relation: 
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The standard deviations (σ) between the experimental viscosities and those calculated 

from Bloomfield and Dewan model were 0.115, 0.207 and 0.189 for the mixtures of 

(CHN + MA), (CHN + EA) and (CHN + MS), respectively. Experimental viscosities 

were also correlated with Grunberg-Nissan (GN) and Katti-Chaudhri (KC) viscosity 

models at 298.15 K using required regressions. While Grunberg-Nissan parameters 

(d12) were determined to be -0.546 (σ = 0.058), -0.307 (σ = 0.350) and 0.102 (σ = 

0.003); Katti-Chaudhri parameter (Wvis/RT) were found to be -105.52 (σ = 0.057), -

63.65 (σ = 0.034) and 17.76 (σ  = 0.002), respectively for the mixtures (CHN + MA), 

(CHN + EA) and (CHN + MS). The variations of experimental and theoretical 

viscosities with the mole fraction (x1) of CHN at 298.15 K are depicted in Figure 8.6. 

 
Fig. 8.6. A comparison between the viscosities (η) versus mole fraction of CHN (x1) for the 

binary mixtures at T = 298.15 K: A, CHN (1) + MA (2); B, CHN (1) + EA (2); C, CHN (1) + 

MS (1). The symbols represent experimental η values for the mixtures with: □, MA; ○, EA; ∆, 

MS. Olive dashed lines, BF; blue dotted lines, PREOS; violet dash dotted lines, GN; orange 

short dotted lines, KC. 
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8.3.6. Ultrasonic speed of sound and derived functions 

The ultrasonic speed of a liquid is fundamentally related to binding forces 

amongst component molecules and has been successfully employed to provide 

qualitative information regarding the physical nature and strength of molecular 

interactions in pure liquid as well as in liquid mixtures. The experimental speeds of 

sound (u) and the densities (ρ) of the binary mixtures at 298.15 K were used to 

determine the isentropic compressibilities ( Sκ ) and other acoustic parameters along 

with the corresponding excess or deviation functions. The excess isentropic 

compressibilities ( E
Sκ ) were obtained from the relation: 

   )18(id
SS

E
S κκκ −=  

where κs is the isentropic compressibility and was calculated using the Laplace 

relation, κs = 1/ρu
2

  and κs
id is the isentropic compressibility for an ideal mixture. 

According to Benson and Kiyohara29 and Acree,30 κs
id is given by the relation: 
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where τi is the volume fraction of the ith component in the mixture, κs,i, Vm,i
*, αi and 

cp,i are the isentropic compressibility, molar volume, isobaric expansion coefficient 

and molar isobaric heat capacity of the pure components, respectively. Isobaric 

expansion coefficients (αi) were obtained from experimental densities and cp,i values 

were adapted from the literature.13 The other acoustic parameters like intermolecular 

free lengths ( fL ) and free volumes ( fV ) and their excess values were calculated as 

described in chapter II. The parameters u, κs and E
Sκ  at 298.15 K are listed in Table 

8.7. The experimental speeds of sound of each pure liquid were in good agreement 

with the literature values31-34 at 298.15 K. Figure 8.7 represents the variation of excess 

isentropic compressibilities ( E
Sκ ) of the mixtures against the mole fraction (x1) of 

CHN at 298.15 K. While excess isentropic compressibilities ( E
Sκ ) for the mixture 

(CHN + MA) were mostly positive, those for the mixtures (CHN + EA) and (CHN + 

MS) were mostly negative. Positive E
Sκ values for the mixture (CHN + MA) suggest 

perturbation of the associated structures or molecular order in the pure liquids leading  
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Table. 8.7. Ultrasonic speeds (u ), isentropic compressibilities ( Sκ ), intermolecular free 

lengths ( fL ), free volumes ( fV ), excess isentropic compressibilities ( E
Sκ ), excess 

intermolecular free lengths ( E
fL ) and excess free volumes ( E

fV ) for the binary mixtures at 
298.15 K; x1-mole fraction of CHN. 
 

x1 1sm/ −⋅

u
 

1

S

TPa/ −

κ
 

fL /Å 
13

8
f

molm/

10
−⋅

⋅V
 

1

E
S

TPa/ −

κ
 E

fL /Å 
13

8E
f

molm/

10
−⋅

⋅V
 

CHN (1) + MA (2) 
0 1148.5 818.0 0.5883 37.70 0 0 0 

0.0774 1148.8 817.0 0.5879 37.04 25.1 0.0083 1.76 
0.1587 1155.3 806.8 0.5842 34.65 41.4 0.0138 1.92 
0.2444 1170.9 784.3 0.5760 30.44 45.9 0.0152 0.39 
0.3347 1193.0 754.3 0.5649 25.81 43.3 0.0142 -1.40 
0.4301 1223.3 716.1 0.5504 21.15 33.1 0.0104 -3.77 
0.5310 1256.8 676.9 0.5351 17.08 22.4 0.0064 -3.99 
0.6378 1295.9 635.3 0.5184 13.42 9.6 0.0017 -4.31 
0.7512 1334.5 597.9 0.5029 10.56 1.6 -0.0011 -3.61 
0.8717 1371.3 565.3 0.4890 8.23 -1.0 -0.0015 -2.17 

1 1407.7 535.9 0.4761 6.38 0 0 0 
CHN (1) + EA (2) 

0 1144.3 853.7 0.6010 41.09 0 0 0 
0.0907 1160.7 826.0 0.5911 37.93 0.3 0.0015 -0.01 
0.1833 1177.9 798.1 0.5811 33.43 0.7 0.0030 -1.30 
0.2778 1197.4 768.4 0.5701 28.13 0.4 0.0039 -3.32 
0.3744 1220.1 736.1 0.5580 23.02 -1.5 0.0038 -5.08 
0.4730 1247.3 700.5 0.5444 18.63 -5.9 0.0025 -6.05 
0.5738 1277.8 663.6 0.5298 15.02 -10.7 0.0005 -6.16 
0.6768 1311.3 626.7 0.5149 12.16 -14.5 -0.0016 -5.44 
0.7822 1346.5 591.2 0.5001 9.89 -15.9 -0.0032 -4.05 
0.8899 1379.6 560.4 0.4869 7.97 -11.6 -0.0030 -2.23 

1 1407.7 535.9 0.4761 6.38 0 0 0 
CHN (1) + MS (2) 

0 1410.9 426.0 0.4245 18.66 0 0 0 
0.1469 1421.1 428.7 0.4259 16.17 -11.4 -0.0062 -0.69 
0.2793 1427.5 434.1 0.4285 14.13 -19.4 -0.0104 -1.10 
0.3992 1430.8 441.7 0.4323 12.41 -24.3 -0.0129 -1.35 
0.5082 1430.4 451.8 0.4372 11.01 -26.0 -0.0135 -1.41 
0.6079 1424.3 466.1 0.4441 9.83 -22.8 -0.0118 -1.37 
0.6993 1419.5 480.2 0.4507 8.88 -19.2 -0.0099 -1.20 
0.7834 1413.9 495.3 0.4577 8.09 -14.0 -0.0072 -0.95 
0.8611 1412 508.3 0.4637 7.44 -10.4 -0.0053 -0.64 
0.9331 1409.7 522.1 0.4700 6.88 -5.4 -0.0027 -0.32 

1 1407.7 535.9 0.4761 6.38 0 0 0 
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Fig. 8.7. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of CHN (x1) for the 

binary mixtures of CH + some esters at T = 298.15 K. The graphical points represent the E
Sκ  

values for the mixtures with:  □, MA; ○, EA; ∆, MS. 

 

to breaking up of the weak dipole-dipole cohesive forces operating amongst the 

similar molecules on mutual mixing.  Negative E
Sκ  values for the mixtures (CHN + 

EA) and (CHN + MS) are associated with structure making or more compact packing 

of the dissimilar molecules due to combined effects of specific hydrogen bond 

interactions, dipole-dipole interactions and interstitial accommodation. It is interesting 

that the speeds of sound (u) increase as the molecular compactness increase for the 

mixtures. Furthermore, the intermolecular free length, i.e., the distance between the 

surfaces of neighboring molecules, is generally found to show an opposite behavior to  

those of ultrasonic speeds, i.e., the decrease in intermolecular free length increases the 

ultrasonic speeds and acoustic impedances. The decrease in intermolecular free length 

and increase in ultrasonic speeds and acoustic impedances signify the molecular 

interactions amongst the component molecules in the mixtures. Variations of these 

acoustic parameters and the corresponding excess functions with mole fractions (x1) 

of CHN at 298.15 K are in Table 8.7. The perusal of Table 8.7 shows that the excess 

free lengths ( E
fL ) are positive in the ester rich region and negative in CHN rich region 
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for the mixtures (CHN + MA) and (CHN + EA) but are negative for the mixture 

(CHN + MS) throughout the entire composition range at 298.15 K. Interestingly, it 

was observed that free volumes ( fV ) and excess free volumes ( E
fV ) for the mixtures 

studied followed the order: (CHN + MA) > (CHN + EA) > (CHN + MS), i.e., the 

reversed order of molecular interactions in parallel to the degree of their structural 

compactness. Thus the study of the various acoustic and their excess functions also 

stand in support of the order of molecular interactions discussed on the basis of excess 

molar volumes and viscosity deviations. 

 

Fig. 8.8. Percent standard deviations ( %σ ) for theoretical prediction of ultrasonic speeds by 

different empirical relations at T = 298.15 K for the binary mixtures studied.  

 

8.3.7. Prediction of ultrasonic speed of sound 

The experimentally determined ultrasonic speeds (u) of sound for the studied 

mixtures were compared with the ultrasonic speeds obtained from Flory theory (FL), 

Collision factor theory (CFT), Nomoto relation (NOM), Impedance dependence 

relation (IDR), Ideal mixture relation (IMR) and Junjie’s relation (JUN).  These 

empirical models are well described in chapter II.  A comparison of the percent 

standard deviations (σ%) reveals that predictive capabilities of these models follow 

the order: FL > IMR > JUN > CFT > IDR > NOM (for CHN + MA mixture); JUN > 

IMR > NOM > CFT > IDR > FL (for CHN + EA mixture) and CFT > NOM ≈ IDR > 

JUN > IMR > FL (for CHN + MS mixture), respectively (Figure 8.8.). 
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8.3.8. Excess molar refractions  

The study of refractive indices (nD), molar refractions (Rm) and the excess 

molar refractions ( E
mR ) plays an important role in explaining the molecular 

interactions in the binary mixtures. The excess molar refractions ( E
mR ) for the 

mixtures were obtained from relation:35 
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E
m ∑

=

−= RxRR  

where Rm,i ={(nD,i–1)/(nD,i+2)}Mi/ρi, nD,i and ρi stand for the molar refraction, 

refractive index and density of the ith component in the mixture, respectively. The 

molar refractions (Rm) for a mixture can be had from the relation:35 
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where ρ and nD are the mixture density and refractive index; Mi  stands for the molar 

mass of ith component in a mixture, respectively. Molar refractions (Rm), excess 

molar refractions ( E
mR ) and the experimental refractive indices ( Dn ) for the three 

binaries are listed in Table 8.8. The experimental refractive indices (nD) of the pure 

liquids were in good agreement with literature values12,31,36 at 298.15 K and the trends 

in excess molar refractions ( E
mR ) for the binary mixtures with respect to composition 

were found to be in line with the molecular interactions discussed above.   

 

Fig. 8.9. Percent standard deviations ( %σ ) for theoretical prediction of refractive 

indices by various models at T = 298.15 K for the binary mixtures studied. 
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Table 8.8. Refractive indices ( Dn ), molar refractions (Rm) and excess molar refractions ( E
mR ) 

for the binary mixtures at 298.15 K; x1-mole fraction of CHN. 

x1 nD 
)mol(m

10
13

6
m

−⋅

⋅R
 

)mol(m

10
13

6E
m

−⋅

⋅R
 

CHN (1) + MA (2) 
0 1.3604 17.658 0 

0.0774 1.3808 19.003 0.550 
0.1587 1.4001 20.342 1.054 
0.2444 1.4181 21.674 1.506 
0.3347 1.4328 22.908 1.813 
0.4301 1.4428 23.978 1.904 
0.5310 1.4489 24.907 1.797 
0.6378 1.4506 25.671 1.465 
0.7512 1.4486 26.300 0.930 
0.8717 1.4476 27.031 0.424 

1 1.4484 27.9249 0 
CHN (1) + EA (2) 

0 1.3712 22.343 0 
0.0907 1.3861 23.274 0.425 
0.1833 1.3978 24.029 0.663 
0.2778 1.4079 24.699 0.806 
0.3744 1.4170 25.316 0.884 
0.4730 1.4256 25.910 0.926 
0.5738 1.4331 26.439 0.893 
0.6768 1.4398 26.943 0.822 
0.7822 1.4446 27.354 0.645 
0.8899 1.4468 27.644 0.334 

1 1.4484 27.925 0 
CHN (1) + MS (2) 

0 1.5352 40.179 0 
0.1469 1.5199 37.954 -0.425 
0.2793 1.5062 36.036 -0.720 
0.3992 1.4914 34.222 -1.065 
0.5082 1.4785 32.664 -1.287 
0.6079 1.4682 31.378 -1.352 
0.6993 1.4595 30.284 -1.326 
0.7834 1.4542 29.465 -1.114 
0.8611 1.4506 28.806 -0.820 
0.9331 1.4503 28.390 -0.354 

1 1.4484 27.925 0 
 

Refractive indices were also predicted by models like Lorentz-Lorenz (LL), 

Gladstone-Dale (GD), Arago-Biot (AB), Newton (NEW), Eykman (EYK), Eyring-

John (EJ), Heller (HEL), and Weiner (WEI) as detailed in chapter II and references 

therein.37,38 The correlating abilities of these models were ascertained by percent 

standard deviations ( %σ ) and a comparison has been illustrated in Figure 8.9. 
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8.3.9. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 8.10-8.12). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer (RX-1).  MA and EA show 

characteristic C=O stretching vibrations at 1760 and 1739 cm-1, respectively along 

with some C-H stretching vibrations in the range 3000-2800 cm-1.  In the structure of 

CHN, chair type monomers were reported to form −− OHC L  bonded dimmers 

through the involvement of –C=O group39 and the corresponding band appearing at 

around 1713 cm-1 is thus broad and strong enough. Gradual intensity loss and shifting 

to higher frequencies of this band with the advent of the esters (MA and EA) suggests 

breaking of intermolecular OHC L−  interactions within CHN molecules and 

formation of intermolecular OHC L−  interactions between CHN and the ester 

molecules. 

 
Fig. 8.10. FTIR spectra of the various binary mixtures of CHN (1) + MA (2): A, pure CHN 

(x2 = 0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MA (x2 = 1.00). 
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Fig. 8.11. FTIR spectra of the various binary mixtures of CHN (1) + EA (2): A, pure CHN (x2 

= 0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure EA (x2 = 1.00). 

 

 
Fig. 8.12. FTIR spectra of the various binary mixtures of CHN (1) + MS (2): A, pure CHN (x2 

= 0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MS (x2 = 1.00). 
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Again the band near 2960 cm-1 due to C-H stretching vibrations of CHN losses 

intensity on dilution with the esters (MA and EA) and thus behaves like the hydrogen 

bonded carbonyl band H)O(C L=
ν and shows a blue shifted O)H(-C L

ν  mode.39 MS shows 

characteristic bands around 3180 cm-1 and 1676 cm-1 due to hydrogen bonded –OH 

and –C=O groups, respectively. The –C=O stretching band becomes broader as the 

mole fraction (x1) of CHN increases in this mixture and splits into a doublet at x1 = 

0.80.40 Again the broad band at 3180 cm-1 losses intensity on dilution with CHN; in 

consequence the bands appearing in the range 3000-2800 cm-1 due to C-H stretching 

vibrations appear more intense. These facts corroborate with the presence of strong 

intermolecular hydrogen bond interactions in the mixture (CHN + MS). However, the 

weak bands appearing in the region 3600-3400 cm-1 for MA, EA and CHN probably 

originates from some overtone or other combination bands and as such they were kept 

out of present analysis.  

8.4. Conclusion 

In summary, the various derived properties reveal the following order of 

molecular interactions: (CHN + MS) > (CHN + EA) > (CHN + MA) for the mixtures 

studied. Such an order of molecular interactions originates from a combined effect of 

factors like the molecular size, shape and nature of the components. This order can be 

attributed to the breaking up of dipolar interactions or the three-dimensional hydrogen 

bonded network (through inter- or intra-molecular), interstitial accommodation as 

well as intermolecular hydrogen bond interactions on mutual mixing of the 

components. A comparison of the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at 

infinite dilution to the molar volumes of the pure components in the studied mixtures 

suggests that the molecular compactness increases in the same ascending order of 

molecular interactions shown above. FT-IR spectra of the mixtures also correlate well 

with the observed molecular interactions for the mixtures studied. 
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CHAPTER IX 

Thermophysical properties of the ternary mixtures of cyclohexane and 

cyclohexanone with some esters at T = (298.15-318.15) K 

 

9.1. Introduction 

Reliable thermodynamic and transport properties of multi-component liquid 

systems are of great importance to both the chemists and the chemical engineers. 

These properties are valuable tools for designing the industrial equipments with better 

precision and testing the predictive ability of various theoretical models. These 

properties depend on the binding forces amongst the liquids in liquid mixtures and are 

found to be very sensitive to the liquid structure and composition.
1
 Hence these 

properties help to understand the molecular interactions operating between the 

component molecules in liquid-liquid mixtures. Such knowledge of molecular 

interactions are of major significance in relation to their industrial applications.
2-4 

Experimental measurements of these properties through the measurements of the 

physical properties like density, viscosity, ultrasonic speed of sound and refractive 

indices for the different binary systems have been carried out widely and the data 

obtained are summarized in various data banks. But for the ternary systems such 

experimental data are often scarce and could not be adequate. In the absence of 

experimental data, reliable correlating models and predictive methods or models are 

necessary, particularly which are simple and requires only the information of the 

constituent binary mixtures. Therefore in this chapter thermophysical properties of the 

ternary mixtures consisting of cyclohexane (CH) and cyclohexanone (CHN) with 

methyl acetate (MA), ethyl acetate (EA) and methyl salicylate (MS) at 298.15, 308.15 

and 318.15 K under ambient pressure were studied. 

9.2. Experimental section 

9.2.1. Materials 

All the chemicals involved in this work were purchased from Sigma-Aldrich, 

Germany (Reagent Plus, purity > 99%) and were used as received from the vendor. 

The purity of all the chemicals used was ascertained by comparing their densities and 

viscosities at the experimental temperatures with the literature data as presented in 

previous chapters (VII and VIII). 
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9.2.2. Apparatus and procedure 

The binary and ternary mixtures were prepared afresh by mass in specially 

designed air-tight bottles with stopper inside a dry box at 298.15 K. The measurement 

of densities ( ρ ), viscosities (η ), ultrasonic speeds of sound (u ) and refractive indices 

( Dn ) under the experimental temperatures were carried out as described in the 

previous chapters. An average of the triplicate measurements for all the properties 

were taken into consideration and adequate precautions were taken to minimize 

evaporation losses during all the measurements.  

9.3. Results and discussion 

The experimental densities and viscosities of three binary mixtures, i.e., (MA 

+ EA), (MA + MS) and (EA + MS) and the ternary mixtures of CH and CHN with 

MA, EA and MS studied at 298.15, 308.15 and 318.15 K were used to determine the 

excess molar volumes ( E

mV ) and viscosity deviations ( η∆ ). Also the experimental 

ultrasonic speeds (u ) of sound, the refractive indices ( Dn ) and the other derived 

properties for the above binary and the ternary mixtures were determined. All these 

properties for the other binary mixtures, viz., (CH + MA), (CH + EA), (CH + MS), 

(CHN + MA), (CHN + EA) and (CHN + MS) have already been presented in 

previous chapters (VII and VIII). 

9.3.1. Excess molar volumes and excess partial molar volumes 

 Excess molar volumes ( E

mV ) were calculated for the binary and ternary 

mixtures using the following expression:       

  (1)              
11n

1i i

ii

E

m ∑
=









−=

ρρ
MxV  

where ρ is the density of the mixture and n, xi, Mi and ρi are the number of 

components in the mixture, the mole fraction, the molar mass and the density of the i
th

 

component in the mixture, respectively. The estimated uncertainty for excess molar 

volumes ( E

mV ) was evaluated to be ± 0.005 -13  molcm ⋅ . The molecular interactions for 

the binary mixtures (CH + MA), (CH + EA), (CH + MS), (CHN + MA), (CHN + EA) 

and (CHN + MS) in terms of various excess or deviation properties have already been 

discussed in previous chapters (VII and VIII), the molecular interactions for the 

remaining binary mixtures (MA + EA), (MA + MS) and (EA + MS) are discussed 
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herein this chapter. The experimental densities and viscosities of three binary 

mixtures, viz., (MA + EA), (MA + MS) and (EA + MS) studied at 298.15, 308.15 and 

318.15 K are presented in Table 9.1. It shows that while the excess molar volumes 

( E

mV ) are positive for the mixture (MA + EA) throughout the entire composition 

range, such values are negative for the mixtures (MA + MS) and (EA + MS) over the 

entire composition range at all the experimental temperatures. These results are quite 

obvious from the nature of the interacting components in these mixtures. Due to 

similar nature of the alkyl acetates, their mixture, i.e.,  (MA + EA) is characterized by 

dominance of dispersion forces and weak dipole-dipole interactions. It is because 

these two alkyl acetates have nearly similar dipole moments (µD,MA = 1.72 D and 

µD,EA = 1.78 D)
5
 and small difference in their molar volumes (Vm,EA – Vm,MA = 18.56 

cm
3
·mol

-1
 at 298.15 K). On the contrary, the negative  E

mV  values for the mixtures 

(MA + MS) and (EA + MS) suggest the dominance of chemical or specific 

interactions along with the geometrical fitting of one component into another’s 

structure due to appreciable difference in their molar volumes. The ester molecules 

being dipolar associates and hydrogen bond acceptors are capable of forming 

intermolecular hydrogen bond involving the –OH group of MS molecules and the 

OC =>  of MA and EA molecules in their mixtures.
6
 Again due to the difference in 

their molar volumes ( -13

MAm,MSm, molcm 09.49VV ⋅=−  and 

-13

EAm,MSm, molcm 52.30VV ⋅=− ), the MA and EA molecules are interstitially 

accommodated in the voids of planar MS molecules.
7
 These geometrical fitting 

enhance the molecular compactness leading to volume contraction. Also a comparison 

of the E

mV  values suggests that the geometrical fitting of MA molecules in voids of 

MS molecules is more favorable than that of EA molecules. The variations in E

mV  

values for all the nine binary mixtures as a function of their composition (x1) at 298.15 

K are depicted in Figure. 9.1, which suggests the following order of molecular 

interactions: (MA + MS) > (EA + MS) > (CH + MS) ≈ (CHN + MS) > (CHN+EA)  >  

(CHN + MA)  >  (CH + EA)  >  (CH + MA)  >  (MA + EA) based on the E

mV  values. 

Furthermore, for all the mixtures E

mV  values increase as the experimental temperature 

increase. Hence the degree of molecular interactions between the unlike molecule 

becomes weaker at higher temperatures.  
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Table 9.1. Densities ( ρ ), viscosities ( η ), excess molar volumes (
E

mV ) and viscosity 

deviations ( η∆ ) for the three binary mixtures studied at T = (298.15 to 318.15) K. 

x1 
)mkg(

10

3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

)mol(m

10

13

6E

m

−⋅

⋅V
 

s)mPa( ⋅

η
 

MA (1) + EA (2) 

T = 298.15 K 

0 0.89455 0.4262 0 0 

0.1167 0.89413 0.3782 0.382 -0.042 

0.2292 0.89254 0.3400 0.874 -0.075 

0.3376 0.89188 0.3143 1.252 -0.096 

0.4422 0.89116 0.2934 1.623 -0.112 

0.5432 0.89328 0.2873 1.694 -0.114 
0.6408 0.89532 0.2822 1.771 -0.114 

0.7351 0.89853 0.2933 1.734 -0.099 

0.8263 0.90403 0.3130 1.485 -0.075 

0.9146 0.91193 0.3464 1.033 -0.038 

1 0.92681 0.3809 0 0 

T = 308.15 K 

0 0.88267 0.3874 0 0 

0.1167 0.88165 0.3223 0.462 -0.060 

0.2292 0.88031 0.2709 0.942 -0.107 

0.3376 0.87973 0.2428 1.324 -0.131 

0.4422 0.87846 0.2260 1.765 -0.144 

0.5432 0.88141 0.2166 1.753 -0.150 

0.6408 0.88325 0.2213 1.855 -0.141 

0.7351 0.88686 0.2349 1.779 -0.124 

0.8263 0.89213 0.2706 1.549 -0.085 

0.9146 0.89951 0.3066 1.135 -0.046 

1 0.91524 0.3491 0 0 

T = 318.15 K 

0 0.86994 0.3564 0 0 

0.1167 0.86792 0.2823 0.587 -0.069 
0.2292 0.86698 0.2323 1.032 -0.114 

0.3376 0.86637 0.2008 1.424 -0.140 

0.4422 0.8665 0.1871 1.722 -0.150 

0.5432 0.86754 0.1785 1.912 -0.154 

0.6408 0.86975 0.1800 1.974 -0.148 

0.7351 0.87263 0.1954 1.966 -0.129 

0.8263 0.87871 0.2295 1.642 -0.091 
0.9146 0.88599 0.2629 1.222 -0.054 

1 0.90225 0.3132 0 0 

MA (1) + MS (2) 

T = 298.15 K 

0 1.17931 1.5358 0 0 

0.1858 1.15343 1.2172 -0.561 0.032 

0.3393 1.12836 1.0039 -0.995 0.047 

0.4682 1.10471 0.8585 -1.393 0.059 

0.5779 1.08116 0.7551 -1.651 0.069 

0.6726 1.05689 0.6723 -1.724 0.071 

0.7550 1.03404 0.6050 -1.817 0.069 
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0.8274 1.00970 0.5455 -1.689 0.061 

0.8915 0.98461 0.4901 -1.415 0.047 

0.9487 0.95780 0.4411 -0.923 0.032 

1 0.92681 0.3809 0 0 

T = 308.15 K 

0 1.16931 1.4024 0 0 

0.1858 1.14133 1.0995 -0.382 0.016 

0.3393 1.11589 0.9045 -0.823 0.030 

0.4682 1.09024 0.7705 -1.064 0.039 

0.5779 1.06524 0.6709 -1.221 0.043 

0.6726 1.03937 0.5932 -1.176 0.043 

0.7550 1.01360 0.5299 -1.033 0.039 

0.8274 0.98813 0.4752 -0.822 0.031 

0.8915 0.96322 0.4307 -0.574 0.025 

0.9487 0.93852 0.3865 -0.263 0.012 

1 0.91524 0.3491 0 0 

T = 318.15 K 

0 1.15942 1.3027 0 0 

0.1858 1.13057 1.0121 -0.354 0.013 

0.3393 1.10337 0.8293 -0.674 0.026 
0.4682 1.07696 0.7027 -0.893 0.034 

0.5779 1.05048 0.6091 -0.951 0.038 

0.6726 1.02486 0.5343 -0.966 0.035 

0.7550 0.99892 0.4747 -0.833 0.031 

0.8274 0.97293 0.4216 -0.594 0.021 

0.8915 0.9483 0.3793 -0.385 0.014 

0.9487 0.92502 0.3429 -0.212 0.006 

1 0.90225 0.3132 0 0 

EA (1) + MS (2) 

T = 298.15 K 

0 1.17931 1.5358 0 0 

0.1610 1.14674 1.2724 -0.413 0.023 

0.3015 1.11657 1.0814 -0.841 0.038 

0.4253 1.08748 0.9383 -1.171 0.048 

0.5352 1.05943 0.8354 -1.419 0.062 

0.6333 1.03177 0.7440 -1.531 0.062 
0.7215 1.00565 0.6691 -1.646 0.060 

0.8012 0.97856 0.5989 -1.513 0.049 

0.8735 0.95159 0.5372 -1.252 0.036 

0.9396 0.92392 0.4816 -0.788 0.021 

1 0.89455 0.4262 0 0 

T = 308.15 K 

0 1.16931 1.4024 0 0 

0.1610 1.13555 1.1514 -0.333 0.011 

0.3015 1.10438 0.9767 -0.698 0.025 

0.4253 1.07512 0.8470 -1.048 0.036 
0.5352 1.0467 0.7419 -1.288 0.038 

0.6333 1.01905 0.6553 -1.425 0.034 

0.7215 0.99176 0.5816 -1.435 0.027 

0.8012 0.96454 0.5198 -1.297 0.020 

0.8735 0.93647 0.4665 -0.917 0.011 

0.9396 0.90962 0.4212 -0.535 0.003 

1 0.88267 0.3874 0 0 
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T = 318.15 K 

0 1.15942 1.3027 0 0 

0.1610 1.12406 1.0656 -0.223 0.008 

0.3015 1.09176 0.9021 -0.524 0.021 

0.4253 1.06068 0.7792 -0.726 0.029 
0.5352 1.03031 0.6822 -0.794 0.031 

0.6333 1.00019 0.6016 -0.692 0.028 

0.7215 0.97116 0.5338 -0.532 0.023 

0.8012 0.94346 0.4758 -0.352 0.015 

0.8735 0.91735 0.4273 -0.192 0.007 

0.9396 0.89257 0.3892 -0.043 0.004 

1 0.86994 0.3564 0 0 

 

 

Fig. 9.1. Excess molar volume (
E

mV ) versus the mole fractions (x1) of the first component in 

all the binary mixtures studied at T = 298.15 K. The graphical points represent the 
E

mV values 

for the mixtures containing: □, MA; ○, EA; ∆, MS. While dashed lines represent the mixtures 

with CH as the first component and dotted lines represent the mixtures with CHN as the first 

component. Solid lines represent the binary mixtures of two esters only. Symbols: +, (MA + 

EA); × , (MA + MS); , (EA + MS). 

 

The partial molar volumes ( im,V ) of the i
th

 component in the binary mixtures were 

obtained at 298.15 K from the relation:
8
 

)2()dd)(1( ,i

E

im,i

*

im,

E

im,im, PTxVxVVV −++=  

where *

im,V  is the molar volume of the i
th

 component in the binary mixtures. The 

derivatives PTxV ,i

E

im, )( ∂∂  were obtained by following a procedure (as detailed in 
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chapter II) using the Redlich-Kister coefficients (ai)
9
 calculated for the excess molar 

volumes ( E

mV ) for each binary mixture at 298.15 K. The coefficients are:  a0 = 6.7158, 

a1 = 2.8518, a2 = 0.7375, a3 = 4.3874, a4 = 2.1587 for the mixture (MA + EA); a0 = -

5.9147, a1 = -4.8813, a2 = -1.0535, a3 = -3.1460, a4 = -7.8724 for the mixture (MA + 

MS) and a0 = -5.3419, a1 = -4.0579, a2 = -3.1205, a3 = -3.1935 for the mixture (EA + 

MS) with standard deviations (σ) 0.027, 0.021, 0.019 for the corresponding mixtures, 

respectively. The optimum number of the Redlich-Kister coefficients (ai)
9
 were 

determined by using Marquardt algorithm.
10

 Partial molar volumes (
0

m,1V and 
0

m,2V ) at 

infinite dilution, excess partial molar volumes (
E

im,V ) and excess partial molar 

volumes (
E0,

im,V ) at infinite dilution were determined at 298.15 K by using the standard 

relations described in chapter II. Molar volumes ( *

m,1
V  and *

m,2
V ), partial molar volumes 

(
0

m,1V and 
0

m,2V ) and excess partial molar volumes (
E0,

im,V ) at infinite dilution for each 

component in the mixtures at 298.15 K are listed in Table 9.2. Excess partial molar 

volumes (
E

m,1V  and 
E

m,2V ) of each component in the binary mixtures are depicted in 

Figure 9.2 against the mole fraction (x1) of the first component in the binary mixtures. 

This figure shows that 
E

m,1V  and 
E

m,2V  values behave in opposite fashion to each other 

with increasing mole fraction (x1) of the first component in these binary mixtures. 

Partial molar volumes (
0

m,1V  and 
0

m,2V ) at infinite dilution for both the components in 

the mixture (MA + EA) were found to be greater than their respective molar volumes, 

i.e., in this mixture both the components expand in volume on mutual mixing. 

However, the partial molar volumes (
0

m,1V  and 
0

m,2V ) at infinite dilution for both the 

components in the mixtures (MA + MS) and (EA + MS) were found to be lower than 

their respective molar volumes leading to negative excess partial molar volumes 

(
E0,

m,1V and 
E0,

m,2V ) at infinite dilution. These results corroborate with the interstitial 

accommodation of these ester molecules in the voids of MS molecules resulting into 

compact structures for these mixtures. The mixture (MA + MS), with more negative 

E0,

m,1V and 
E0,

m,2V  values than those of the mixture (EA + MS), is much more compact in 

structure. These results, therefore, suggest the following order of packing efficiency  
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Table 9.2. Molar volumes (
*

m,1
V  and 

*

m,2
V ), partial molar volumes at infinite dilution (

0

m,1V and 

0

m,2V ) and excess partial molar volumes at infinite dilution (
E0,

m,1V and 
E0,

m,2V ) for each 

component in the studied binary mixtures at 298.15 K. 

 

Volume 

Parameters 
MA (1) + EA (2) MA (1) + MS (2) EA (1) + MS (2) 

*

1,m
V  79.93 79.93 98.49 

0

1,m
V  82.30 73.12 97.29 

*

2,m
V  98.49 129.02 129.02 

0

m,2
V  115.35 106.15 113.30 

E0,

m,1
V  2.37 -6.81 -1.20 

E0,

m,2V  16.86 -22.87 -15.72 

Volume parameters are given in cm3 ·mol-1. 

 

 

Fig. 9.2. Excess partial molar volume (
E

im,V ) for the i
th
 component against mole fraction (x1) 

of the first component in the studied binary mixtures at T = 298.15 K. The graphical points 

represent the 
E

im,V values for the binary mixtures: □, (MA + EA); ∆, (MA + MS); ○, (EA + 

MS). 
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or structure compactness in these mixtures: (MA + EA) < (EA + MS) < (MA + MS) 

and an overall order of packing efficiency or structure compactness in the related nine 

binary mixtures is: (MA + MS) > (EA + MS) > (CHN + MS) > (CH + MS) > (CHN + 

EA)  >  (CHN + MA)  >  (CH + EA)  >  (CH + MA)  >  (MA + EA) based on the 

E0,

m,1V and 
E0,

m,2V  values. The 
E0,

m,1V  and 
E0,

m,2V  values for the binary mixtures of CH and 

CHN with these esters have already been discussed in previous chapters (VII and 

VIII). The experimental densities, viscosities, excess molar volumes and viscosity 

deviations of the seven ternary mixtures of CH and CHN with MA, EA and MS 

studied at 298.15, 308.15 and 318.15 K were presented in Table 9.3. The 
E

m,123V  values 

for the ternary mixtures (CH + MA + EA) and (CHN + MA + EA) are found to be 

positive over the entire composition range studied at all the experimental 

temperatures. For the mixtures (CH + MA + MS) and (CH + EA + MS), E

m,123V  values 

are found to be negative at lower mole fractions (x1) of CH but are positive at higher 

mole fractions (x1) of CH. However, for the mixtures (CHN + MA + MS) and (CHN 

+ EA + MS), E

m,123V  values are negative throughout the entire composition range 

studied at all the experimental temperatures. For the ternary mixture (MA + EA + 

MS), E

m,123V  values are negative when the mole fractions of MS are higher than those 

of the alkyl acetates at all the experimental temperatures. These results are quite 

obvious from the nature of the mixing components of the respective ternary mixtures 

and the molecular interactions in the associated binary mixtures mentioned earlier. 

The E

m,123V  values for all the ternary mixtures studied were fitted to Cibulka equation:
11

 

       )3()( 23121321

E

Bin

E

123 xcxccxxxXX +++=  

           )4(E

23m,

E

13m,

E

12m,

E

Bin XXXX ++=         

where E

m,123

E

123 VX = , ∑= E

ijm,

E

Bin XX and E

ijm,

E

ij VX = . E

ijm,V values were obtained by 

substituting the Redlich-Kister coefficients (ai) of respective binary mixtures and the 

mole fractions of their components in the ternary mixtures in the Redlich-Kister 

polynomial.
9
 The coefficients ( ic ) were calculated by multi-linear regression and are 

listed in Table 9.4. Although the second term in the right hand side of Eq. (3) is 

asymmetric, the correlations provided for the ternary mixtures do not depend on the 

particular subscript.
12
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Table 9.3. Densities ( ρ ), viscosities ( η ), excess molar volumes (
E

m,123V ) and viscosity 

deviations ( 123η∆ ) for the ternary mixtures studied at T = (298.15 to 318.15) K. 

x1 x2 
)mkg(

10

3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

)mol(m

10

13

6E

m,123

−⋅

⋅V
 

s)mPa(

123

⋅

∆η
 

CH (1) + MA (2) + EA (3) 

T = 298.15 K 

0.0413 0.0704 0.88872 0.4234 0.234 -0.013 

0.0819 0.1163 0.88246 0.4270 0.453 -0.020 

0.1217 0.1613 0.87627 0.4312 0.669 -0.027 

0.1408 0.2057 0.87315 0.4313 0.846 -0.031 

0.1596 0.2494 0.87014 0.4320 1.010 -0.034 

0.1977 0.2921 0.86439 0.4380 1.186 -0.039 
0.2352 0.3341 0.85877 0.4439 1.353 -0.045 

0.2720 0.3753 0.85327 0.4501 1.512 -0.050 

0.3081 0.4159 0.84786 0.4564 1.666 -0.054 

0.3436 0.4557 0.84257 0.4631 1.811 -0.059 

0.3786 0.4948 0.83741 0.4703 1.947 -0.063 

0.4129 0.5333 0.83246 0.4783 2.063 -0.066 

0.4535 0.4833 0.82654 0.4941 2.052 -0.070 
0.4947 0.4325 0.82081 0.5119 2.028 -0.073 

0.5365 0.3811 0.81527 0.5316 1.990 -0.076 

0.5788 0.3290 0.80992 0.5537 1.938 -0.076 

0.6218 0.2761 0.80476 0.5783 1.869 -0.076 

0.6654 0.2224 0.79979 0.6058 1.784 -0.074 

0.7096 0.1680 0.79505 0.6365 1.675 -0.070 

0.7544 0.1128 0.79060 0.6711 1.533 -0.064 

T = 308.15 K 

0.0413 0.0704 0.87585 0.3766 0.367 -0.019 

0.0819 0.1163 0.86982 0.3801 0.580 -0.025 

0.1217 0.1613 0.86393 0.3843 0.783 -0.030 

0.1408 0.2057 0.86094 0.3793 0.956 -0.039 

0.1596 0.2494 0.85746 0.3856 1.185 -0.036 

0.1977 0.2921 0.85273 0.3850 1.263 -0.046 

0.2352 0.3341 0.84714 0.3848 1.445 -0.056 

0.2720 0.3753 0.84172 0.3823 1.612 -0.068 

0.3081 0.4159 0.83630 0.3859 1.784 -0.073 
0.3436 0.4557 0.83076 0.3889 1.975 -0.080 

0.3786 0.4948 0.82590 0.3922 2.092 -0.086 

0.4129 0.5333 0.82133 0.3953 2.180 -0.093 

0.4535 0.4833 0.81555 0.4055 2.163 -0.099 

0.4947 0.4325 0.81013 0.4208 2.111 -0.101 

0.5365 0.3811 0.80473 0.4324 2.066 -0.108 

0.5788 0.329 0.79946 0.4460 2.012 -0.113 
0.6218 0.2761 0.79426 0.4610 1.957 -0.118 

0.6654 0.2224 0.78888 0.4852 1.934 -0.115 

0.7096 0.1680 0.78458 0.5054 1.775 -0.117 

0.7544 0.1128 0.78019 0.5276 1.632 -0.118 
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T = 318.15 K 

0.0413 0.0704 0.86200 0.3395 0.525 -0.023 

0.0819 0.1163 0.85613 0.3437 0.743 -0.026 

0.1217 0.1613 0.85012 0.3416 0.982 -0.035 
0.1408 0.2057 0.84700 0.3344 1.183 -0.044 

0.1596 0.2494 0.84439 0.3357 1.324 -0.045 

0.1977 0.2921 0.83842 0.3333 1.567 -0.055 

0.2352 0.3341 0.83357 0.3345 1.682 -0.060 

0.2720 0.3753 0.82843 0.3297 1.837 -0.072 

0.3081 0.4159 0.82347 0.3196 1.975 -0.089 

0.3436 0.4557 0.81874 0.3275 2.090 -0.088 
0.3786 0.4948 0.81375 0.3301 2.241 -0.093 

0.4129 0.5333 0.80921 0.3317 2.342 -0.098 

0.4535 0.4833 0.80344 0.3389 2.342 -0.105 

0.4947 0.4325 0.79848 0.3491 2.251 -0.109 

0.5365 0.3811 0.79307 0.3585 2.223 -0.114 

0.5788 0.3290 0.78789 0.3695 2.175 -0.119 

0.6218 0.2761 0.78265 0.3831 2.143 -0.122 
0.6654 0.2224 0.77793 0.4032 2.049 -0.120 

0.7096 0.1680 0.77327 0.4162 1.953 -0.125 

0.7544 0.1128 0.76923 0.4341 1.776 -0.126 

CH (1) + MA (2) + MS (3) 

T = 298.15 K 

0.0660 0.1125 1.13703 1.2716 -0.014 0.005 

0.1236 0.1756 1.10404 1.1326 -0.109 0.008 

0.1743 0.2311 1.07297 1.0220 -0.198 0.010 

0.1942 0.2838 1.05325 0.9415 -0.268 0.011 

0.2124 0.3320 1.03377 0.8721 -0.283 0.011 

0.2518 0.3720 1.00485 0.8031 -0.181 0.006 

0.2872 0.4081 0.97701 0.7428 -0.037 -0.001 

0.3194 0.4408 0.95027 0.6896 0.137 -0.009 

0.3486 0.4705 0.92461 0.6419 0.332 -0.018 

0.3753 0.4977 0.90001 0.5985 0.542 -0.027 

0.3999 0.5227 0.87641 0.5588 0.763 -0.038 

0.4225 0.5457 0.85379 0.5219 0.993 -0.049 

0.4659 0.4965 0.84901 0.5448 1.036 -0.052 

0.5104 0.4462 0.84466 0.5706 1.034 -0.054 

0.5558 0.3948 0.84072 0.6001 0.989 -0.055 

0.6022 0.3422 0.83717 0.6336 0.901 -0.054 

0.6497 0.2885 0.83397 0.6714 0.771 -0.051 

0.6983 0.2335 0.83109 0.7144 0.602 -0.045 

0.7481 0.1771 0.82852 0.7632 0.391 -0.036 

0.7991 0.1195 0.82619 0.8183 0.146 -0.024 

T = 308.15 K 

0.0660 0.1125 1.12692 1.1462 -0.028 -0.007 

0.1236 0.1756 1.09323 1.0086 -0.062 -0.012 

0.1743 0.2311 1.06187 0.9118 -0.133 -0.005 

0.1942 0.2838 1.04172 0.8376 -0.167 -0.005 

0.2124 0.3320 1.02207 0.7849 -0.171 0.006 

0.2518 0.3720 0.99370 0.7183 -0.129 -0.002 
0.2872 0.4081 0.96909 0.6649 -0.331 -0.006 

0.3194 0.4408 0.93906 0.6088 0.201 -0.020 
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0.3486 0.4705 0.91197 0.5536 0.560 -0.039 

0.3753 0.4977 0.88787 0.5097 0.724 -0.052 

0.3999 0.5227 0.86413 0.4656 0.973 -0.069 

0.4225 0.5457 0.84216 0.4305 1.142 -0.081 

0.4659 0.4965 0.83761 0.4453 1.172 -0.088 

0.5104 0.4462 0.83414 0.4646 1.078 -0.092 

0.5558 0.3948 0.82962 0.4913 1.113 -0.091 
0.6022 0.3422 0.82709 0.5158 0.909 -0.094 

0.6497 0.2885 0.82318 0.5600 0.875 -0.079 

0.6983 0.2335 0.82005 0.5965 0.746 -0.073 

0.7481 0.1771 0.81848 0.6312 0.412 -0.072 

0.7991 0.1195 0.81513 0.6706 0.307 -0.069 

T = 318.15 K 

0.0660 0.1125 1.11663 1.0497 -0.027 0.315 

0.1236 0.1756 1.08250 0.9165 -0.038 0.222 

0.1743 0.2311 1.05077 0.8239 -0.090 0.142 

0.1942 0.2838 1.03017 0.7501 -0.092 0.111 
0.2124 0.3320 1.01011 0.6989 -0.066 0.063 

0.2518 0.3720 0.98192 0.6412 -0.053 0.051 

0.2872 0.4081 0.95416 0.5902 0.080 0.034 

0.3194 0.4408 0.92676 0.5354 0.331 -0.014 

0.3486 0.4705 0.90023 0.4745 0.634 -0.023 

0.3753 0.4977 0.87550 0.4361 0.875 -0.045 

0.3999 0.5227 0.85253 0.3955 1.043 -0.057 
0.4225 0.5457 0.83016 0.3651 1.267 -0.069 

0.4659 0.4965 0.82596 0.3739 1.275 -0.068 

0.5104 0.4462 0.82211 0.3758 1.244 -0.075 

0.5558 0.3948 0.81846 0.4121 1.192 -0.070 

0.6022 0.3422 0.81578 0.4326 1.021 -0.076 

0.6497 0.2885 0.81175 0.4725 1.022 -0.084 

0.6983 0.2335 0.80910 0.5024 0.847 -0.080 

0.7481 0.1771 0.80730 0.5326 0.554 -0.077 

0.7991 0.1195 0.80457 0.5602 0.383 -0.079 

CH (1) + EA (2) + MS (3) 

T = 298.15 K 

0.0672 0.0963 1.13424 1.3119 -0.039 0.003 

0.1271 0.1519 1.09876 1.1903 -0.050 0.010 

0.1809 0.2017 1.06629 1.0881 -0.156 0.013 

0.2034 0.2499 1.04517 1.0137 -0.240 0.015 

0.2243 0.2947 1.02463 0.9477 -0.291 0.016 

0.2676 0.3325 0.99546 0.8758 -0.274 0.009 

0.3072 0.3670 0.96754 0.8154 -0.217 0.003 

0.3435 0.3986 0.94083 0.760 -0.129 -0.005 

0.3768 0.4277 0.91529 0.7089 -0.016 -0.015 

0.4076 0.4545 0.89088 0.6641 0.116 -0.023 

0.4362 0.4794 0.86757 0.6226 0.257 -0.033 

0.4627 0.5024 0.84531 0.5838 0.406 -0.044 

0.5059 0.4533 0.84209 0.6074 0.429 -0.045 

0.5494 0.4039 0.83922 0.6334 0.411 -0.046 

0.5930 0.3542 0.83668 0.6619 0.353 -0.045 

0.6369 0.3043 0.83444 0.693 0.258 -0.043 

0.6810 0.2542 0.83245 0.7271 0.133 -0.039 

0.7253 0.2039 0.83062 0.7644 -0.013 -0.034 
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0.7698 0.1533 0.8289 0.8049 -0.173 -0.026 

0.8145 0.1024 0.82715 0.8494 -0.329 -0.016 

T = 308.15 K 

0.0672 0.0963 1.12333 1.1594 0.030 -0.031 

0.1271 0.1519 1.08777 1.0566 0.011 -0.013 

0.1809 0.2017 1.05501 0.9545 -0.077 -0.017 

0.2034 0.2499 1.03362 0.8692 -0.142 -0.032 

0.2243 0.2947 1.01316 0.8037 -0.212 -0.037 

0.2676 0.3325 0.98291 0.7549 -0.074 -0.025 

0.3072 0.3670 0.95561 0.7017 -0.089 -0.027 

0.3435 0.3986 0.92719 0.6582 0.208 -0.027 

0.3768 0.4277 0.90155 0.5947 0.343 -0.052 

0.4076 0.4545 0.87712 0.5405 0.488 -0.073 

0.4362 0.4794 0.85293 0.5042 0.754 -0.08 

0.4627 0.5024 0.83154 0.4726 0.809 -0.086 

0.5059 0.4533 0.82781 0.4799 0.916 -0.100 

0.5494 0.4039 0.82500 0.4915 0.907 -0.111 
0.5930 0.3542 0.82238 0.5181 0.876 -0.107 

0.6369 0.3043 0.82010 0.5316 0.801 -0.118 

0.6810 0.2542 0.81753 0.5559 0.767 -0.119 

0.7253 0.2039 0.81622 0.5795 0.564 -0.122 

0.7698 0.1533 0.81376 0.6168 0.517 -0.112 

0.8145 0.1024 0.81191 0.6432 0.388 -0.115 

T = 318.15 K 

0.0672 0.0963 1.11272 1.0434 0.068 -0.055 

0.1271 0.1519 1.07629 0.9293 0.123 -0.052 

0.1809 0.2017 1.04256 0.8509 0.127 -0.037 

0.2034 0.2499 1.02223 0.7879 -0.080 -0.033 

0.2243 0.2947 1.00074 0.7158 -0.044 -0.048 

0.2676 0.3325 0.96828 0.6621 0.354 -0.044 

0.3072 0.3670 0.94016 0.6108 0.437 -0.047 

0.3435 0.3986 0.91368 0.5545 0.506 -0.061 

0.3768 0.4277 0.88692 0.5066 0.787 -0.073 

0.4076 0.4545 0.86295 0.4625 0.885 -0.086 

0.4362 0.4794 0.84041 0.4274 0.953 -0.094 

0.4627 0.5024 0.81964 0.3955 0.934 -0.101 

0.5059 0.4533 0.81655 0.4095 0.978 -0.105 

0.5494 0.4039 0.82048 0.4276 0.090 -0.105 

0.5930 0.3542 0.81111 0.4371 0.975 -0.114 

0.6369 0.3043 0.80897 0.4474 0.898 -0.123 

0.6810 0.2542 0.80704 0.4664 0.794 -0.125 

0.7253 0.2039 0.80565 0.4839 0.615 -0.128 

0.7698 0.1533 0.80352 0.5001 0.539 -0.134 

0.8145 0.1024 0.80160 0.5325 0.435 -0.125 

CHN (1) + MA (2) + EA (3) 

T = 298.15 K 

0.0356 0.0708 0.89718 0.4377 0.113 -0.009 

0.0711 0.1177 0.89920 0.4425 0.225 -0.027 

0.1062 0.1642 0.90099 0.4500 0.362 -0.044 
0.1232 0.2099 0.90271 0.4561 0.408 -0.048 

0.1401 0.2552 0.90440 0.4574 0.458 -0.057 

0.1745 0.3006 0.90702 0.4719 0.508 -0.068 

0.2087 0.3457 0.90960 0.4909 0.563 -0.076 
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0.2427 0.3904 0.91212 0.5097 0.625 -0.085 

0.2764 0.4349 0.91494 0.5356 0.658 -0.088 

0.3099 0.4791 0.91783 0.5624 0.686 -0.091 

0.3432 0.5230 0.92112 0.5937 0.675 -0.091 

0.3763 0.5666 0.92450 0.6279 0.658 -0.090 

0.4159 0.5166 0.92488 0.6849 0.654 -0.083 

0.4565 0.4653 0.92592 0.7445 0.583 -0.078 
0.4982 0.4126 0.92674 0.8137 0.533 -0.069 

0.5411 0.3585 0.92782 0.8865 0.455 -0.063 

0.5851 0.3028 0.92912 0.9715 0.352 -0.052 

0.6304 0.2457 0.93055 1.0639 0.233 -0.042 

0.6770 0.1869 0.93239 1.1707 0.067 -0.026 

0.7249 0.1264 0.93420 1.2866 -0.099 -0.011 

T = 308.15 K 

0.0356 0.0708 0.88510 0.3857 0.146 -0.019 

0.0711 0.1177 0.88723 0.3857 0.256 -0.039 

0.1062 0.1642 0.88913 0.3924 0.392 -0.052 
0.1232 0.2099 0.89084 0.3923 0.445 -0.061 

0.1401 0.2552 0.89259 0.3922 0.493 -0.070 

0.1745 0.3006 0.89521 0.4056 0.551 -0.078 

0.2087 0.3457 0.89799 0.4229 0.594 -0.083 

0.2427 0.3904 0.90048 0.4372 0.668 -0.092 

0.2764 0.4349 0.90334 0.4565 0.705 -0.097 

0.3099 0.4791 0.90640 0.4332 0.723 -0.145 
0.3432 0.5230 0.90964 0.5037 0.725 -0.100 

0.3763 0.5666 0.91290 0.5336 0.727 -0.097 

0.4159 0.5166 0.91344 0.5813 0.711 -0.091 

0.4565 0.4653 0.91437 0.6308 0.655 -0.086 

0.4982 0.4126 0.91544 0.6890 0.583 -0.076 

0.5411 0.3585 0.91666 0.7496 0.493 -0.070 

0.5851 0.3028 0.91784 0.8192 0.405 -0.059 

0.6304 0.2457 0.91933 0.8957 0.282 -0.048 

0.6770 0.1869 0.92071 0.9840 0.168 -0.032 

0.7249 0.1264 0.92266 1.0780 -0.012 -0.018 

T = 318.15 K 

0.0356 0.0708 0.87224 0.3421 0.184 -0.028 

0.0711 0.1177 0.87459 0.3408 0.291 -0.046 

0.1062 0.1642 0.87654 0.3395 0.443 -0.063 

0.1232 0.2099 0.87840 0.3409 0.489 -0.069 

0.1401 0.2552 0.88025 0.3405 0.537 -0.076 

0.1745 0.3006 0.88307 0.3498 0.594 -0.084 

0.2087 0.3457 0.88596 0.3592 0.645 -0.093 

0.2427 0.3904 0.88875 0.3697 0.708 -0.101 

0.2764 0.4349 0.89188 0.3846 0.736 -0.105 

0.3099 0.4791 0.89503 0.4032 0.765 -0.107 

0.3432 0.5230 0.89847 0.4270 0.765 -0.103 

0.3763 0.5666 0.90184 0.4504 0.775 -0.101 
0.4159 0.5166 0.90266 0.4912 0.751 -0.094 

0.4565 0.4653 0.90367 0.5329 0.707 -0.090 

0.4982 0.4126 0.90493 0.5771 0.635 -0.086 

0.5411 0.3585 0.90653 0.6305 0.524 -0.078 

0.5851 0.3028 0.90790 0.6904 0.437 -0.067 

0.6304 0.2457 0.90932 0.7548 0.342 -0.056 
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0.6770 0.1869 0.91101 0.8325 0.214 -0.038 

0.7249 0.1264 0.91312 0.9132 0.037 -0.023 

CHN (1) + MA (2) + MS (3) 

T = 298.15 K 

0.0571 0.1136 1.15252 1.3572 -0.380 0.026 

0.1079 0.1787 1.13242 1.2662 -0.677 0.034 

0.1533 0.2369 1.11219 1.1912 -0.859 0.041 

0.1713 0.2919 1.09705 1.1171 -0.956 0.046 

0.1879 0.3423 1.08192 1.0543 -1.007 0.052 
0.2240 0.3858 1.06184 1.0125 -0.996 0.060 

0.2569 0.4255 1.04217 0.9726 -0.955 0.063 

0.2870 0.4617 1.02301 0.9345 -0.897 0.062 

0.3147 0.4951 1.00439 0.8982 -0.830 0.059 

0.3402 0.5258 0.98634 0.8660 -0.758 0.057 

0.3637 0.5542 0.96885 0.8277 -0.685 0.045 

0.3856 0.5805 0.95192 0.7974 -0.612 0.038 

0.4281 0.5317 0.95399 0.8582 -0.561 0.036 

0.4721 0.4811 0.95628 0.9259 -0.528 0.033 

0.5177 0.4287 0.95874 1.0002 -0.510 0.027 

0.5650 0.3743 0.96135 1.0851 -0.505 0.022 

0.6141 0.3178 0.96408 1.1848 -0.510 0.018 

0.6651 0.2592 0.96690 1.2957 -0.524 0.012 

0.7181 0.1982 0.96976 1.4288 -0.540 0.010 

0.7733 0.1348 0.97262 1.5772 -0.555 0.004 

T = 308.15 K 

0.0571 0.1136 1.13950 1.2377 -0.086 0.016 

0.1079 0.1787 1.11864 1.1523 -0.330 0.020 

0.1533 0.2369 1.09752 1.0841 -0.442 0.027 

0.1713 0.2919 1.08167 1.0199 -0.486 0.033 

0.1879 0.3423 1.06627 0.9631 -0.526 0.037 

0.2240 0.3858 1.04617 0.9224 -0.526 0.042 

0.2569 0.4255 1.02680 0.8874 -0.524 0.047 
0.2870 0.4617 1.00815 0.8547 -0.524 0.049 

0.3147 0.4951 0.98984 0.8172 -0.492 0.043 

0.3402 0.5258 0.97171 0.7836 -0.417 0.036 

0.3637 0.5542 0.95472 0.7555 -0.394 0.033 

0.3856 0.5805 0.93820 0.7303 -0.363 0.029 

0.4281 0.5317 0.94069 0.7780 -0.342 0.026 

0.4721 0.4811 0.94341 0.8312 -0.343 0.022 

0.5177 0.4287 0.94577 0.8931 -0.305 0.020 

0.5650 0.3743 0.94830 0.9621 -0.283 0.017 

0.6141 0.3178 0.95099 1.0398 -0.274 0.014 

0.6651 0.2592 0.95327 1.1262 -0.221 0.009 

0.7181 0.1982 0.95609 1.2280 -0.222 0.008 

0.7733 0.1348 0.95841 1.3392 -0.167 0.001 

T = 318.15 K 

0.0571 0.1136 1.12892 1.1233 -0.037 0.012 

0.1079 0.1787 1.10738 1.0314 -0.223 0.015 

0.1533 0.2369 1.08624 0.9582 -0.346 0.021 
0.1713 0.2919 1.07043 0.8932 -0.409 0.025 

0.1879 0.3423 1.05487 0.8401 -0.445 0.032 

0.2240 0.3858 1.03472 0.7992 -0.445 0.038 

0.2569 0.4255 1.01507 0.7614 -0.419 0.040 
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0.2870 0.4617 0.99596 0.7293 -0.376 0.043 

0.3147 0.4951 0.97746 0.6938 -0.327 0.039 

0.3402 0.5258 0.95968 0.6593 -0.286 0.031 

0.3637 0.5542 0.94289 0.6305 -0.283 0.027 

0.3856 0.5805 0.92670 0.6064 -0.283 0.024 

0.4281 0.5317 0.92945 0.6509 -0.263 0.025 

0.4721 0.4811 0.93222 0.6925 -0.243 0.018 
0.5177 0.4287 0.93505 0.7438 -0.227 0.015 

0.5650 0.3743 0.93766 0.8014 -0.185 0.012 

0.6141 0.3178 0.94057 0.8703 -0.171 0.012 

0.6651 0.2592 0.94341 0.9425 -0.148 0.007 

0.7181 0.1982 0.94616 1.0279 -0.113 0.004 

0.7733 0.1348 0.94908 1.12510 -0.092 0.001 

CHN (1) + EA (2) + MS (3) 

T = 298.15 K 

0.0582 0.0972 1.14929 1.3956 -0.372 0.018 

0.1111 0.1546 1.12664 1.3244 -0.609 0.026 

0.1593 0.2070 1.10428 1.2616 -0.763 0.031 

0.1797 0.2574 1.08719 1.1967 -0.844 0.037 

0.1988 0.3044 1.0704 1.1361 -0.896 0.038 

0.2387 0.3456 1.04913 1.0957 -0.910 0.043 

0.2756 0.3837 1.02841 1.0613 -0.893 0.048 

0.3098 0.4190 1.00829 1.0312 -0.855 0.054 

0.3416 0.4519 0.98878 0.9959 -0.803 0.051 

0.3712 0.4825 0.96991 0.9685 -0.743 0.052 

0.3989 0.5110 0.95165 0.9392 -0.677 0.049 

0.4248 0.5378 0.93399 0.9122 -0.607 0.046 

0.4676 0.4884 0.93798 0.9785 -0.576 0.045 

0.5112 0.4381 0.94213 1.0517 -0.558 0.044 
0.5556 0.3868 0.94644 1.1277 -0.553 0.038 

0.6008 0.3346 0.95089 1.2120 -0.559 0.033 

0.6468 0.2815 0.95545 1.3073 -0.573 0.029 

0.6937 0.2273 0.96006 1.4123 -0.587 0.024 

0.7415 0.1721 0.96472 1.5282 -0.603 0.018 

0.7903 0.1158 0.96930 1.6591 -0.605 0.015 

T = 308.15 K 

0.0582 0.0972 1.13581 1.2599 -0.026 0.010 

0.1111 0.1546 1.11174 1.1847 -0.133 0.014 

0.1593 0.2070 1.08958 1.1219 -0.330 0.018 

0.1797 0.2574 1.07235 1.0591 -0.411 0.021 

0.1988 0.3044 1.05516 1.0030 -0.433 0.023 

0.2387 0.3456 1.03419 0.9579 -0.491 0.022 

0.2756 0.3837 1.01363 0.9229 -0.499 0.027 

0.3098 0.4190 0.99389 0.8938 -0.509 0.033 

0.3416 0.4519 0.97451 0.8656 -0.475 0.035 

0.3712 0.4825 0.95583 0.8416 -0.438 0.040 

0.3989 0.5110 0.93802 0.8150 -0.423 0.038 

0.4248 0.5378 0.92088 0.7878 -0.410 0.034 

0.4676 0.4884 0.92487 0.8396 -0.370 0.031 

0.5112 0.4381 0.92941 0.9005 -0.386 0.031 

0.5556 0.3868 0.93358 0.9637 -0.357 0.028 

0.6008 0.3346 0.93772 1.0326 -0.320 0.025 

0.6468 0.2815 0.94220 1.1119 -0.316 0.024 
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0.6937 0.2273 0.94629 1.1923 -0.263 0.017 

0.7415 0.1721 0.95107 1.2866 -0.283 0.015 

0.7903 0.1158 0.95549 1.3878 -0.257 0.010 

T = 318.15 K 

0.0582 0.0972 1.12564 1.1538 -0.021 0.001 

0.1111 0.1546 1.10200 1.0811 -0.189 0.008 

0.1593 0.2070 1.07865 1.0162 -0.266 0.011 

0.1797 0.2574 1.06092 0.9594 -0.307 0.016 

0.1988 0.3044 1.04397 0.9056 -0.368 0.017 

0.2387 0.3456 1.02268 0.8631 -0.395 0.019 

0.2756 0.3837 1.00197 0.8293 -0.390 0.024 

0.3098 0.4190 0.98190 0.7977 -0.364 0.027 

0.3416 0.4519 0.96264 0.7685 -0.343 0.029 

0.3712 0.4825 0.94416 0.7385 -0.328 0.026 

0.3989 0.5110 0.92640 0.7147 -0.316 0.027 

0.4248 0.5378 0.90947 0.6912 -0.325 0.026 

0.4676 0.4884 0.91397 0.7353 -0.316 0.024 
0.5112 0.4381 0.91840 0.7832 -0.294 0.023 

0.5556 0.3868 0.92296 0.8345 -0.282 0.019 

0.6008 0.3346 0.92736 0.8917 -0.246 0.017 

0.6468 0.2815 0.93168 0.9530 -0.195 0.014 

0.6937 0.2273 0.93651 1.0189 -0.197 0.009 

0.7415 0.1721 0.94149 1.0949 -0.210 0.007 

0.7903 0.1158 0.94612 1.1774 -0.178 0.004 

MA (1) + EA (2) + MS (3) 

T = 298.15 K 

0.0757 0.0954 1.14687 1.2350 -0.203 0.012 

0.1420 0.1493 1.12377 1.0587 -0.469 0.018 

0.2007 0.1968 1.10040 0.9254 -0.583 0.023 

0.2249 0.2432 1.08289 0.8467 -0.646 0.025 

0.2474 0.2860 1.06420 0.7791 -0.530 0.025 

0.2935 0.3208 1.04165 0.6996 -0.470 0.023 
0.3351 0.3522 1.01848 0.6259 -0.261 0.013 

0.3729 0.3807 0.99786 0.5618 -0.224 0.001 

0.4074 0.4067 0.97622 0.5087 -0.009 -0.008 

0.4389 0.4305 0.95610 0.4600 0.129 -0.020 

0.4679 0.4524 0.93554 0.4185 0.379 -0.029 

0.4946 0.4726 0.91723 0.3825 0.472 -0.038 

0.5379 0.4240 0.92079 0.3796 0.474 -0.042 

0.5808 0.3757 0.92499 0.3799 0.417 -0.042 

0.6235 0.3277 0.93001 0.3826 0.285 -0.040 

0.6660 0.2800 0.93427 0.3858 0.231 -0.038 

0.7082 0.2326 0.93969 0.3892 0.073 -0.036 

0.7501 0.1855 0.94480 0.3961 -0.050 -0.029 

0.7917 0.1387 0.95097 0.4055 -0.262 -0.021 

0.8331 0.0922 0.95558 0.4151 -0.328 -0.012 

T = 308.15 K 

0.0757 0.0954 1.13571 1.1228 -0.120 0.006 

0.1420 0.1493 1.11197 0.9634 -0.350 0.013 
0.2007 0.1968 1.08869 0.8402 -0.500 0.017 

0.2249 0.2432 1.07048 0.7691 -0.508 0.019 

0.2474 0.2860 1.05234 0.7068 -0.461 0.019 

0.2935 0.3208 1.02985 0.6287 -0.421 0.012 
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0.3351 0.3522 1.00741 0.5637 -0.295 0.004 

0.3729 0.3807 0.98558 0.5056 -0.145 -0.006 

0.4074 0.4067 0.96498 0.4571 -0.040 -0.015 

0.4389 0.4305 0.94356 0.4086 0.226 -0.029 

0.4679 0.4524 0.92066 0.3693 0.716 -0.040 

0.4946 0.4726 0.90100 0.3349 0.945 -0.049 

0.5379 0.4240 0.90420 0.3295 0.981 -0.055 
0.5808 0.3757 0.90830 0.3284 0.928 -0.057 

0.6235 0.3277 0.91261 0.3294 0.858 -0.057 

0.6660 0.2800 0.91715 0.3329 0.770 -0.055 

0.7082 0.2326 0.92265 0.3381 0.595 -0.050 

0.7501 0.1855 0.92814 0.3443 0.428 -0.045 

0.7917 0.1387 0.93417 0.3548 0.218 -0.035 

0.8331 0.0922 0.94088 0.3658 -0.046 -0.025 

T = 318.15 K 

0.0757 0.0954 1.12468 1.0358 -0.058 0.002 

0.1420 0.1493 1.10029 0.8840 -0.265 0.007 
0.2007 0.1968 1.07668 0.7699 -0.421 0.012 

0.2249 0.2432 1.05808 0.7038 -0.413 0.014 

0.2474 0.2860 1.03968 0.6428 -0.360 0.011 

0.2935 0.3208 1.01707 0.5712 -0.334 0.005 

0.3351 0.3522 0.99459 0.5079 -0.224 -0.004 

0.3729 0.3807 0.97253 0.4554 -0.066 -0.012 

0.4074 0.4067 0.95113 0.4085 0.108 -0.022 
0.4389 0.4305 0.92996 0.3629 0.340 -0.036 

0.4679 0.4524 0.90706 0.3280 0.832 -0.044 

0.4946 0.4726 0.88739 0.2949 1.060 -0.054 

0.5379 0.4240 0.89059 0.2898 1.095 -0.060 

0.5808 0.3757 0.89449 0.2881 1.060 -0.062 

0.6235 0.3277 0.89907 0.2891 0.960 -0.061 

0.6660 0.2800 0.90390 0.2917 0.840 -0.059 

0.7082 0.2326 0.90878 0.2972 0.720 -0.054 

0.7501 0.1855 0.91441 0.3041 0.533 -0.048 

0.7917 0.1387 0.92010 0.3115 0.349 -0.041 

0.8331 0.0922 0.92651 0.3246 0.104 -0.028 
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Table 9.4. Coefficients  ( ic ) of the Cibulka equation for different excess or deviation 

properties of the ternary mixtures at 298.15 K. 

Mixture property 1c  2c  3c  σ  

CH (1) + MA (2) + EA (3) 

)molm(10 136E

m,123

−⋅⋅V  -33.160 -70.292 -101.141 0.727 

)smPa(123 ⋅∆η  3.089 6.269 5.013 0.057 

)TPa( 1E

S,123

−
κ  69.327 -96.356 119.839 0.501 

)molm(10 136E

m,123

−⋅⋅R  -61.838 -33.661 22.744 0.573 

CH (1) + MA (2) + MS (3) 

)molm(10 136E

m,123

−⋅⋅V  -139.638 255.342 284.283 0.995 

)smPa(123 ⋅∆η  4.197 -7.789 -10.455 0.038 

)TPa( 1E

S,123

−
κ  -180.031 262.334 446.651 1.237 

)molm(10 136E

m,123

−⋅⋅R  -117.976 232.117 378.906 1.409 

CH (1) + EA (2) + MS (3) 

)molm(10
136E

m,123

−⋅⋅V  -114.234 218.228 251.157 0.836 

)smPa(123 ⋅∆η  3.543 -6.443 -9.283 0.034 

)TPa( 1E

S,123

−
κ  -184.307 221.504 456.626 0.968 

)molm(10
136E

m,123

−⋅⋅R  -118.068 218.682 358.956 1.213 

CHN (1) + MA (2) + EA (3) 

)molm(10 136E

m,123

−⋅⋅V  -23.577 6.380 -68.538 0.366 

)smPa(123 ⋅∆η  10.234 -0.831 -2.293 0.079 

)TPa( 1E

S,123

−
κ  -76.506 19.862 143.757 0.221 

)molm(10 136E

m,123

−⋅⋅R  -173.781 -83.553 46.788 1.461 

CHN (1) + MA (2) + MS (3) 

)molm(10 136E

m,123

−⋅⋅V  -79.219 187.614 259.229 0.987 

)smPa(123 ⋅∆η  3.941 -5.066 5.224 0.035 

)TPa( 1E

S,123

−
κ  -177.799 77.390 222.36 0.424 

)molm(10 136E

m,123

−⋅⋅R  -96.775 157.157 97.069 0.327 

CHN (1) + EA (2) + MS (3) 

)molm(10 136E

m,123

−⋅⋅V  -71.820 170.773 238.72 0.854 

)smPa(123 ⋅∆η  3.031 -5.963 -0.124 0.008 

)TPa( 1E

S,123

−
κ  -143.309 21.471 247.433 0.337 

)molm(10 136E

m,123

−⋅⋅R  -103.201 156.926 227.432 0.692 

MA (1) + EA (2) + MS (3) 

)molm(10
136E

m,123

−⋅⋅V  -89.779 130.158 288.616 0.920 

)smPa(123 ⋅∆η  4.591 -4.168 -6.071 0.007 

)TPa( 1E

S,123

−
κ  -218.421 100.827 569.888 0.878 

)molm(10
136E

m,123

−⋅⋅R  -120.962 133.731 337.254 0.865 
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Fig. 9.3.  Three-dimensional mesh plots of excess molar volumes (
E

m,123V ) for the ternary 

mixtures:  A, CH (1) + MA (2) + EA (3); B, CH (1) + MA (2) + MS (3) and C, CH (1) + EA 

(2) + MS (3) and the corresponding pseudo-two dimensional contour plot of constant
E

m,123V  

values for these mixtures at 298.15 K. 
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Fig. 9.4.  Three-dimensional mesh plots of excess molar volumes (
E

m,123V ) for the ternary 

mixtures:  A, CHN (1) + MA (2) + EA (3); B, CHN (1) + MA (2) + MS (3) and C, CHN (1) + 

EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of constant 

E

m,123V values for these mixtures at 298.15 K. 
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Fig. 9.5.  Three-dimensional mesh plots of excess molar volumes (
E

m,123V ) for the ternary 

mixture MA (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional contour 

plot of constant 
E

m,123V  values at 298.15 K. 

 

Table 9.5. Maxima and minima of the ternary contributions to different excess or deviation 

properties of the ternary mixtures at 298.15 K. 

Ternary 

contributions 

  1x  2x    1x  2x  

CH (1) + MA (2) + EA (3) 
a

VV )(
E

Bin

E

123m, −  max -0.1115 0.0413 0.0704 min -3.4263 0.3081 0.4159 

b)( Bin123 ηη ∆−∆  max 0.2513 0.0413 0.0704 min 0.0096 0.3081 0.4159 

c
)(

E

BinS,

E

123S, κκ −  max 3.1717 0.2720 0.3753 min 0.1147 0.7544 0.1128 

dRR )( E

Binm,

E

m,123 −  max -0.1592 0.0413 0.0704 min -2.2488 0.2720 0.3753 

 CH (1) + MA (2) + MS (3) 
aVV )( E

Bin

E

123m, −  max 2.4665 0.3486 0.4705 min -0.8846 0.1236 0.1756 

b)( Bin123 ηη ∆−∆  max 0.0213 0.1236 0.1756 min -0.1020 0.3486 0.4705 

c)( E

BinS,

E

123S, κκ −  max 3.6070 0.3486 0.4705 min -1.0522 0.1236 0.1756 

d
RR )(

E

Binm,

E

m,123 −  max 4.1899 0.3486 0.4705 min -0.3662 0.0660 0.1125 

 CH (1) + EA (2) + MS (3) 
aVV )( E

Bin

E

123m, −  max 2.3760 0.3768 0.4277 min -0.6730 0.1271 0.1519 

b)( Bin123 ηη ∆−∆  max 0.0183 0.1271 0.1519 min -0.0900 0.3768 0.4277 

c)( E

BinS,

E

123S, κκ −  max 2.9759 0.3768 0.4277 min -1.2082 0.1271 0.1519 

d
RR )(

E

Binm,

E

m,123 −  max 3.7132 0.3768 0.4277 min -0.4976 0.1271 0.1519 

 CHN (1) + MA (2) + EA (3) 
aVV )( E

Bin

E

123m, −  max -0.0635 0.0356 0.0708 min -1.7914 0.2764 0.4349 

b)( Bin123 ηη ∆−∆  max 0.3176 0.2764 0.4349 min 0.0226 0.0356 0.0708 
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c)( E

BinS,

E

123S, κκ −  max 0.1512 0.3763 0.5666 min -0.8212 0.1745 0.3006 

dRR )( E

Binm,

E

m,123 −  max -0.3906 0.0356 0.0708 min -6.1261 0.2764 0.4349 

 CHN (1) + MA (2) + MS (3) 
aVV )( E

Bin

E

123m, −  max 3.2055 0.3147 0.4951 min -0.2101 0.0571 0.1136 

b)( Bin123 ηη ∆−∆  max 0.1688 0.2569 0.4255 min 0.0070 0.7733 0.1348 

c)( E

BinS,

E

123S, κκ −  max -0.1432 0.3856 0.5805 min -2.6743 0.1713 0.2919 

dRR )( E

Binm,

E

m,123 −  max 0.4295 0.6651 0.2592 min -1.1144 0.1713 0.2919 

 CHN (1) + EA (2) + MS (3) 
aVV )( E

Bin

E

123m, −  max 3.0090 0.3416 0.4519 min -0.2011 0.1111 0.1546 

b)( Bin123 ηη ∆−∆  max 0.0543 0.1988 0.3044 min -0.0156 0.7415 0.1721 

c)( E

BinS,

E

123S, κκ −  max -0.0096 0.4248 0.5378 min -1.9726 0.1797 0.2574 

dRR )( E

Binm,

E

m,123 −  max 1.6976 0.3712 0.4825 min -0.6504 0.1593 0.2070 

 MA (1) + EA (2) + MS (3) 
aVV )( E

Bin

E

123m, −  max 2.4855 0.4074 0.4067 min -0.4238 0.1420 0.1493 

b)( Bin123 ηη ∆−∆  max 0.0633 0.2249 0.2432 min -0.0026 0.4946 0.4726 

c)( E

BinS,

E

123S, κκ −  max 1.7562 0.4389 0.4305 min -2.0473 0.2007 0.1968 

dRR )( E

Binm,

E

m,123 −  max 2.1771 0.4074 0.4067 min -0.7756 0.1420 0.1493 

Units: )molm(10, 136 −⋅a ; mPa.s,b ; 
1TPa, −

c ; )molm(10, 136 −⋅d  

 

Figures 9.3, 9.4 and 9.5 illustrate three dimensional mesh and contour plots of 

E

m,123V values of the ternary mixtures calculated from Eqs (3) and (4) against the mole 

fractions of their components in the ternary mixtures at 298.15 K; the contour plots are 

for the constant E

m,123V values as defined by the mole fractions of the components. The 

so-called ternary contributions, defined as ( E

Bin

E

123m, VV − ), represent the difference 

between the experimental excess molar volumes ( E

m,123V ) of the ternary property and 

the value ( E

BinV ) predicted by the corresponding data of the binary mixtures; the 

maximum and minimum values of such contributions are given in Table 9.5. The 

positive contributions arise from the breakup interactions
13

 of similar molecular 

species; the maximum and minimum ternary contributions
13

 support non-

homogeneous behavior of the ternary mixtures. 
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9.3.2. Viscosity Deviations  

The viscosity deviations ( η∆ ) of the binary and ternary mixtures were 

obtained from the differences between the measured viscosity (η ) and the ideal 

viscosity ( idη ) as follows:  

(5)               idηηη −=∆  

and the ideal viscosity ( idη ) is given by:
14

      

(6)              )lnexp( id

n

1i

iid ηη ∑
=

= x  

where n is the number of components in a mixture and other symbols have their usual 

meanings as expressed in previous chapters. The uncertainty in viscosity deviation 

(∆η) was evaluated to be ±0.004 mPa.s. Table 9.1 shows that η∆ values are negative 

for the mixture (MA + EA) but for the mixtures (MA + MS) and (EA + MS) such 

values are positive. It was observed if E

mV  values are positive, η∆ values become 

negative for many binary mixtures and vice-versa. Such a coincidence was found for 

these binary mixtures. However, for each mixture η∆ values decrease as the 

experiment temperature increases indicating that the interactions between the 

dissimilar molecules become weaker at higher temperatures (Table 9.1). The 

variations in η∆  values for all the nine binary mixtures as a function of composition 

(x1) at 298.15 K are depicted in Figure 9.6, which suggests more or less the same 

order of molecular interactions as obtained from the E

mV  values discussed earlier. The 

123η∆  values for the mixtures (CH + MA + EA) and (CHN + MA + EA) are found to 

be negative over the entire composition range studied at all the experimental 

temperatures. For the mixtures (CH + MA + MS) and (CH + EA + MS), 
123η∆  values 

are found to be positive at lower mole fractions (x1) of CH but are negative at higher 

mole fractions (x1) of CH. For the mixtures (CHN + MA + MS) and (CHN + EA + 

MS), 123η∆  values are negative throughout the entire composition range studied at all 

the experimental temperatures. For the mixture (MA + EA + MS), 123η∆  values are 

positive when the mole fractions of MS are higher than those of the alkyl acetates at 

all the experimental temperatures. So the correlation that the E

m,123V  values are positive  
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Fig. 9.6. Viscosity deviations ( η∆ ) versus the mole fractions (x1) of the first component in all 

the binary mixtures at T = 298.15 K. The graphical points represent the η∆ values for the 

mixtures containing: □, MA; ○, EA; ∆, MS. While dashed lines represent the mixtures with 

CH as the first component and dotted lines represent the mixtures with CHN as the first 

component. Solid lines represent binary mixtures of two esters only. Symbols: +, (MA + EA); 

× , (MA + MS); , (EA + MS). 

 

for negative 123η∆  values and vice-versa also holds good for the all these ternary 

mixtures and the nature of molecular interactions in these mixtures can well be 

explained from the nature of the mixing components and the molecular interactions in 

the associated binary mixtures. Similar to E

mV  values, η∆  values of the binary 

mixtures were fitted to the Redlich-Kister polynomial and the corresponding 

coefficients (ai)
9
 are:  a0 = -0.4649, a1 = -0.118, a2 = 0.0068, a3 = 0.1044 for the 

mixture (MA + EA); a0 = 0.2469, a1 = 0.0904, a2 = 0.1706, a3 = 0.2201 for the 

mixture (MA + MS) and a0 = 0.2261, a1 = 0.132, a2 = 0.0479, a3 = -0.0281 for the 

mixture (EA + MS) with standard deviations (σ) 0.0024, 0.0038, 0.0023 for the 

mixtures, respectively.  
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Fig. 9.7.  Three-dimensional mesh plots of viscosity deviations ( 123η∆ ) for the ternary 

mixtures:  A, CH (1) + MA (2) + EA (3); B, CH (1) + MA (2) + MS (3) and C, CH (1) + EA 

(2) + MS (3) and the corresponding pseudo-two dimensional contour plot of constant 123η∆  

values for these mixtures at 298.15 K. 
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Fig. 9.8.  Three-dimensional mesh plots of viscosity deviations ( 123η∆ ) for the ternary 

mixtures:  A, CHN (1) + MA (2) + EA (3); B, CHN (1) + MA (2) + MS (3) and C, CHN (1) + 

EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of 

constant 123η∆  values for these mixtures at 298.15 K. 
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Fig. 9.9.  Three-dimensional mesh plots of viscosity deviations ( 123η∆ ) for the ternary 

mixture MA (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional contour 

plot of constant 123η∆  values at 298.15 K. 

 

123η∆  values of the ternary mixtures at 298.15 K were also fitted to the Cibulka 

equation (Eq. 3) in a similar fashion to E

m,123V  values and the coefficients ( ic ) are listed 

in Table 9.4. Figures 9.7, 9.8 and 9.9 illustrate three-dimensional mesh and contour 

plots of the calculated 
123η∆  values of the ternary mixtures against the mole fractions 

of their components. The so-called ternary contributions, defined as (
Bin123 ηη ∆−∆ ), 

were calculated; the maximum and minimum values of such contributions are given in 

Table 9.5. 

9.3.3. Excess Isentropic Compressibility 

 The experimental speeds of sound (u) and the densities (ρ) of the binary and 

ternary mixtures at 298.15 K were used to determine the isentropic compressibilities 

(
S

κ ) and the excess isentropic compressibilities ( E

S
κ ) of the mixtures. The excess 

isentropic compressibilities ( E

S
κ ) were obtained from the relation: 

   )7(id

SS

E

S κκκ −=  

where κs is the isentropic compressibility and was calculated using the Laplace 

relation, κs = 1/ρu
2

  and κs
id

 is the isentropic compressibility for an ideal mixture. 

According to Benson and Kiyohara
15

 and Acree,
16

 κs
id

 for a n-component mixture is 

given by the relation: 
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where τi is the volume fraction of the i
th

 component in the mixture, κs,i, Vm,i
*
, αi and 

cp,i are the isentropic compressibility, molar volume, isobaric expansion coefficient 

and molar isobaric heat capacity of the pure components, respectively. Isobaric 

expansion coefficients (αi) were obtained from experimental densities and cp,i values 

were adapted from the literature.
5
 The parameters u, κs and E

S
κ  at 298.15 K are listed 

in Table 9.6. The experimental speeds of sound of each pure liquid were in good 

agreement with the literature values
17-21

 at 298.15 K. Figure 9.10 represents the 

variation of excess isentropic compressibilities ( E

S
κ ) against the mole fractions (x1) of 

the first component in the binary mixtures at 298.15 K. While excess isentropic 

compressibilities ( E

S
κ ) for the mixture (MA + EA) were positive, those for the 

mixtures (MA + MS) and (EA + MS) were negative. Positive E

S
κ values for the 

mixture (MA + EA) suggest perturbation of the associated structures of the alkyl 

acetates (through dipolar association) or molecular order in the pure liquids on mutual 

mixing leading to volume expansion.  Negative E

S
κ  values for the mixtures (MA + 

MS) and (EA + MS) are associated with structure making or more compact packing of 

the dissimilar molecules due to combined effects of hydrogen bond interactions, 

dipole-dipole interactions and interstitial accommodation leading to volume 

contraction for these two binaries. Thus the study of the isentropic compressibilities 

(
S

κ ) and the excess isentropic compressibilities ( E

S
κ ) of different mixtures also stand 

in support of the order of molecular interactions discussed earlier on the basis of 

excess molar volumes and viscosity deviations. E

S
κ  values of the binary mixtures were 

also fitted to the Redlich-Kister polynomial and the corresponding coefficients (ai)
9
 

are:  a0 = 2.3276, a1 = -0.9972, a2 = 0.8128, a3 = 1.2091 for the mixture (MA + EA); 

a0 = -2.218, a1 = -2.3509, a2 = -0.8534, a3 = 1.1304 for the mixture (MA + MS) and a0 

= -1.797, a1 = -1.4454, a2 = 0.0392, a3 = 1.1186 for the mixture (EA + MS) with 

standard deviations (σ) 0.0112, 0.0072, 0.0127 for the mixtures, respectively.  
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Table 9.6. Ultrasonic speeds ( u ), isentropic compressibility ( Sκ ), excess isentropic 

compressibility (
E

S
κ ), refractive indices ( Dn ), molar refractions ( mR ) and excess molar 

refractions (
E

mR ) for the binary mixtures at 298.15 K. 

x1 
)sm( 1−⋅

u
 

Dn  
)(TPa 1

S

−

κ
 

)(TPa 1

E

S

−

κ
 

)mol(m

10

13

6

m

−⋅

⋅R
 

)mol(m

10

13

6E

m

−⋅

⋅R
 

MA (1) + EA (2) 

0 1144.3 1.3712 853.7 0 22.343 0 

0.1167 1126.2 1.3843 881.8 31.4 22.627 0.831 

0.2292 1116.9 1.3925 898.1 51.2 22.675 1.406 

0.3376 1114.7 1.4003 902.4 58.8 22.677 1.916 

0.4422 1115.7 1.4060 9.015 61.5 22.576 2.305 
0.5432 1119.3 1.4072 893.6 57.1 22.190 2.392 

0.6408 1125.1 1.4048 882.3 49.5 21.650 2.309 

0.7351 1130.5 1.3973 870.8 41.6 20.864 1.965 

0.8263 1135.1 1.3869 858.5 33.0 19.922 1.450 

0.9146 1140.1 1.3756 843.6 21.8 18.924 0.865 

1 1148.5 1.3604 818.0 0 17.658 0 

MA (1) + MS (2) 

0 1410.9 1.5352 426.0 0 40.179 0 

0.1858 1373.4 1.5001 459.6 -20.4 35.105 -0.890 

0.3393 1340.0 1.4725 493.6 -36.5 31.213 -1.325 
0.4682 1312.2 1.4480 525.7 -50.5 28.013 -1.622 

0.5779 1290.2 1.4250 555.6 -63.3 25.314 -1.850 

0.6726 1265.8 1.4052 590.5 -68.1 23.117 -1.914 

0.7550 1238.9 1.3887 630.1 -65.2 21.304 -1.872 

0.8274 1211.1 1.3758 675.2 -54.2 19.888 -1.657 

0.8915 1185.8 1.3666 722.3 -38.8 18.808 -1.294 

0.9487 1164.4 1.3608 770.1 -20.5 18.028 -0.785 
1 1148.5 1.3604 818.0 0 17.658 0 

EA (1) + MS (2) 

0 1410.9 1.5352 426.0 0 40.179 0 

0.1610 1358.3 1.5035 472.7 -15.4 36.595 -0.713 

0.3015 1316.1 1.4779 517.1 -27.5 33.671 -1.130 

0.4253 1284.9 1.4546 557.0 -39.2 31.141 -1.452 

0.5352 1256.3 1.4324 598.1 -45.3 28.882 -1.751 

0.6333 1234.4 1.4153 636.1 -50.3 27.102 -1.782 

0.7215 1211.4 1.4017 677.6 -48.2 25.635 -1.675 

0.8012 1188.9 1.3905 723.0 -39.0 24.456 -1.433 

0.8735 1168.2 1.3805 770.0 -25.1 23.447 -1.152 

0.9396 1154.2 1.3762 812.5 -13.2 22.854 -0.566 

1 1144.3 1.3712 853.7 0 22.343 0 

 

 

 

 

 



 

 

Chapter IX 

 281

 

Fig. 9.10. Excess isentropic compressibility (
E

S
κ ) versus the mole fractions (x1) of the first 

component in all the binary mixtures studied at T = 298.15 K. The graphical points represent 

the 
E

S
κ values for the mixtures containing: □, MA; ○, EA; ∆, MS. While dashed lines 

represent the mixtures with CH as the first component and dotted lines represent the mixtures 

with CHN as the first component. Solid lines represent binary mixtures of two esters only. 

Symbols: +, (MA + EA); × , (MA + MS); , (EA + MS). 

 

For the ternary mixtures E

S,123κ  values were observed to follow similar trends as those 

of E

m,123V  values against the composition of the ternary mixtures and E

S,123κ  values at 

298.15 K were also fitted to the Cibulka equation; the coefficients ( ic ) are listed in 

Table 9.4. Figures 9.11, 9.12 and 9.13 illustrate three-dimensional mesh and contour 

plots of the calculated 
E

S,123κ  values of the ternary mixtures against the mole fractions 

of their components and the maximum and minimum values of the so-called ternary 

contributions ( E

BinS,

E

123S, κκ − ) were are given in Table 9.5.  
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Fig. 9.11.  Three-dimensional mesh plots of excess isentropic compressibility (
E

S,123κ ) for the 

ternary mixtures:  A, CH (1) + MA (2) + EA (3); B, CH (1) + MA (2) + MS (3) and C, CH (1) 

+ EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of 

constant
E

S,123κ  values for these mixtures at 298.15 K. 
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Fig. 9.12.  Three-dimensional mesh plots of excess isentropic compressibility (
E

S,123κ ) for the 

ternary mixtures:  A, CHN (1) + MA (2) + EA (3); B, CHN (1) + MA (2) + MS (3) and C, 

CHN (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of 

constant
E

S,123κ  values for these mixtures at 298.15 K. 
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Fig. 9.13.  Three-dimensional mesh plots of excess isentropic compressibility (
E

S,123κ ) for the 

ternary mixture MA (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional 

contour plot of constant 
E

S,123κ  values at 298.15 K. 

 

9.3.4. Excess Molar Refraction 

The study of refractive indices (nD), molar refractions (Rm) and the excess 

molar refractions ( E

mR ) plays an important role in explaining the molecular 

interactions in the multi-component liquid mixtures. The excess molar refractions 

( E

mR ) for the n-component mixtures can be had from relation:
22 

)9()(
n

1i

im,im

E

m ∑
=

−= RxRR  

where Rm,i is the molar refraction of the i
th

 component in the mixture and the molar 

refractions (Rm) for a mixture can be had from the relation:
22

 

)10(
2

1

n

1i

ii

2

D

2

D
m

ρ

∑
=

+

−
=

Mx

n

n
R  

where nD is the refractive index of the mixture and other symbols have their usual 

meanings as detailed in Chapter II. Molar refractions (Rm), excess molar refractions 

( E

mR ) and the experimental refractive indices ( Dn ) for the three binaries and the 

ternary mixtures studied are listed in Tables 9.6 and 9.7, respectively.  
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Table 9.7. Ultrasonic speeds ( u ), isentropic compressibility ( Sκ ), excess isentropic 

compressibility (
E

S
κ ), refractive indices ( Dn ), molar refractions ( mR ) and excess molar 

refractions (
E

mR ) for the ternary mixtures at 298.15 K. 

x1 x2 
)sm( 1−⋅

u
 

Dn  
)(TPa

1

S

−

κ
 

)(TPa 1

E

S

−

κ
 

)mol(m

10

13

6

m

−⋅

⋅R
 

)mol(m

10

13

6E

m

−⋅

⋅R
 

CH (1) + MA (2) + EA (3) 

0.0413 0.0704 1150.0 1.3749 850.82 0.592 22.393 0.158 

0.0819 0.1163 1155.5 1.3786 848.72 1.263 22.540 0.302 

0.1217 0.1613 1161.1 1.3833 846.49 1.779 22.741 0.499 

0.1408 0.2057 1164.3 1.3862 844.85 2.190 22.788 0.651 

0.1596 0.2494 1167.5 1.3899 843.13 2.514 22.874 0.841 
0.1977 0.2921 1172.9 1.3931 840.95 3.016 22.987 0.948 

0.2352 0.3341 1178.5 1.3970 838.42 3.160 23.135 1.091 

0.2720 0.3753 1184.1 1.3997 835.87 3.242 23.219 1.170 

0.3081 0.4159 1189.8 1.4024 833.16 3.151 23.303 1.248 

0.3436 0.4557 1195.5 1.4050 830.41 2.997 23.380 1.321 

0.3786 0.4948 1201.1 1.4068 827.76 2.909 23.415 1.351 

0.4129 0.5333 1206.6 1.4077 825.11 2.801 23.400 1.331 

0.4535 0.4833 1210.8 1.4105 825.26 2.446 23.873 1.351 

0.4947 0.4325 1214.8 1.4110 825.56 2.24 24.232 1.251 

0.5365 0.3811 1218.7 1.4104 825.86 2.044 24.535 1.088 

0.5788 0.3290 1222.6 1.4104 826.02 1.716 24.871 0.951 

0.6218 0.2761 1226.4 1.4103 826.17 1.388 25.202 0.802 

0.6654 0.2224 1230.0 1.4084 826.44 1.189 25.435 0.549 

0.7096 0.1680 1233.6 1.4084 826.53 0.804 25.770 0.391 

0.7544 0.1128 1236.8 1.4092 826.88 0.701 26.147 0.268 

CH (1) + MA (2) + MS (3) 

0.0660 0.1125 1356.3 1.5233 478.10 -0.038 37.332 -0.150 
0.1236 0.1756 1323.2 1.5047 517.33 -0.538 34.921 -0.328 

0.1743 0.2311 1296.4 1.4873 554.54 -0.752 32.791 -0.490 

0.1942 0.2838 1278.5 1.4764 580.85 -0.527 31.300 -0.488 

0.2124 0.3320 1263.2 1.4665 606.22 -0.269 29.979 -0.443 

0.2518 0.3720 1247.6 1.4537 639.36 0.220 28.550 -0.418 

0.2872 0.4081 1235.5 1.4447 670.53 0.450 27.435 -0.221 

0.3194 0.4408 1225.9 1.4391 700.23 0.819 26.588 0.119 
0.3486 0.4705 1218.7 1.4335 728.20 0.915 25.810 0.422 

0.3753 0.4977 1213.1 1.4281 755.02 1.239 25.100 0.701 

0.3999 0.5227 1209.0 1.4213 780.62 1.590 24.371 0.879 

0.4225 0.5457 1206.3 1.4137 804.89 1.799 23.646 0.990 

0.4659 0.4965 1211.5 1.4172 802.49 1.972 24.219 0.991 

0.5104 0.4462 1216.8 1.4206 799.61 1.626 24.789 0.978 

0.5558 0.3948 1221.7 1.4211 796.93 1.448 25.211 0.802 

0.6022 0.3422 1226.5 1.4232 794.06 1.062 25.717 0.698 

0.6497 0.2885 1230.9 1.4245 791.41 0.881 26.182 0.538 

0.6983 0.2335 1235.0 1.4253 788.89 0.792 26.621 0.338 

0.7481 0.1771 1239.1 1.4267 786.11 0.418 27.095 0.158 

0.7991 0.1195 1242.9 1.4305 783.52 0.202 27.707 0.102 
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CH (1) + EA (2) + MS (3) 

0.0672 0.0963 1353.5 1.5215 481.26 -0.497 37.996 -0.299 

0.1271 0.1519 1319.5 1.5012 522.73 -0.802 35.885 -0.580 

0.1809 0.2017 1292.3 1.4846 561.56 -1.210 34.095 -0.728 
0.2034 0.2499 1273.7 1.4746 589.76 -0.843 32.928 -0.699 

0.2243 0.2947 1258.1 1.4645 616.60 -0.724 31.817 -0.698 

0.2676 0.3325 1242.3 1.4534 650.91 -0.341 30.616 -0.621 

0.3072 0.3670 1230.0 1.4447 683.16 -0.156 29.629 -0.441 

0.3435 0.3986 1220.3 1.4389 713.77 0.115 28.870 -0.131 

0.3768 0.4277 1212.6 1.4332 743.03 0.629 28.166 0.150 

0.4076 0.4545 1206.9 1.4279 770.62 0.935 27.528 0.420 
0.4362 0.4794 1202.8 1.4206 796.73 1.109 26.814 0.548 

0.4627 0.5024 1200.0 1.4139 821.53 1.242 26.167 0.681 

0.5059 0.4533 1205.4 1.4193 817.30 1.316 26.630 0.801 

0.5494 0.4039 1210.7 1.4227 812.93 1.215 26.975 0.801 

0.5930 0.3542 1215.9 1.4225 808.43 0.963 27.110 0.590 

0.6369 0.3043 1220.9 1.4250 803.98 0.717 27.389 0.520 

0.6810 0.2542 1225.6 1.4253 799.73 0.655 27.537 0.318 
0.7253 0.2039 1230.3 1.4265 795.38 0.452 27.732 0.162 

0.7698 0.1533 1235.2 1.4261 790.72 -0.087 27.834 -0.090 

0.8145 0.1024 1239.9 1.4292 786.40 -0.321 28.137 -0.141 

CHN (1) + MA (2) + EA (3) 

0.0356 0.0708 1152.2 1.3748 839.59 0.066 22.307 0.098 

0.0711 0.1177 1160.3 1.3789 826.04 0.134 22.397 0.209 

0.1062 0.1642 1168.8 1.3839 812.46 0.245 22.537 0.371 

0.1232 0.2099 1173.1 1.3869 804.97 0.382 22.528 0.481 

0.1401 0.2552 1177.5 1.3897 797.48 0.541 22.508 0.580 

0.1745 0.3006 1186.1 1.3956 783.68 0.659 22.667 0.759 
0.2087 0.3457 1195.1 1.3998 769.73 0.722 22.738 0.850 

0.2427 0.3904 1204.5 1.4042 755.67 0.770 22.819 0.951 

0.2764 0.4349 1214.0 1.4082 741.60 0.904 22.870 1.022 

0.3099 0.4791 1223.9 1.4118 727.35 0.965 22.898 1.070 

0.3432 0.5230 1234.0 1.4157 712.94 0.955 22.930 1.121 

0.3763 0.5666 1244.5 1.4186 698.40 0.922 22.909 1.120 

0.4159 0.5166 1254.1 1.4214 687.46 0.813 23.336 1.092 
0.4565 0.4653 1263.4 1.4237 676.62 0.793 23.731 1.020 

0.4982 0.4126 1273.3 1.4249 665.55 0.559 24.089 0.898 

0.5411 0.3585 1283.2 1.4257 654.56 0.407 24.429 0.745 

0.5851 0.3028 1293.2 1.4247 643.57 0.265 24.680 0.490 

0.6304 0.2457 1303.5 1.4226 632.47 0.014 24.879 0.169 

0.6770 0.1869 1313.8 1.4215 621.36 -0.236 25.126 -0.121 

0.7249 0.1264 1324.3 1.4200 610.36 -0.370 25.359 -0.438 

CHN (1) + MA (2) + MS (3) 

0.0571 0.1136 1374.4 1.5175 459.33 -1.162 36.832 -0.742 

0.1079 0.1787 1353.0 1.4975 482.39 -1.722 34.235 -1.148 

0.1533 0.2369 1334.4 1.4781 504.95 -1.846 31.915 -1.508 

0.1713 0.2919 1318.2 1.4654 524.58 -1.968 30.290 -1.613 

0.1879 0.3423 1303.8 1.4537 543.73 -1.997 28.837 -1.669 

0.2240 0.3858 1291.9 1.4401 564.27 -1.926 27.291 -1.723 

0.2569 0.4255 1281.7 1.4291 584.10 -1.802 25.994 -1.659 

0.2870 0.4617 1272.9 1.4198 603.30 -1.606 24.876 -1.532 

0.3147 0.4951 1265.4 1.4125 621.79 -1.442 23.935 -1.331 
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0.3402 0.5258 1259.0 1.4063 639.62 -1.299 23.109 -1.102 

0.3637 0.5542 1253.5 1.4011 656.89 -1.105 22.385 -0.851 

0.3856 0.5805 1248.9 1.3940 673.51 -1.000 21.613 -0.720 

0.4281 0.5317 1261.6 1.4014 658.59 -0.998 22.311 -0.598 

0.4721 0.4811 1274.6 1.4090 643.68 -0.904 23.035 -0.470 

0.5177 0.4287 1288.1 1.4141 628.64 -0.851 23.653 -0.471 

0.5650 0.3743 1302.2 1.4193 613.43 -0.887 24.293 -0.472 
0.6141 0.3178 1317.0 1.4229 598.02 -1.028 24.870 -0.561 

0.6651 0.2592 1332.4 1.4264 582.57 -1.126 25.461 -0.662 

0.7181 0.1982 1348.6 1.4301 566.98 -1.274 26.083 -0.759 

0.7733 0.1348 1365.6 1.4321 551.33 -1.399 26.638 -0.953 

CHN (1) + EA (2) + MS (3) 

0.0582 0.0972 1370.5 1.5205 463.25 -0.948 37.799 -0.597 

0.1111 0.1546 1348.0 1.5019 488.47 -1.576 35.683 -0.943 

0.1593 0.2070 1328.5 1.4830 513.09 -1.697 33.696 -1.314 

0.1797 0.2574 1311.6 1.4711 534.68 -1.835 32.391 -1.411 

0.1988 0.3044 1296.5 1.4603 555.79 -1.745 31.214 -1.458 
0.2387 0.3456 1284.3 1.4469 577.88 -1.769 29.823 -1.552 

0.2756 0.3837 1273.8 1.4363 599.28 -1.609 28.669 -1.508 

0.3098 0.4190 1265.0 1.4276 619.77 -1.531 27.684 -1.381 

0.3416 0.4519 1257.5 1.4205 639.56 -1.386 26.841 -1.191 

0.3712 0.4825 1251.2 1.4139 658.59 -1.268 26.069 -1.000 

0.3989 0.5110 1245.8 1.4079 677.06 -1.021 25.368 -0.802 

0.4248 0.5378 1241.6 1.3998 694.54 -1.105 24.586 -0.741 
0.4676 0.4884 1254.1 1.4060 677.86 -1.074 25.040 -0.641 

0.5112 0.4381 1267.2 1.4122 661.00 -1.082 25.495 -0.547 

0.5556 0.3868 1280.8 1.4169 644.09 -0.979 25.868 -0.541 

0.6008 0.3346 1295.2 1.4214 626.90 -0.997 26.231 -0.552 

0.6468 0.2815 1310.5 1.4242 609.42 -1.139 26.503 -0.661 

0.6937 0.2273 1326.6 1.4278 591.86 -1.201 26.822 -0.730 

0.7415 0.1721 1343.8 1.4305 574.02 -1.378 27.095 -0.852 

0.7903 0.1158 1362.2 1.4320 555.98 -1.591 27.309 -1.041 

MA (1) + EA (2) + MS (3) 

0.0757 0.0954 1351.2 1.5165 477.58 -0.613 36.935 -0.501 

0.1420 0.1493 1313.3 1.4952 515.93 -1.431 34.137 -0.748 

0.2007 0.1968 1282.0 1.4744 552.93 -1.889 31.661 -0.970 

0.2249 0.2432 1261.2 1.4611 580.56 -1.818 30.165 -1.038 

0.2474 0.2860 1243.8 1.4495 607.40 -1.640 28.893 -0.988 

0.2935 0.3208 1223.5 1.4350 641.31 -1.302 27.229 -0.928 

0.3351 0.3522 1207.1 1.4226 673.85 -0.979 25.839 -0.761 

0.3729 0.3807 1192.1 1.4148 705.19 -0.558 24.748 -0.440 

0.4074 0.4067 1180.2 1.4053 735.43 -0.034 23.691 -0.208 

0.4389 0.4305 1169.8 1.3996 764.32 0.278 22.879 0.159 

0.4679 0.4524 1161.7 1.3914 792.04 0.512 22.025 0.389 

0.4946 0.4726 1154.0 1.3820 818.67 0.654 21.128 0.491 

0.5379 0.4240 1155.3 1.3819 813.67 0.585 20.975 0.440 

0.5808 0.3757 1156.1 1.3817 808.86 0.730 20.804 0.371 
0.6235 0.3277 1156.7 1.3820 803.66 0.537 20.641 0.310 

0.6660 0.2800 1157.9 1.3799 798.34 0.259 20.382 0.152 

0.7082 0.2326 1158.6 1.3761 792.77 -0.220 20.020 -0.109 

0.7501 0.1855 1159.5 1.3727 787.26 -0.609 19.690 -0.340 

0.7917 0.1387 1159.8 1.3697 781.75 -0.951 19.361 -0.570 

0.8331 0.0922 1161.2 1.3657 776.10 -1.390 19.021 -0.811 
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Fig. 9.14.  Three-dimensional mesh plots of excess molar refractions (
E

m,123R ) for the 

ternary mixtures:  A, CH (1) + MA (2) + EA (3); B, CH (1) + MA (2) + MS (3) and C, CH (1) 

+ EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of 

constant
E

m,123R  values for these mixtures at 298.15 K. 
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Fig. 9.15.  Three-dimensional mesh plots of excess molar refractions (
E

m,123R ) for the 

ternary mixtures:  A, CHN (1) + MA (2) + EA (3); B, CHN (1) + MA (2) + MS (3) and C, 

CHN (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional contour plot of 

constant
E

m,123R  values for these mixtures at 298.15 K. 
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Fig. 9.16. Three-dimensional mesh plots of excess molar refractions ( E

m,123R ) for the ternary 

mixture MA (1) + EA (2) + MS (3) and the corresponding pseudo-two dimensional contour 

plot of constant 
E

m,123R  values at 298.15 K. 

 

The experimental refractive indices (nD) of the pure liquids were in good agreement 

with literature values
21,23-25 

at 298.15 K and the trends in excess molar refractions 

( E

mR ) for the binary mixtures as well as for the ternary mixtures with respect to 

compositions were found to be in line with the molecular interactions discussed 

above.  E

mR  values of the binary mixtures were also fitted to the Redlich-Kister 

polynomial and the corresponding coefficients (ai)
9
 are:  a0 = 9.3329, a1 = 1.9361, a2 = 

-0.0747, a3 = -0.1481 for the mixture (MA + EA); a0 = -6.7548, a1 = -3.1881, a2 = -

4.7298, a3 = -3.3078 for the mixture (MA + MS) and a0 = -6.5478, a1 = -4.0145, a2 = -

1.8834, a3 = 1.8893 for the mixture (EA + MS) with standard deviations (σ) 0.0553, 

0.0404, 0.0461 for the mixtures, respectively. E

m,123R  values of the ternary mixtures at 

298.15 K were fitted to the Cibulka equation and the coefficients ( ic ) are listed in 

Table 9.4 Figures 9.14, 9.15 and 9.16 illustrate three-dimensional mesh and contour 

plots of the calculated E

m,123R  values of the ternary mixtures against the mole fractions 

of their components at 298.15 K and the so-called ternary contributions ( E

Bin

E

123m, RR − ) 

were determined; the maximum and minimum values of such contributions are given 

in Table 9.5. 
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9.3.5. Empirical and correlative models 

 During the last few decades, several different symmetrical as well as 

asymmetrical models have been suggested to predict and compare the thermodynamic 

and transport properties of the binary and ternary mixtures. Although some of them 

were originally proposed to predict specific properties like excess molar enthalpy, 

Gibbs free energy, etc., they can also be applied to any other excess or deviation 

properties
26,27

 Most of them are still popular and suitable for the prediction of the 

excess or deviation properties. Herein this chapter symmetrical models proposed by 

Rastogi,
28

 Köhler,
29

 Jacob-Fitzner,
30

 Colinet
31

 and the asymmetrical models of Tsao-

Smith,
32

 Toop,
33

 Scatchard,
34

  and Mathieson-Thyne
35

 were used to predict different 

excess or deviation properties of the ternary solutions by utilizing the available data of 

the constituent binary mixtures. A brief detail of these models has already been given 

in Chapter II.  

 

Table 9.8. Standard deviations between the experimental and calculated excess ort 

deviation properties for the ternary mixtures derived from different semi-empirical 

equations at 298.15 K. 

Various models 

Standard deviations (σ ) 

aV )( E

m,123  b)( 123η∆  c
κ )( E

S,123  
dR )( E

m,123  

 CH (1) + MA (2) + EA (3) 

Rastogi 0.4693 0.0092 0.2530 0.3303 

Köhler 0.0958 0.0328 0.3707 0.2677 

Jacob-Fitzner 0.1390 0.0230 0.3324 0.3771 

Colinet 0.1633 0.0365 0.3947 0.2242 

Tsao-Smith 0.3626 0.0488 0.4896 0.3681 

Toop 0.2277 0.0315 0.3828 0.2865 

Scatchard  0.3160 0.0098 0.2386 0.6089 

Mathieson-Thyne 10.8554 0.4066 2.3926 1.2218 

 CH (1) + MA (2) + MS (3) 

Rastogi 0.5049 0.0257 0.0683 0.2101 

Köhler 0.0918 0.0092 0.0673 0.0847 

Jacob-Fitzner 0.1632 0.0056 0.1024 0.0847 

Colinet 0.1048 0.0096 0.0603 0.1127 
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Tsao-Smith 0.2003 0.0169 0.0963 0.3611 

Toop 0.1060 0.0059 0.0579 0.0758 

Scatchard  0.4123 0.0129 0.1144 0.4478 

Mathieson-Thyne 3.5110 0.1546 0.8400 1.5583 

 CH (1) + EA (2) + MS (3) 

Rastogi 0.2741 0.0217 0.1288 0.2424 

Köhler 0.0548 0.0062 0.1520 0.2464 

Jacob-Fitzner 0.1908 0.0021 0.1085 0.1438 

Colinet 0.0619 0.0073 0.1590 0.2841 

Tsao-Smith 0.1603 0.0123 0.1852 0.4950 

Toop 0.1592 0.0039 0.1182 0.2294 

Scatchard  0.3198 0.0126 0.0689 0.2774 

Mathieson-Thyne 2.0359 0.1222 0.3039 1.2738 

 CHN (1) + MA (2) + EA (3) 

Rastogi 0.0802 0.0151 0.3677 0.5363 

Köhler 0.1974 0.0476 
0.2511 0.1335 

Jacob-Fitzner 0.2133 0.0350 
0.2845 0.1335 

Colinet 0.2012 0.0520 
0.2411 0.2092 

Tsao-Smith 0.3930 0.0662 
0.1938 0.5297 

Toop 0.2073 0.0474 0.2396 0.2308 

Scatchard  0.3019 0.0268 
0.3917 0.5389 

Mathieson-Thyne 1.5233 0.8582 2.5221 11.7386 

 CHN (1) + MA (2) + MS (3) 

Rastogi 0.2162 0.0492 0.0606 0.6195 

Köhler 0.0956 0.068 0.1033 0.1518 

Jacob-Fitzner 0.2047 0.0772 0.1408 0.1518 

Colinet 0.1122 0.0674 0.0909 0.178 

Tsao-Smith 0.2229 0.0633 0.111 0.2913 

Toop 0.0956 0.0746 0.0918 0.1018 

Scatchard  0.4148 0.0886 0.1594 0.5504 

Mathieson-Thyne 1.6864 0.1469 0.9196 3.6363 

 CHN (1) + EA (2) + MS (3) 

Rastogi 0.2268 0.0375 0.9818 0.3649 

Köhler 0.1029 0.0474 
0.2326 0.141 

Jacob-Fitzner 0.1677 0.0559 
0.9315 0.141 
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Colinet 0.1161 0.0465 
0.2415 0.1685 

Tsao-Smith 0.1904 0.0439 
0.9464 0.2718 

Toop 0.1037 0.0535 0.9353 0.1064 

Scatchard  0.3116 0.0627 0.9798 0.3982 

Mathieson-Thyne 1.4480 0.0613 0.2893 1.7002 

 MA (1) + EA (2) + MS (3) 

Rastogi 0.2270 0.0134 0.2270 0.626 

Köhler 0.2577 0.0220 0.2577 0.1152 

Jacob-Fitzner 0.5733 0.0332 0.5733 0.2926 

Colinet 0.2892 0.0212 0.2824 0.0832 

Tsao-Smith 0.4242 0.0230 0.4242 0.2142 

Toop 0.5491 0.0312 0.5491 0.2553 

Scatchard  0.5877 0.0354 0.5887 0.3573 

Mathieson-Thyne 6.1063 0.2098 0.2893 6.1074 

Units: )molm(10, 136 −⋅a ; mPa.s,b ; 
1TPa, −

c ; )molm(10, 136 −⋅d  

 

With these models lower standard deviations (σ ) as given in Table 9.9 are usually 

obtained for those ternary properties for which the ternary contributions are of little or 

no importance; therefore the lower standard deviations (σ ) stand in support of the 

view that the ternary mixtures studied are characterized by non-homogeneity and 

moderate to weak interactions. Again the least σ  values for the symmetric model 

given by Khöler suggest it to be most suitable for the prediction of E

m,123V  for all the 

studied ternaries compared to other models.  However, it is observed that almost all 

the models are suitable for the prediction of 
123η∆ values. 

9.4. Conclusion 

 Based on various excess or deviation properties like E

mV , η∆ , etc., for the three 

binary mixtures (MA + EA), (MA + MS) and (EA + MS), it can be concluded that the 

degree of molecular interactions in these binary mixtures follows the order: (MA + 

MS) > (EA + MS) > (MA + EA). The excess partial molar volumes (
E0,

m,1V and 
E0,

m,2V ) at 

infinite dilution of these binary mixtures also support the above order of molecular 

interactions. Various excess or deviation properties of the studied ternary mixtures 

(CH + MA + EA), (CH + MA + MS), (CH + EA + MS), (CHN + MA + EA), (CHN + 
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MA + MS), (CHN + EA + MS) and (MA + EA + MS) suggest that these mixtures are 

characterized by the nature of their mixing components as well as by the nature of 

molecular interactions in the associated binary mixtures. These excess or deviation 

properties of the ternary mixtures were fitted to Cibulka equation and the so called 

ternary contributions )( E

Bin

E

m,123 XX − were derived; although these contributions are 

rather small but their maximum and minimum values suggest non-homogeneity in 

these ternary mixtures and the binary contributions )( E

BinX play a significant role in 

characterizing the ternary mixtures studied. 
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CHAPTER X 

Thermophysical properties of the quaternary mixtures of cyclohexane and 

cyclohexanone with some esters at T = (298.15-318.15) K 

 

10.1. Introduction 

Multi-component liquid mixtures due to their unusual behavior have drawn 

much attention recently. It is because they often exhibit properties that cannot be 

found in pure liquids. Again the liquid mixtures (binary/ternary/quaternary) have 

often been preferred in a number of engineering and scientific applications as in 

chemical industries, process design and in subsequent operations like heat transfer, 

mass transfer, fluid flow, etc. There is always a quest for better solvents or solvent 

mixtures from both theoretical and practical applications as in paints, varnishes, 

printing ink, etc. Thus the research works on pure liquids and liquid mixtures are 

never ending. Reliable thermodynamic, transport and acoustic properties of multi-

component liquid mixtures are important to both the chemists and the chemical 

engineers; because such properties are of primary interest for designing and process 

optimization in chemical and other industries
1-3

 as well as these properties reflect the 

binding forces amongst the liquids and found to be very much sensitive to the liquid 

state structure and composition.
4
 Thus the importance of these properties are not only 

for the fundamental understanding of mixing processes, but also for understanding the 

molecular interactions operating between the component liquids. Experimental 

determinations of these properties for various binary and ternary mixtures are 

frequently available in the literature and various data banks. But such determinations 

for the quaternary systems are scarce and sufficient in the literature. Hence in this 

chapter thermophysical properties of two quaternary mixtures consisting of 

cyclohexane (CH) and cyclohexanone (CHN) with methyl acetate (MA), ethyl acetate 

(EA) and methyl salicylate (MS) at 298.15, 308.15 and 318.15 K under ambient 

pressure were studied. 

10.2. Experimental section 

10.2.1. Materials 

All the chemicals involved in this work were purchased from Sigma-Aldrich, 

Germany (Reagent Plus, purity > 99%) and were used as received from the vendor. 
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The purity of all the chemicals used was ascertained by comparing their densities and 

viscosities at the experimental temperatures with the available literature data, already 

presented in our previous chapters (VII and VIII). 

10.2.2. Apparatus and procedure 

The quaternary mixtures were prepared afresh before use by mass in specially 

designed air-tight bottles with stopper inside a dry box at 298.15 K so as to cover the 

entire composition range for most of the components as much as possible. The 

measurement of densities ( ρ ), viscosities (η ), ultrasonic speeds of sound (u ) and 

refractive indices ( Dn ) under the experimental temperatures were carried out as 

described in the previous chapters. An average of the triplicate measurements for all 

the properties were taken into consideration and adequate precautions were taken to 

minimize evaporation losses during all the measurements.  

10.3. Results and discussion 

The experimental densities and viscosities of two quaternary mixtures, i.e., 

(CH + MA + EA + MS) and  (CHN + MA + EA + MS) studied at 298.15, 308.15 and 

318.15 K were used to determine the excess molar volumes ( E

mV ) and viscosity 

deviations ( η∆ ). Also the experimental ultrasonic speeds (u ) of sound, the refractive 

indices ( Dn ) and the other derived properties for the above quaternary mixtures were 

determined. All these properties for the associated binary and ternary mixtures have 

already been presented in previous chapters (VII, VIII and IX). 

10.3.1. Excess molar volumes  

 Excess molar volumes ( E

mV ) were calculated for the quaternary mixtures using 

the following expression:       

  (1)              
11n

1i i

ii

E

m ∑
=









−=

ρρ
MxV  

where ρ is the density of the mixture and n, xi, Mi and ρi are the number of 

components in the mixture, the mole fraction, the molar mass and the density of the i
th

 

component in the mixture, respectively. The estimated uncertainty for excess molar 

volumes ( E

mV ) was evaluated to be ± 0.005 -13  molcm ⋅ .  
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Table 10.1. Densities ( ρ ), viscosities ( η ), excess molar volumes (
E

mV ) and viscosity 

deviations ( η∆ ) for the quaternary mixtures studied at T = (298.15 to 318.15) K. 

 

x1 x2 x3 
)mkg(

10

3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

)mol(m

10

13

6E

m

−⋅

⋅V
 

s)mPa( ⋅

∆η
 

CH (1) + MA (2) + EA (3) + MS (4) 

T = 298.15 K 

0.0599 0.6802 0.1716 0.94547 0.3993 -0.347 -0.063 

0.0988 0.1622 0.6296 0.93076 0.4391 -0.512 -0.079 
0.1595 0.2720 0.1271 1.03265 0.7152 -0.164 -0.104 

0.1446 0.6246 0.1935 0.90237 0.3847 0.425 -0.079 

0.1979 0.1000 0.5988 0.91052 0.4641 -0.185 -0.093 

0.2820 0.0763 0.2182 1.00043 0.7601 0.099 -0.136 

0.2441 0.5201 0.1458 0.90373 0.4379 0.642 -0.103 

0.2743 0.3118 0.2621 0.91749 0.4946 0.523 -0.118 

0.2865 0.1809 0.4563 0.88469 0.4549 0.563 -0.114 
0.3664 0.2360 0.0934 0.95612 0.6646 0.389 -0.139 

0.3579 0.2466 0.2695 0.89296 0.5076 0.814 -0.127 

0.3667 0.3474 0.2239 0.86734 0.4529 1.172 -0.129 

0.4481 0.1306 0.2306 0.90273 0.5971 0.652 -0.150 

0.4480 0.1576 0.3058 0.86420 0.5094 1.039 -0.144 

0.4706 0.1902 0.2698 0.85352 0.4949 1.222 -0.151 

0.5393 0.1532 0.1396 0.88354 0.6108 0.737 -0.163 

0.5048 0.3488 0.1135 0.83525 0.4691 1.558 -0.152 

0.5442 0.3093 0.0963 0.83794 0.4976 1.372 -0.159 

0.6484 0.0776 0.0978 0.87477 0.6771 0.364 -0.178 

0.6682 0.1139 0.0639 0.86497 0.6643 0.430 -0.176 

T = 308.15 K 

0.0599 0.6802 0.1716 0.93358 0.3391 -0.315 -0.082 

0.0988 0.1622 0.6296 0.91860 0.3704 -0.471 -0.099 

0.1595 0.2720 0.1271 1.02141 0.6097 -0.121 -0.133 

0.1446 0.6246 0.1935 0.89075 0.3195 0.467 -0.102 

0.1979 0.1000 0.5988 0.89898 0.3899 -0.176 -0.112 
0.2820 0.0763 0.2182 0.98946 0.6507 0.130 -0.155 

0.2441 0.5201 0.1458 0.89031 0.3661 0.917 -0.122 

0.2743 0.3118 0.2621 0.90552 0.4056 0.644 -0.146 

0.2865 0.1809 0.4563 0.87216 0.3673 0.739 -0.144 

0.3664 0.2360 0.0934 0.94535 0.5651 0.418 -0.156 

0.3579 0.2466 0.2695 0.88164 0.4138 0.889 -0.155 

0.3667 0.3474 0.2239 0.85319 0.3754 1.592 -0.146 

0.4481 0.1306 0.2306 0.89204 0.5046 0.674 -0.162 

0.4480 0.1576 0.3058 0.85180 0.4273 1.273 -0.155 

0.4706 0.1902 0.2698 0.84240 0.4033 1.312 -0.172 

0.5393 0.1532 0.1396 0.87212 0.5051 0.879 -0.183 

0.5048 0.3488 0.1135 0.82170 0.3861 1.977 -0.167 

0.5442 0.3093 0.0963 0.82694 0.4162 1.483 -0.167 

0.6484 0.0776 0.0978 0.86420 0.5544 0.419 -0.201 

0.6682 0.1139 0.0639 0.85465 0.5441 0.463 -0.198 

T = 318.15 K 

0.0599 0.6802 0.1716 0.91919 0.3148 -0.126 -0.065 

0.0988 0.1622 0.6296 0.90437 0.3455 -0.236 -0.082 
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0.1595 0.2720 0.1271 1.00979 0.5821 -0.072 -0.091 

0.1446 0.6246 0.1935 0.87858 0.2914 0.481 -0.086 

0.1979 0.1000 0.5988 0.88706 0.3507 -0.156 -0.104 

0.2820 0.0763 0.2182 0.97803 0.5926 0.199 -0.135 

0.2441 0.5201 0.1458 0.87846 0.3256 0.958 -0.110 

0.2743 0.3118 0.2621 0.89187 0.3669 0.915 -0.127 

0.2865 0.1809 0.4563 0.86074 0.3340 0.750 -0.125 
0.3664 0.2360 0.0934 0.93234 0.4923 0.676 -0.151 

0.3579 0.2466 0.2695 0.87049 0.3623 0.902 -0.145 

0.3667 0.3474 0.2239 0.84164 0.3154 1.665 -0.148 

0.4481 0.1306 0.2306 0.88104 0.4232 0.707 -0.169 

0.4480 0.1576 0.3058 0.84039 0.3519 1.359 -0.165 

0.4706 0.1902 0.2698 0.83050 0.3382 1.466 -0.171 

0.5393 0.1532 0.1396 0.86152 0.4205 0.894 -0.186 

0.5048 0.3488 0.1135 0.81103 0.3110 1.999 -0.175 

0.5442 0.3093 0.0963 0.81617 0.3269 1.521 -0.185 

0.6484 0.0776 0.0978 0.85230 0.4584 0.632 -0.204 

0.6682 0.1139 0.0639 0.84418 0.4425 0.492 -0.206 

CHN (1) + MA (2) + EA (3) + MS (4) 

T = 298.15 K 

0.0518 0.6861 0.1731 0.95052 0.4332 0.344 -0.046 

0.0860 0.1646 0.6386 0.94892 0.4788 -0.504 -0.073 

0.1400 0.2783 0.1300 1.06722 0.8370 -0.595 -0.080 

0.1267 0.6377 0.1975 0.92797 0.4350 0.763 -0.072 

0.1747 0.1028 0.6161 0.95130 0.5514 -0.726 -0.082 

0.2520 0.0795 0.2273 1.05927 0.9947 -0.741 -0.106 

0.2169 0.5388 0.1510 0.95565 0.5372 0.235 -0.096 

0.2449 0.3244 0.2728 0.97466 0.6283 -0.067 -0.108 

0.2562 0.1886 0.4757 0.94350 0.5790 -0.184 -0.109 
0.3316 0.2490 0.0985 1.03410 0.9161 -0.651 -0.132 

0.3235 0.2598 0.2839 0.96786 0.6938 -0.169 -0.118 

0.3319 0.3665 0.2362 0.94429 0.6239 0.237 -0.122 

0.4105 0.1395 0.2463 0.99470 0.8879 -0.607 -0.144 

0.4105 0.1683 0.3266 0.95665 0.7617 -0.339 -0.133 

0.4326 0.2038 0.2892 0.95068 0.7534 -0.210 -0.145 

0.5011 0.1660 0.1512 0.99287 0.9980 -0.646 -0.154 
0.4666 0.3757 0.1223 0.94173 0.7376 0.069 -0.146 

0.5060 0.3352 0.1044 0.95179 0.8084 -0.206 -0.159 

0.6127 0.0854 0.1078 0.99993 1.2460 -0.846 -0.159 

0.6333 0.1259 0.0706 0.99477 1.2393 -0.838 -0.161 

T = 308.15 K 

0.0518 0.6861 0.1731 0.93855 0.3443 0.394 -0.092 

0.0860 0.1646 0.6386 0.93654 0.3846 -0.454 -0.113 

0.1400 0.2783 0.1300 1.05562 0.7095 -0.535 -0.115 

0.1267 0.6377 0.1975 0.91605 0.3429 0.823 -0.115 

0.1747 0.1028 0.6161 0.93891 0.4364 -0.666 -0.130 

0.2520 0.0795 0.2273 1.04751 0.8256 -0.661 -0.152 

0.2169 0.5388 0.1510 0.94361 0.4189 0.315 -0.147 

0.2449 0.3244 0.2728 0.96284 0.4991 -0.013 -0.156 

0.2562 0.1886 0.4757 0.93121 0.4635 -0.103 -0.147 

0.3316 0.2490 0.0985 1.02217 0.7696 -0.551 -0.154 

0.3235 0.2598 0.2839 0.95565 0.5772 -0.069 -0.139 

0.3319 0.3665 0.2362 0.93214 0.5151 0.337 -0.142 
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0.4105 0.1395 0.2463 0.98262 0.7192 -0.507 -0.182 

0.4105 0.1683 0.3266 0.94404 0.6204 -0.194 -0.160 

0.4326 0.2038 0.2892 0.93813 0.6137 -0.065 -0.169 

0.5011 0.1660 0.1512 0.98051 0.8212 -0.501 -0.175 

0.4666 0.3757 0.1223 0.92934 0.6081 0.214 -0.160 

0.5060 0.3352 0.1044 0.94021 0.6567 -0.144 -0.180 

0.6127 0.0854 0.1078 0.98690 1.0173 -0.611 -0.183 
0.6333 0.1259 0.0706 0.98348 1.0115 -0.788 -0.183 

T = 318.15 K 

0.0518 0.6861 0.1731 0.92569 0.2796 0.456 -0.113 

0.0860 0.1646 0.6386 0.92367 0.3213 -0.362 -0.131 

0.1400 0.2783 0.1300 1.04381 0.6087 -0.443 -0.138 

0.1267 0.6377 0.1975 0.90394 0.2775 0.855 -0.132 

0.1747 0.1028 0.6161 0.92698 0.3452 -0.634 -0.166 

0.2520 0.0795 0.2273 1.03678 0.6958 -0.629 -0.183 

0.2169 0.5388 0.1510 0.93132 0.3360 0.415 -0.167 

0.2449 0.3244 0.2728 0.95132 0.4018 0.035 -0.183 
0.2562 0.1886 0.4757 0.91927 0.3702 -0.020 -0.175 

0.3316 0.2490 0.0985 1.01070 0.6471 -0.429 -0.173 

0.3235 0.2598 0.2839 0.94448 0.4776 -0.023 -0.157 

0.3319 0.3665 0.2362 0.91912 0.4137 0.579 -0.166 

0.4105 0.1395 0.2463 0.97064 0.5767 -0.316 -0.218 

0.4105 0.1683 0.3266 0.93188 0.5001 -0.002 -0.187 

0.4326 0.2038 0.2892 0.92730 0.4963 -0.009 -0.191 
0.5011 0.1660 0.1512 0.96984 0.6695 -0.409 -0.201 

0.4666 0.3757 0.1223 0.91831 0.4915 0.306 -0.177 

0.5060 0.3352 0.1044 0.92969 0.5194 -0.089 -0.207 

0.6127 0.0854 0.1078 0.97497 0.8316 -0.319 -0.208 

0.6333 0.1259 0.0706 0.97337 0.8180 -0.696 -0.213 

 

The molecular interactions for the various associated binary and ternary mixtures in 

terms of various excess or deviation properties have already been discussed in 

previous chapters (VII, VIII and IX). The experimental densities, viscosities, excess 

molar volumes and viscosity deviations of the quaternary mixtures (CH + MA + EA + 

MS) and (CHN + MA + EA + MS) studied at 298.15, 308.15 and 318.15 K under 

ambient pressure were presented in Table 10.1. A perusal of Table 10.1 shows that the 

E

mV  values for the mixture (CH + MA + EA + MS) are mostly positive over the 

composition range studied particularly with higher mole fractions (x1) of CH at all the 

experimental temperatures. For the mixture (CHN + MA + EA + MS), E

mV  values are 

mostly negative over the composition range studied at all the experimental 

temperatures with some positive E

mV  values when the mole fractions (x4) of MS are 

very low in this mixture. Positive E

mV  values generally suggest the dominance of 

dispersion forces and weak dipole-dipole interactions in the mixtures but the negative 
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E

mV  values suggest the dominance of chemical or specific interactions along with the 

geometrical fitting of one component into another’s structure due to appreciable 

difference in their molar volumes.
5
 Therefore the results based on E

mV values suggest 

the dominance of dispersion forces and weak dipole-dipole interactions in the mixture 

(CH + MA + EA + MS) but the dominance of chemical or specific interactions as 

well as geometrical fitting on mixing in the mixture (CHN + MA + EA + MS). Again 

the E

mV values for both the quaternary mixtures increase in magnitude as the 

experimental temperature increases; this fact suggests decrease in the degree of 

molecular interactions in these mixtures at higher temperatures. Previously as 

discussed in chapter IX that the ternary mixture (MA + EA + MS) is characterized by 

negative E

m,123V  values when the mole fractions of MS are higher than those of the 

alkyl acetates at all the experimental temperatures. This fact is quite obvious from the 

nature of the mixing components for this ternary mixture and the molecular 

interactions in the associated binary mixtures. Addition of CH or CHN to this ternary 

mixture results into the formation of the two quaternary mixtures studied herein this 

chapter. So the trends in E

mV values for the quaternary mixtures can simply be 

attributed to the nature of CH and CHN. 

The E

mV values for the quaternary mixtures at 298.15 K were fitted to Cibulka 

equation
6
 extended for quaternary mixtures as follows: 

      )2()( 34231214321

E

Bin

E

1234 xcxcxccxxxxXX ++++=  

           )3(E

34m,

E

24m,

E

23m,

E

23m,

E

13m,

E

12m,

E

Bin XXXXXXX +++++=         

where E

m

E

1234 VX = , ∑= E

ijm,

E

Bin XX and E

ijm,

E

ij VX = . E

ijm,V values were obtained by 

substituting the Redlich-Kister coefficients (ai) of the constituent binary mixtures 

(these coefficients have already been presented in chapters VII, VII and IX) and the 

mole fractions of their components in the quaternary mixtures in the Redlich-Kister 

polynomial.
7
 The coefficients ( ic ) were calculated by multi-linear regression and are 

listed in Table 10.2.  
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Table 10.2. Coefficients  ( ic ) of the Cibulka equation for different excess or deviation 

properties of the quaternary mixtures at 298.15 K. 

Mixture property 1c  2c  3c  4c  σ  

CH (1) + MA (2) + EA (3) + MS (4) 

)molm(10 136E

m

−⋅⋅V  -1264.025 925.049 338.704 1668.307 0.408 

)smPa( ⋅∆η  -9.498 -38.638 22.839 -56.401 0.036 

)TPa( 1E

S

−
κ  -1228.126 1700.621 1883.897 1111.411 0.331 

)molm(10 136E

m

−⋅⋅R  6458.734 -3435.095 -7436.126 -4770.848 1.933 

 CHN (1) + MA (2) + EA (3) + MS (4) 

)molm(10 136E

m

−⋅⋅V  -1401.404 -470.698 3572.244 4625.905 0.855 

)smPa( ⋅∆η  26.857 -117.397 60.608 -43.650 0.029 

)TPa( 1E

S

−
κ  -514.139 362.650 1006.065 403.163 0.258 

)molm(10 136E

m

−⋅⋅R  6975.414 -7553.246 -9412.688 -5432.255 1.401 

 

 

 

Fig 10.1.  Three-dimensional mesh plots of excess molar volumes (
E

mV ) for the quaternary 

mixtures:  A, CH (1) + MA (2) + EA (3) + MS (4); B, CHN (1) + MA (2) + EA (3) + MS (4) 

at 298.15 K. Adjacent colour map represents the
E

mV  values for these quaternary mixtures. 
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Figure 10.1 illustrate the three-dimensional mesh plots of E

mV values of the quaternary 

mixtures calculated from Eqs (2) and (3) against the mole fractions of their 

components in the quaternary mixtures at 298.15 K. 

10.3.2. Viscosity Deviations  

The viscosity deviations ( η∆ ) of the quaternary mixtures were obtained from 

the differences between the measured viscosity (η ) and the ideal viscosity ( idη ) as 

follows:  

(4)               idηηη −=∆  

and the ideal viscosity ( idη ) is given by:
8
      

(5)              )lnexp( id

n

1i

iid ηη ∑
=

= x  

where n is the number of components in a mixture and other symbols have their usual 

meanings as expressed in previous chapters. The uncertainty in viscosity deviation 

( η∆ ) was evaluated to be ±0.004 mPa.s. The η∆  values were found to be negative for 

both the mixtures (CH + MA + EA + MS) and (CHN + MA + EA + MS) over the 

composition range studied at all the experimental temperatures (Table 10.1). The 

correlation, that the E

mV  values are positive when η∆ values are negative and vice-

versa for many multi-component liquid mixtures,
9
 was observed for the mixture (CH 

+ MA + EA + MS). But for the mixture (CHN + MA + EA + MS), E

mV  values are 

more negative than the η∆ values. So the η∆ values again suggest the dominance of 

dispersion forces and weak dipole-dipole interactions in the mixture (CH + MA + EA 

+ MS) but the dominance of chemical or specific interactions as well as geometrical 

fitting on mixing in the mixture (CHN + MA + EA + MS). Again for both the 

quaternary mixtures, η∆ values decrease as the experiment temperature increases 

indicating weaker interactions between the dissimilar molecules of the respective 

mixtures at higher temperatures (Table 10.1). η∆  values of the quaternary mixtures at 

298.15 K were also fitted to the Cibulka equation (Eq. 2) in a fashion similar to 

E

mV values and the coefficients ( ic ) are listed in Table 10.2. Figure 10.2 illustrates 

three-dimensional mesh plots of the calculated η∆  values of the quaternary mixtures 

against the mole fractions of their components at 298.15 K. 
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Fig 10.2.  Three-dimensional mesh plots of viscosity deviations ( η∆ ) for the quaternary 

mixtures:  A, CH (1) + MA (2) + EA (3) + MS (4); B, CHN (1) + MA (2) + EA (3) + MS (4) 

at 298.15 K. Adjacent colour map represents the η∆  values for these quaternary mixtures. 

 

10.3.3. Excess Isentropic Compressibility 

 The experimental speeds of sound (u) and the densities (ρ) of the quaternary 

mixtures at 298.15 K were used to determine the isentropic compressibilities (
S

κ ) and 

the excess isentropic compressibilities ( E

S
κ ) of the mixtures. The excess isentropic 

compressibilities ( E

S
κ ) were obtained from the relation: 

   )6(id

SS

E

S κκκ −=  

where κs is the isentropic compressibility and was calculated using the Laplace 

relation, κs = 1/ρu
2

  and κs
id

 is the isentropic compressibility for an ideal mixture.  
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Table 10.3. Ultrasonic speeds ( u ), isentropic compressibility ( Sκ ) and excess 

isentropic compressibility ( E

S
κ ) for the quaternary mixtures at 298.15 K. 

 

x1 x2 x3 
)sm( 1−⋅

u
 

)(TPa
1

S

−

κ
 

)(TPa 1

E

S

−

κ
 

CH (1) + MA (2) + EA (3) + MS (4) 

0.0599 0.6802 0.1716 1141.4 811.8 36.8 

0.0988 0.1622 0.6296 1177.2 775.3 -10.0 

0.1595 0.2720 0.1271 1279.2 591.8 -25.4 

0.1446 0.6246 0.1935 1163.8 818.2 12.9 

0.1979 0.1000 0.5988 1163.6 811.1 22.8 

0.2820 0.0763 0.2182 1268.6 621.1 -15.2 
0.2441 0.5201 0.1458 1177.8 797.7 21.3 

0.2743 0.3118 0.2621 1194.6 763.7 11.8 

0.2865 0.1809 0.4563 1168.6 827.7 30.7 

0.3664 0.2360 0.0934 1256.8 662.1 -17.1 

0.3579 0.2466 0.2695 1198.6 779.5 13.2 

0.3667 0.3474 0.2239 1172.4 838.8 42.9 

0.4481 0.1306 0.2306 1209.2 757.6 20.4 

0.4480 0.1576 0.3058 1187.6 820.4 33.3 

0.4706 0.1902 0.2698 1184.4 835.2 39.9 

0.5393 0.1532 0.1396 1205.2 779.2 33.9 

0.5048 0.3488 0.1135 1169.6 875.2 67.4 

0.5442 0.3093 0.0963 1178.4 859.4 60.6 

0.6484 0.0776 0.0978 1226.8 759.5 17.1 

0.6682 0.1139 0.0639 1230.8 763.2 12.1 

CHN (1) + MA (2) + EA (3) + MS (4) 

0.0518 0.6861 0.1731 1164.9 775.3 18.3 

0.0860 0.1646 0.6386 1186.4 748.7 -10.0 

0.1400 0.2783 0.1300 1310.7 545.4 -26.9 

0.1267 0.6377 0.1975 1182.6 770.5 8.5 

0.1747 0.1028 0.6161 1203.5 725.8 -9.4 

0.2520 0.0795 0.2273 1321.1 540.9 -18.6 

0.2169 0.5388 0.1510 1204.7 721.0 17.1 

0.2449 0.3244 0.2728 1241.7 665.4 -8.4 
0.2562 0.1886 0.4757 1222.8 708.8 -9.2 

0.3316 0.2490 0.0985 1323.2 552.3 -22.9 

0.3235 0.2598 0.2839 1254.2 656.8 -8.2 

0.3319 0.3665 0.2362 1232.8 696.8 6.8 

0.4105 0.1395 0.2463 1293.8 600.6 -11.5 

0.4105 0.1683 0.3266 1264.5 653.7 -8.2 

0.4326 0.2038 0.2892 1266.5 655.8 -6.7 

0.5011 0.1660 0.1512 1311.2 585.8 -6.8 

0.4666 0.3757 0.1223 1264.0 664.6 4.9 

0.5060 0.3352 0.1044 1289.0 632.3 -7.4 

0.6127 0.0854 0.1078 1347.9 550.4 -9.4 

0.6333 0.1259 0.0706 1348.7 552.6 -8.3 
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According to Benson and Kiyohara
10

 and Acree,
11

 κs
id

 for a n-component mixture is 

given by the relation: 

)7(

)(

)()(
n

1i
n

1i

P.ii

n

1i

n

1i

2

ii

*

im,i

iP,

2

i

*

im,

iS,i

id

S ∑
∑

∑ ∑

=

=

= =



















−











+=

cx

VxT

c

TV
ατ

α
κτκ  

where τi is the volume fraction of the i
th

 component in the mixture, κs,i, Vm,i
*
, αi and 

cp,i are the isentropic compressibility, molar volume, isobaric expansion coefficient 

and molar isobaric heat capacity of the pure components, respectively. Isobaric 

expansion coefficients (αi) were obtained from experimental densities and cp,i values 

were adapted from the literature.
12

 The parameters u, κs and E

S
κ  at 298.15 K are listed 

in Table 10.3. The experimental speeds of sound of each pure liquid were in good 

agreement with the literature values
13-17

 at 298.15 K. For the quaternary mixtures E

Sκ  

values were observed to follow similar trends as those of E

mV  values against the 

composition of the mixtures at 298.15 K and these E

Sκ values were also fitted to the 

Cibulka equation; the coefficients ( ic ) are listed in Table 10.2. Figure 10.3 illustrates 

three-dimensional mesh plots of the calculated E

Sκ  values of the quaternary mixtures 

against the mole fractions of their components at 298.15 K.  

10.3.4. Excess Molar Refraction 

The excess molar refractions ( E

mR ) for a n-component mixture can be had from 

relation:
18 

)8()(
n

1i

im,im

E

m ∑
=

−= RxRR  

where Rm,i is the molar refraction of the i
th

 component in the mixture and the molar 

refractions (Rm) for a mixture can be had from the relation:
18

 

)9(
2

1

n

1i

ii

2

D

2

D
m

ρ

∑
=

+

−
=

Mx

n

n
R  

where nD is the refractive index of the mixture and other symbols have their usual 

meanings as detailed in Chapter II. Molar refractions (Rm), excess molar refractions 

( E

mR ) and the experimental refractive indices ( Dn ) for the quaternary mixtures studied  
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Fig 10.3.  Three-dimensional mesh plots of excess isentropic compressibility (
E

Sκ ) for the 

quaternary mixtures:  A, CH (1) + MA (2) + EA (3) + MS (4); B, CHN (1) + MA (2) + EA 

(3) + MS (4). Adjacent colour map represents E

Sκ  values for these quaternary mixtures. 

 

at 298.15 K are listed in Table 10.4. These E

mR  values of the quaternary mixtures were 

fitted to the Cibulka equation and the coefficients ( ic ) are listed in Table 10.2 Figure 

10.4 illustrates three-dimensional mesh plots of the calculated E

mR  values of the 

quaternary mixtures against the mole fractions of their components at 298.15 K.  

10.3.5. Empirical and correlative models 

 During the last few decades, several different symmetrical as well as 

asymmetrical models have been suggested to predict and compare the thermodynamic 

and transport properties of multi-component mixtures. Although some of them were 

originally proposed to predict specific properties like excess molar enthalpy,  
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Table 10.4. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar 

refractions ( E

mR ) for the quaternary mixtures at 298.15 K. 

x1 x2 x3 Dn  
)mol(m

10

13

6
m

−
⋅

×R
 

)mol(m

10

13

6E
m

−
⋅

×R
 

CH (1) + MA (2) + EA (3) + MS (4) 

0.0599 0.6802 0.1716 1.3864 1.386 -0.240 

0.0988 0.1622 0.6296 1.4366 1.437 1.849 

0.1595 0.2720 0.1271 1.6419 1.642 8.992 

0.1446 0.6246 0.1935 1.4036 1.404 1.089 

0.1979 0.1000 0.5988 1.4583 1.458 2.885 

0.2820 0.0763 0.2182 1.5883 1.588 6.651 

0.2441 0.5201 0.1458 1.4532 1.453 2.719 

0.2743 0.3118 0.2621 1.4752 1.475 3.171 

0.2865 0.1809 0.4563 1.4342 1.434 1.847 

0.3664 0.2360 0.0934 1.6097 1.610 8.399 

0.3579 0.2466 0.2695 1.4673 1.467 2.928 

0.3667 0.3474 0.2239 1.4179 1.418 1.069 

0.4481 0.1306 0.2306 1.4779 1.478 2.629 

0.4480 0.1576 0.3058 1.4614 1.461 2.872 

0.4706 0.1902 0.2698 1.4480 1.448 2.335 

0.5393 0.1532 0.1396 1.4956 1.496 3.598 

0.5048 0.3488 0.1135 1.4217 1.422 1.301 

0.5442 0.3093 0.0963 1.4376 1.438 1.802 

0.6484 0.0776 0.0978 1.5147 1.515 4.242 

0.6682 0.1139 0.0639 1.5011 1.501 3.663 

CHN (1) + MA (2) + EA (3) + MS (4) 

0.0518 0.6861 0.1731 1.3701 20.162 -0.906 

0.0860 0.1646 0.6386 1.4275 25.396 1.294 

0.1400 0.2783 0.1300 1.6229 37.840 7.629 

0.1267 0.6377 0.1975 1.3915 21.243 0.495 

0.1747 0.1028 0.6161 1.4483 26.815 2.030 

0.2520 0.0795 0.2273 1.5757 36.780 5.229 

0.2169 0.5388 0.1510 1.4380 24.365 1.640 
0.2449 0.3244 0.2728 1.4751 27.774 2.688 

0.2562 0.1886 0.4757 1.4236 25.167 0.844 

0.3316 0.2490 0.0985 1.6181 36.764 7.820 

0.3235 0.2598 0.2839 1.4621 27.335 1.991 

0.3319 0.3665 0.2362 1.4200 24.251 0.617 

0.4105 0.1395 0.2463 1.4621 28.561 0.863 

0.4105 0.1683 0.3266 1.4369 26.264 0.737 

0.4326 0.2038 0.2892 1.4414 26.231 1.125 

0.5011 0.1660 0.1512 1.4922 29.948 2.295 

0.4666 0.3757 0.1223 1.4207 24.164 0.408 

0.5060 0.3352 0.1044 1.4382 25.376 0.864 

0.6127 0.0854 0.1078 1.5074 31.418 2.557 

0.6333 0.1259 0.0706 1.5088 31.087 2.749 
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Fig 10.4.  Three-dimensional mesh plots of excess molar refractions (
E

mR ) for the 

quaternary mixtures:  A, CH (1) + MA (2) + EA (3) + MS (4); B, CHN (1) + MA (2) + EA 

(3) + MS (4). Adjacent colour map represents the
E

mR  values for these quaternary mixtures. 

 

Gibbs free energy, etc., they can also be applied to any other excess or deviation 

properties
19,20

 Most of them are still popular and suitable for the prediction of the 

excess or deviation properties. Herein this chapter models proposed by Köhler
21

 and 

Jacob-Fitzner
22

 were used in their extended form (as detailed in chapter II) to predict 

different excess or deviation properties of the quaternary mixtures by utilizing the 

available data of the constituent binary mixtures only. The predictive capability of 

these models was judged by calculating the standard deviation (σ ) between the 

experimental and the calculated values at 298.15 K. These standard deviations (σ ) 

are shown in Table 10.5.  
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Table 10.5. Standard deviations (σ ) between the experimental and calculated excess 

or deviation properties for the quaternary mixtures derived from Köhler and Jacob-

Fitzner model at 298.15 K. 

Various models 

Standard deviations (σ ) 

a
V )(

E

m  
b)( η∆  c

κ )(
E

S
 d

R )(
E

m  

 CH (1) + MA (2) + EA (3) + MS (4) 

Köhler 0.1625 0.1022 0.2499 0.1285 

Jacob-Fitzner 0.1473 0.0933 0.2319 0.1032 

 CHN (1) + MA (2) + EA (3) + MS (4) 

Köhler 0.1022 0.0797 0.1756 0.2292 

Jacob-Fitzner 0.1020 0.0689 0.1581 0.2132 

Units: )molm(10, 136 −⋅a ; mPa.s,b ; 
1TPa, −

c ; )molm(10, 136 −⋅d  

 

The small standard deviations (σ ) reveal that both the symmetric models suggested 

by Köhler and Jacob-Fitzner work well for the quaternary mixtures studied in this 

chapter.  

10.4. Conclusion 

 Based on various excess or deviation properties like E

mV , η∆ , etc., for the two 

quaternary mixtures (CH + MA + EA + MS) and (CHN + MA + EA + MS), it can be 

concluded that the degree of molecular interactions in these mixtures follows the 

order: (CHN + MA + EA + MS) > (CH + MA + EA + MS). Also the composition 

dependence of these derived properties reveal that these mixtures are characterized by 

the nature of the components as well as by the nature and degree of molecular 

interactions in the associated mixtures.  
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CHAPTER XI 
 

Concluding Remarks 

 

The present thesis involves the experimental measurements of the densities, 

viscosities, ultrasonic velocities and refractive indices of binary, ternary and 

quaternary liquid mixtures. These experimental data helps in the investigation of the 

nature and molecular interactions amongst the unlike components of the various 

multi-component liquid mixtures in terms of various derived excess or deviation 

properties.  

In chapter IV thermophysical properties of the binary mixtures of N, N-

dimethylformamide (DMF) with tetrahydrofuran (THF), 1,3-dioxolane (1,3-DO) and 

1,4-dioxane (1,4-DO) at several temperatures were studied. The nature and magnitude 

of various excess or deviation properties ( E

mV , η∆
 
and E

Sκ ) suggests the following 

order of molecular interactions: (DMF + THF) > (DMF + 1,3-DO) > (DMF + 1,4-

DO) and the molecular interactions also increase with the increase of temperature. 

The excess partial molar volumes  ( E

m,1V  and E

m,2V ) were found to be negative for all 

the binary systems except the binary mixture containing 1,4-DO. Also the excess 

partial molar volumes at infinite dilution (
E0,

m,1V  and 
E0,

m,2V ) were found to be negative 

for both the components in all the binary mixtures except (DMF + 1,4-DO) mixture. 

Therefore, while the (DMF + 1,4-DO) mixture is characterised by volume expansion 

the other two mixtures were characterised by volume contraction. The excess molar 

volumes of the mixtures were predicted using Prigogine-Flory-Patterson (PFP) and 

ultrasonic speeds of sound for the studied binary mixtures were also predicted using 

various empirical and semi-empirical models. 

In chapter V the thermophysical properties of the binary mixtures of 2-

ethylhexan-1-ol with some 1,2-disubstituted ethanes were studied in terms of various 

excess or deviation properties. These properties show both positive and negative 

deviations from ideal ones. An inspection of excess molar volumes, viscosity 

deviations, isentropic compressibilities, etc., suggests the following order of 

molecular interactions: (2-EH + MEA) > (2-EH + EDA) > (2-EH + DCE).  However, 

the degree of molecular interactions for each binary systems studied becomes weaker 

at higher temperatures, probably due to enhanced thermal agitation and kinetic energy 
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of the component molecules at higher temperatures. The excess partial molar volumes 

( E0,

m,1V  and E0,

m,2V ) for both the components in the mixtures (2-EH + EDA) and (2-EH + 

MEA) were negative. However, more negative values of these properties for (2-EH + 

MEA) mixture than (2-EH +EDA) mixture suggest the following order of packing 

efficiency or structure compactness in the mixtures: (2-EH + MEA) > (2-EH + EDA) 

> (2-EH + DCE). The excess molar volumes were correlated using Prigogine-Flory-

Patterson (PFP) theory and Peng-Robinson Equation of State (PREOS) based model. 

The viscosities were correlated using PREOS and Bloomfield-Dewan models. The 

ultrasonic speeds of sound were also predicted using various empirical and semi-

empirical models like Collision factor theory (CFT), Nomoto relation (NOM), 

Impedance dependence relation (IDR),
 
Ideal mixture relation (IMR) and Junjie (JUN). 

FTIR spectra of the mixtures also supported the nature of molecular interactions 

observed for the studied binary systems.  

 In chapter VI physico-chemical properties of the binary mixtures of 1,4-

dioxane (1,4-DO) with ethylenediamine (EDA), 1,2-dichloroethane (DCE) and 

monoethanolamine (MEA) were studied at several temperatures. Various excess or 

deviation properties were determined for the experimentally measured densities, 

viscosities, ultrasonic speeds of sound and refractive indices. These properties were 

interpreted in terms of dipole-dipole interactions and H-bond interactions amongst the 

mixing components and the following order of molecular interactions: (1,4-DO + 

MEA) > (1,4-DO + EDA) > (1,4-DO + DCE) has been found. The degree of 

molecular interactions however decreases at higher temperatures owing to thermal 

disruption of developing dispersion forces, non-specific interactions and specific 

interactions (H-bonding) amongst the liquid components of the mixture. A 

comparison of the partial molar volume (
0

m,1V  and 
0

m,2V ) at infinite dilution to molar 

volume of the respective pure liquids reveal that except the mixture (1,4-DO + MEA), 

the other two mixtures are characterised by volume expansion. For the studied binary 

systems Prigogine-Flory-Patterson (PFP) and Peng-Robinson Equation of State 

(PREOS) were found to predict the excess molar volumes satisfactorily. FTIR spectra 

of these mixtures showed characteristic band shifts in position and intensities in 

accordance with the nature of the molecular interaction of the mixtures. 
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Chapter VII describes the thermophysical properties of the binary mixtures of 

cyclohexane (CH) with methyl acetate (MA), ethyl acetate (EA) and methyl salicylate 

(MS) at several temperatures. Experimental densities, viscosities ultrasonic speeds of 

sound and refractive indices were utilised to derive various excess or deviation 

properties like excess molar volumes, viscosity deviations, excess isentropic 

compressibilities, excess molar refractions, etc. An analysis of these properties 

revealed the following order of molecular interactions: (CH + MS) > (CH + EA) > 

(CH + MA).  Such an order of molecular interactions originates from a combined 

effect of several factors like the molecular size, shape and nature of the components; 

herein the order is attributed to the breaking up of dipolar interactions or the three 

dimensional hydrogen bonded network as well as interstitial accommodation on 

mutual mixing of the components. A comparison of the excess partial molar volumes 

(
E0,

m,1V  and 
E0,

m,2V ) at infinite dilution to the molar volumes of the pure components of 

the mixtures suggests that while the mixtures with MA and EA are characterized by 

volume expansion, the mixture with MS is characterized by volume contraction on 

mixing with CH. FTIR spectra of the mixtures also correlate well with the observed 

molecular interactions for the mixtures studied. 

Chapter VIII describes the thermophysical properties of the binary mixtures of 

cyclohexanone (CHN) with methyl acetate (MA), ethyl acetate (EA) and methyl 

salicylate (MS) at several temperatures. Various excess or deviation properties 

determined from the experimental physico-chemical properties like density, viscosity, 

ultrasonic speed of sound, etc., were interpreted in terms of breaking up of dipolar 

interactions or three-dimensional hydrogen bonded network as well as interstitial 

accommodation, etc. The study revealed the following order of molecular 

interactions: (CHN + MS) > (CHN + EA) > (CHN + MA).  A comparison of the 

excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at infinite dilution to the molar volumes 

of the pure components of these mixtures suggests that the molecular compactness 

increases in the same order of molecular interactions as shown above. The 

Applicability of PFP theory, PR-EOS and Bloomfield-Dewan models were tested for 

the prediction of E

mV  and η values of the mixtures. FT-IR spectra of the mixtures also 

correlate well with the observed molecular interactions for the mixtures studied. 
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Chapter IX describes the thermophysical properties of the ternary mixtures of 

cyclohexane (CH) and cyclohexanone (CHN) with methyl acetate (MA), ethyl acetate 

(EA) and methyl salicylate (MS) at several temperatures. In this chapter molecular 

interactions of the binary mixtures between the ester molecules were also studied 

through the determination of the densities, viscosities, etc. Based on the excess or 

deviation properties like E

mV , η∆ , etc., for the three binary mixtures (MA + EA), (MA 

+ MS) and (EA + MS), the following order of molecular interactions were observed: 

(MA + MS) > (EA + MS) > (MA + EA). The excess partial molar volumes (
E0,

m,1V  and 

E0,

m,2V ) at infinite dilution of these binary mixtures also support the above order of 

molecular interactions. Various excess or deviation properties of the studied ternary 

mixtures (CH + MA + EA), (CH + MA + MS), (CH + EA + MS), (CHN + MA + 

EA), (CHN + MA + MS), (CHN + EA + MS) and (MA + EA + MS) suggest that 

these mixtures are characterized by the nature of their mixing components as well as 

by the nature of molecular interactions in the associated binary mixtures. These 

excess or deviation properties of the ternary mixtures were fitted to Cibulka equation 

and the so-called ternary contributions )( E

Bin

E

m,123 XX − were derived; although these 

contributions are rather small but their maximum and minimum values suggest non-

homogeneity in these ternary mixtures and the binary contributions )( E

BinX play a 

significant role in characterizing the ternary mixtures studied. Further the empirical 

models like Köhler, Jacob–Fitzner, Colinet, Tsao–Smith, Toop, etc., were tested to 

estimate theoretically the excess molar volumes, viscosity deviations, etc., and these 

models were found to be suitable for the studied ternaries. 

Chapter X describes the thermophysical properties for the quaternary mixtures 

of cyclohexane (CH) and cyclohexanone (CHN) with methyl acetate (MA), ethyl 

acetate (EA) and methyl salicylate (MS) at several temperatures. The various excess 

or deviation properties like excess molar volumes, viscosity deviations, etc., derived 

for these quaternary mixtures revealed the following order of molecular interactions: 

(CHN + MA + EA + MS) > (CH + MA + EA + MS). This order of molecular 

interactions suggests that these mixtures are characterised by the nature of the 

component liquids as well as by the molecular interactions prevailing in the associated 

binary and ternary mixtures. Various excess or deviation properties of these mixtures 
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were also correlated with two symmetric models given by Köhler and Jacob–Fitzner. 

Both these models were found to correlate the excess or deviation properties 

satisfactorily.   

In summary the physico-chemical study of multi-component liquid mixtures 

provide valuable information about the extent and nature of molecular interactions 

(amongst the component liquids) that ultimately predicts the overall structure of such 

mixtures in the liquid state. Information on the molecular interactions often helps to 

develop new theoretical models, which aid to have valuable academic information on 

various physico-chemical properties of the related mixtures; because it is often 

difficult to understand, explore and interpret molecular interactions in multi-

component liquid mixtures. Information on the physico-chemical properties and the 

liquid structure of multi-component liquid mixtures are actually very much important 

for their industrial applications. Therefore, studies on physico-chemical properties of 

such mixtures can prove handy for their selections in process industries. Therefore, 

physico-chemical studies on multi-component liquid mixtures are never ending as 

well as worthy of extensive studies. 
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[1] Thermophysical properties of binary mixtures of N, N-dimethylformamide with 
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[2] Hydrogen bond interactions in the blends of 1,4-dioxane with some 1,2-

disubstituted ethanes at T = (298.15, 308.15 and 318.15) K, Fluid Phase 
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[3] Thermophysical properties of the binary  blends of cyclohexane with some esters, 
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[4] Solution thermodynamics of iron(III)-N,N′-ethylene-bis(salicylideneiminato)-

chloride in binary mixtures of N,N-dimethylformamide and acetonitrile at T = 

(298.15, 303.15, 308.15 and 313.15) K, J. Chem.  Thermodyn. 75 (2014) 96-105. 

 

[5] A partial derivatives approach for estimation of the viscosity Arrhenius 

temperature in N, N-dimethylformamide + 1,4-dioxane binary fluid mixtures at 

temperatures from 298.15 K to 318.15 K, Phys. Chem. of Liquids, 54 (2016) 615-

631. 
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APPENDIX II 

 

PARTICIPATION IN SEMINAR, SYMPOSIUMPARTICIPATION IN SEMINAR, SYMPOSIUMPARTICIPATION IN SEMINAR, SYMPOSIUMPARTICIPATION IN SEMINAR, SYMPOSIUM    & & & & 

CONVENTIONSCONVENTIONSCONVENTIONSCONVENTIONS    
  

� National Seminar on Frontiers in Chemistry 2013, sponsored by University 

Grants Commission, New Delhi, India, Organized by 

Department of Chemistry, University of North Bengal, Darjeeling, India on 

February 28, 2013 as Delegate.  

 

� Workshop on “Intellectual Property and Innovation Management in 

Knowledge Era” sponsored by National Research Development Corporation, 

New Delhi and organized by University of North Bengal, held at University of 

North Bengal on February 12, 2013 as Delegate. 

 

� 16th.National Symposium in Chemistry organized by Chemical Research 

Society of India, held at Indian Institute of Technology Bombay, on February 

7-9, 2014 and presented a Poster.  

 

� 53
rd

 Annual Convention of Chemist (National Conference) Organized by 

Indian Chemical Society, held at the GITAM University, Visakapatnam, 

Andhra Pradesh, India, on December 27-29, 2016 and presented a Poster (PP-

16). 

 

� National Seminar on Frontiers in Chemical and Material Sciences: Theory 

and Practice 2018, sponsored by University Grants Commission, New Delhi, 

India, organized by Department of Chemistry, University of 

North Bengal, Darjeeling, India on February 8-10, 2018 as Delegate. 
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A B S T R A C T

Densities (r), viscosities (h), ultrasonic speeds (u) and refractive indices (nD) of the binary blends of 1,4-

dioxane (DO) with ethylenediamine (EDA), 1,2-dichloroethane (DCE) and monoethanolamine (MEA)

were measured at T = (298.15–318.15) K under atmospheric pressure over the entire composition range.

Various experimental data were utilized to estimate the excess molar volumes (VE
m), excess viscosities

(hE), excess molar refractions (RE
m), excess isentropic compressibility (kE

S), excess intermolecular free

length (LEf ), etc., and analyzed in terms of molecular interactions and structural effects. Partial molar

volumes (Vm;1
0
and Vm;2

0
) and excess partial molar volumes (Vm;1

0;E
and Vm;2

0;E
) at infinite dilution of the

components were derived and discussed in terms of volume changes. Prigogine–Flory–Paterson theory

and Peng–Robinson equation of state were used to predict VE
m and h values of the blends. IR spectra of the

blends were correlated to the molecular interactions therein the blends.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Molecular interactions, operating between different liquids in

liquid–liquid systems, control their physico-chemical properties

and knowledge of such molecular interactions is of major

significance in relation to their industrial applications [1–3] as

well as in the elucidation of the structural properties of the

molecules [4] in the liquid state. Mixed solvents have been used for

studying complex reactions and developing theoretical under-

standing of chemical separations, fluid flow and heat transfers, etc.

The basis for any design process in chemical industries is a reliable

set of chemical and physical pure component along with mixture

properties. Thus the determination of density, viscosity and speed

of sound, etc are valuable tools for exploring the liquid state [5],

because of the close relation between the liquid structure and

macroscopic properties. Experimental values of these properties

are many-a-time not at hand and the measurements are often

expensive or even difficult and thus estimation methods are of

great interest. These properties are functionally dependent on

temperature and the composition of the liquid–liquid systems. For

example, density and ultrasonic speed of sound depend on the

binding forces between the liquids and are very much sensitive to

the liquid structure and composition [6]. Hence studies on the

physico-chemical properties of liquid–liquid systems stand as an

efficient guide for the selection of such systems regarding their

practical utilization in industrial and consumer applications.

Therefore in continuation of our systematic study [7–10] on the

physico-chemical properties of non-aqueous liquid blends, the

present study attempts to unravel the nature of molecular

interactions in the binary blends of 1,4-dioxane (DO) with

ethylenediamine (EDA), 1,2-dichloroethane (DCE) and monoetha-

nolamine (MEA) at 298.15, 308.15 and 318.15 K under ambient

pressure. 1, 2-disubstituted ethanes are excellent prototype for

conformational studies and it is reported that relative stability of

the gauche and trans conformation of 1, 2-disubstituted ethanes

depend on the substituents as well as on the dielectric constant of

the medium [11]. Sreeruttun and Ramasami [12] studied the

conformational behavior of 1,2-dichloroethanes in several solvents

by 1H NMR, IR, refractive index and theoretical studies. It was

found that gauche conformers become preferentially stabilized in

media with higher dielectric constants. Nath and Singh [13]

studied the binary blends of 1,2-dichloroethane with benzene,

toluene, p-xylene, quinoline and cyclohexane. Anyway, to the best

of our knowledge reports on the physico-chemical properties of

the binary blends under investigation are rare in the literature.

Among the selected liquids DO is a non-polar, aprotic, non-

hydrogen bonded cyclic diether and finds numerous applications

in industrial processes as a solvent for saturated and unsaturated

hydrocarbons [14]. The other three solvents also have industrial* Corresponding author.
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importance and consumer applications, e.g., EDA is an important

raw material for the production of polymers, pharmaceuticals,

pesticides, herbicides and dye fixing agent, etc; DCE is a s-acceptor

and is used as a solvent, degreaser, etc [13]; MEA is used in the

purification of petroleum, as a solvent in dry cleaning, as a CO2

adsorbent and as an ingredient in paints and pharmaceuticals [15].

Thus the pure liquid components for the present study were

chosen based on their varied applications.

The well-established thermodynamic approach to study liquid

blends is based on the interpretation of various excess properties.

Hence the experimental data (r,h, u and nD) were utilized to

estimate the excess molar volumes (VE
m), excess viscosities (hE),

acoustic parameters like isentropic compressibility (kS), intermo-

lecular free length (Lf ), specific acoustic impedance (zim), excess

isentropic compressibility (kE
S), excess intermolecular free length

(LEf ), excess specific acoustic impedance (zEim) and excess molar

refractions (RE
m) for the binary blends. Partial molar volumes (Vm;1

0

and Vm;2
0
) and excess partial molar volumes (Vm;1

0;E
and Vm;2

0;E
) at

infinite dilution of each component were derived from the excess

molar volumes (VE
m) of the binary blends. All these functions were

discussed in terms of molecular interactions, structural effects and

the nature of liquid blends. Furthermore, a quantitative estimation

of different contributions (i.e., interaction contribution, free

volume contribution and internal pressure contribution) to the

excess molar volumes (VE
m) of the binary blends at ambient

temperature and pressure was determined from PFP theory [16,17].

A comparison was made between the experimental and calculated

VE
m and h values (based on PFP [16,17] or Bloomfield–Dewan

viscosity model [18] and PREOS [19]) to assess the predictive

capability of these theories. Moreover, ultrasonic speeds of sound

and refractive indices for all the binary blends were theoretically

predicted on the basis of several empirical and semi-empirical

relations. In addition, IR spectra of the blends were correlated to

the molecular interactions therein the blends studied.

2. Experimental

2.1. Chemicals

All the chemicals used in this work were of Reagent/Reagent

Plus grade (Sigma–Aldrich, Germany, purity >99%) were used as

received from the vendor. Table 1 contains provenance and purity

of the chemicals used in this work. Purity of the solvents was

ascertained by GLC and also by comparing their densities and

viscosities at the experimental temperatures with the literature

data [20–31], whenever available, as shown in Table S1 of the

Supporting information.

2.2. Measurements

The binary blends were prepared by mass in air-tight bottles

with stopper inside a dry box at 298.15 K and each solution thus

prepared was distributed into three recipients to perform all the

measurements in triplicate with the aim of the determining

possible dispersion of the results obtained. The mass measure-

ments were made on a digital electronic analytical balance

(Mettler, AG 285, Switzerland) with an uncertainty of

!1 " 10#4g. All solutions were prepared afresh before use. The

uncertainty in mole fraction was evaluated to be !0.0002. The

densities were measured with a vibrating-tube density meter

(Anton Paar, DMA 4500 M). The densitometer was calibrated at the

experimental temperatures with doubly distilled and degassed

water and dry air at atmospheric pressure. The temperature was

automatically kept constant with an accuracy of !1 " 10#2K by

using the built-in Peltier technique. The stated repeatability and

accuracy of the densities were !1 " 10#5gcm#3 and

!5 " 10#5gcm#3, respectively. However, the estimated uncertainty

of the density measurements for most of the pure liquids and

solutions was found to be within the range 0.01–0.1%.

The viscosity was measured by means of a suspended Canon-

type Ubbelohde viscometer thoroughly cleaned, dried and

calibrated at the experimental temperatures with triply distilled,

degassed water and purified methanol. It was filled with

experimental liquid and placed vertically in a glass sided

thermostat maintained constant to !0.01 K. After attainment of

thermal equilibrium, the efflux times of flow of liquids were

recorded with a digital stopwatch correct to !0.01 s. In all

determinations, an average of triplicate measurements was taken

into account and adequate precautions were taken to minimize

evaporation loses during the actual measurements. The estimated

uncertainty in viscosity measurements was 1.5%.

Ultrasonic speeds of sound (u) were measured with an accuracy

of 0.3% by using a single crystal variable-path ultrasonic

interferometer (Mittal Enterprise, New Delhi, F-05) working at

2 MHz. It was calibrated with doubly distilled water and purified

methanol maintained at T = (298.15 ! 0.01) K by circulating

thermostated water around the jacketed cell (of 2 MHz) containing

the experimental liquids with a circulating pump. The uncertainty

of ultrasonic speeds measurements was around !0.2 m s#1.

Refractive indices were measured with an Abbe’s refractometer.

It was calibrated by measuring the refractive indices of doubly

distilled water and purified methanol maintained at

T = (298.15 ! 0.01) K similarly as done with the ultrasonic

interferometer cell. The estimated uncertainty in the refractive

indices was 0.02%. The details of the methods and measurement

techniques have been described elsewhere [32,33].

Table 1

Provenance and purity of the chemicals used.

Chemicals Source Purification method Mass fraction puritye CAS No

DOa Sigma–Aldrich, Germany Non >0.998 123-91-1

EDAb Sigma–Aldrich, Germany Non >0.990 107-15-3

DCEc Sigma–Aldrich, Germany Non >0.998 106-06-2

MEAd Sigma–Aldrich, Germany Non >0.990 141-43-5

a DO = 1, 4-dioxane.
b EDA = 1, 2-ethylenediamine.
c DCE = 1, 2-dichloroethane.
d MEA = Monoethanolamine.
e Purity as prescribed by the vendor.
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3. Results and discussion

The experimental densities (r), viscosities (h), excess molar

volumes (VE
m) and excess viscosities (hE) of the binary blends at the

experimental temperatures are listed in Table S2 of the supporting

information. In order to understand the nature of the molecular

interactions between the components of the liquid blends, excess

parameters are of immense help. Non-ideal liquid mixtures show

deviations from a rectilinear dependence of their properties such

as molar volume, viscosity, etc on the component mole fractions.

Such deviations can be ascribed to arise from the strong or weak

interactions between the liquid components. The extent of such

deviation depends upon the nature of the constituents and

composition of the blends.

3.1. Excess molar volumes

The excess molar volumes, VE
m, of the solutions were calculated

using the equation:

VE
m ¼

X

2

i¼1

xiMið1=r # 1=riÞ (1)

where r is the density of the mixture and xi, Mi and ri are the mole

fraction, molar mass and density of ith component in the blend,

respectively. The estimated uncertainty for excess molar volumes

(VE
m) was evaluated to be !0.005 cm3mol

#1
. Fig. 1 (VE

m versus x1 at

298.15 K) illustrate that the VE
m values are positive for DO + EDA and

DO + DCE blends but are negative for DO + MEA blend over the

entire range of compositions at all the experimental temperatures.

The excess molar volume depends upon two factors: (i) variation of

intermolecular forces between two components in contact; the

physical effects involve dispersion forces and non-specific

interactions in the mixture and thus contribute positively to VE
m.

The chemical or specific interactions result in volume decrease and

involve hydrogen bond formation or rupture, charge transfer type

forces and other complex forming interactions between dissimilar

species and thus contribute negatively to VE
m; (ii) variation in

molecular packing due to interstitial accommodation of one

component into other owing to difference in free volume and

molar volume of the components.

If the interactions between dissimilar molecules are weaker

than those between similar molecules excess molar volume (VE
m)

will be positive. 1, 2-disubstituted ethanes used in this work prefer

gauche conformation and possess intra-molecular hydrogen

bonding except DCE [34]. However, the gauche conformer of

DCE is polar and stabilized by eletrostatic interaction between

their dipole moments [34]. A comparison of the relative

permittivity [35] of the liquid components {er;DO (2.21) < er;DCE

(10.42) < er;EDA (13.82) < er;MEA (31.94)} suggests that the

approximate order of molecular interaction between similar

molecules in the subject liquids is: MEA–MEA > EDA–EDA > DCE–

DCE > DO–DO. The positive VE
m values for DO + EDA and DO + DCE

blends indicate breaking of liquid order on mixing and dispersion

interaction between dissimilar components. Dispersion interac-

tion may arise from the breaking of cohesive forces or intra-

molecular hydrogen bonds present between similar molecules on

addition of DO to the ethanes. So mixing of DO probably breaks the

weak dipole–dipole cohesive forces present amongst the DCE

molecules [34] and intra-molecular hydrogen bonds present in

EDA molecules [34]. DO can also form hydrogen bond through its

two ethereal O-atoms with NH2 groups of EDA molecule and

hampers intra-molecular hydrogen bonds in EDA molecules. That

is why VE
m values of DO + EDA blend are lower than those of

DO + DCE blend. Similarly if the interactions between dissimilar

molecules are higher than those between similar molecules the

excess molar volume (VE
m) will be negative. In the case of DO + MEA

blend, the negative VE
m values suggest the presence of specific

interactions like intermolecular hydrogen bonds between the

dissimilar components (through the involvement of the ethereal

O-atoms of DO and the highly polar ##OH and ##NH2 group present

in MEA molecule) and geometrical fitting of the molecules (

Vm;DO # Vm;MEA ¼ 25:36cm3mol
#1

at298:15K) on mixing. Thus the

magnitude of VE
m values show the order: DO + DCE > DO + EDA >

DO + MEA; this indicates that the molecular interaction is least for

DO + DCE blend and highest for DO + MEA blend. Furthermore,

Table S2 shows that in each case VE
m values increase as the

temperature increases over the whole composition range from

298.15 to 318.15 K. Such a trend in temperature dependence of

VE
mvalues indicates that temperature enhancement causes a

decrease in the interaction between the component molecules

due to thermal agitation that probably breaks or disturbs the

developing dispersion forces and non-specific interactions as well

as specific interactions between the liquid components in the

blends.

The partial molar volumes (Vm;i) of the ith component in the

binaries over the entire composition range at 298.15 K were

obtained from the relation [36]:

Vm;i ¼ VE
m;i þ V(

m;i þ ð1 # xiÞðdVE
m;i=dxiÞT;P (2)

where V(
m;i is the molar volume of the ith component in the

binaries. The derivatives, ð@VE
m;i=@xiÞT;P used in Eq. (2) were

obtained by following a procedure described elsewhere [37] by

using the Redlich–Kister coefficients (ai) [38] for the excess molar

volumes (VE
m): a0 ¼ 1:3439; a1 ¼ 0:0760; a2 ¼ #0:5266; a3 ¼

#0:0272 for DO + EDA; a0 ¼ 1:9370; a1 ¼ #1:0974; a2 ¼
#0:6155; a3 ¼ 0:0604 for DO + DCE and a0 ¼ #1:3210; a1 ¼
0:4367; a2 ¼ #0:4153; a3 ¼ 0:8004 for DO + MEA with standard

deviations (s) [9] 0.0008, 0.0051, 0.0147 for the three blends,

respectively. Partial molar volumes (Vm;1
0
and Vm;2

0
) at infinite

dilution, excess partial molar volumes (V
E

m;i) and excess partial

molar volumes (V
0;E

m;i) at infinite dilution were determined from the

standard relations described elsewhere [36]. Partial molar volumes

(Vm;1
0
and Vm;2

0
) and excess partial molar volumes (V

0;E

m;i) at infinite

Fig. 1. Excess molar volume (VE
m) versus mole fraction of DO (x1) for the binary

blends of DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: &, EDA; ),

DCE; D, MEA.
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dilution for each component in the binary blends are listed in

Table 2. Excess partial molar volumes (V
E

m;1 and V
E

m;2) of each

component in the studied blends were depicted in Fig. 2 as a

function of x1. Partial molar volume (Vm;1
0
and Vm;2

0
) at infinite

dilution of each liquid were found to be greater than the molar

volume of the respective pure liquid for the studied blends except

the DO + MEA blend. Also, the excess partial molar volumes (V
0;E

m;1

and V
0;E

m;2) at infinite dilution were positive for both components in

the blends DO + EDA and DO + DCE except the blend DO + MEA. This

suggests that while the systems with EDA and DCE are character-

ized by volume expansion on mixing with DO, the blend with MEA

is characterized by volume contraction on mixing with DO, i.e., for

DO + MEA blend is characterized by a better packing efficiency and

intermolecular hydrogen bonds between the dissimilar molecules

were not broken at dilute regions.

3.1.1. Predictions of excess molar volumes

i) Prigogine–Flory–Paterson theory (PFP):

In recent years, Flory's statistical theory [39–42] and its

modified version known as the Prigogine–Flory–Paterson (PFP)

theory [16,17] has been employed to estimate and analyze excess

thermodynamic functions theoretically. The Flory’s parameters

such as reduced volume (~v), reduced temperature (~T),

characteristic volume (V(), characteristic pressure (P() and

characteristic temperature (T() for each liquid component are

given in Table S3 of the supporting information. The PFP theory

considers excess molar volumes (VE
m) of binary blends to be the

sum of three contributions: (i) the interaction contribution (VE
int) is

proportional to the interaction parameter, x1;2; (ii) the free volume

contribution (VE
fv) arises from the dependence of the reduced

volume upon the reduced temperature as a result of the difference

between the degree of expansion of the two components; and (iii)

the internal pressure contribution (VE
p( ) which depends both on the

differences of the characteristic pressures and on the differences of

reduced volumes of the components. The following equation was

used to estimate VE
m values:

VE
m

x1V
(
1 þ x2V

(
2

¼ ð~v1=3 # 1Þ~v2=3c1u2

½ð4=3Þ~v#1=3 # 1+P(
1

x1;2ðx1;2contributionÞ

# ð~v1 # ~v2Þ2½14=9Þ~v#1=3 # 1+c1c2

½ð4=3Þ~v#1=3 # 1+~v
ð~vcontributionÞ

þð~v1 # ~v2ÞðP(
1 # P(

2Þc1c2

ðP(contributionÞ (3)

where c1 and c2 stand for the molecular contact energy fractions

of liquid 1 and liquid 2 in a mixture; u2 is the molecular site fraction

of liquid 2 in a mixture and other symbols have their usual

significance [16,17]. The interaction contributions to VE
m were

obtained from Eq. (3) by using a computer program as detailed

elsewhere [10]. The optimized x1;2 values, calculated and

experimental VE
m values, their deviation and different contribu-

tions to VE
m values for near equimolar (x1 , 0:5) composition at

298.15 K are given in Table S4 of the Supporting information. It

reveals that the calculated excess molar volumes (VE
m;PFP) reason-

ably agree well with the experimental excess molar volumes (VE
m)

for all the blends studied.

ii) Peng–Robinson Equation of State (PREOS):

Cubic equations of state are extensively used in process

simulations for the prediction of thermodynamic properties and

phase equilibria of hydrocarbon systems due to their simplicity,

robustness and computational efficiency. Here in this work we

have used the classical cubic Peng–Robinson equation of state

(PREOS) for predicting the excess molar volumes (VE
m;PREOS) of the

blends studied at 298.15 K. PREOS is given by [19]:

P ¼ RT

V # b
# a

V V þ bð Þ þ b V # bð Þ (4)

For a pure component the energy a and co-volume b parameters

can be obtained from the relations:

a ¼ aðTÞ ¼ aðTcÞ 1 þ j 1 #
ffiffiffiffiffi

T

Tc

s

  !" #2

(5)

b ¼ bðTÞ ¼ bðTcÞ (6)

aðTcÞ ¼ 0:45724
R2T2

c

Pc
(7)

Table 2

Molar volumes (V(
m;1 and V(

m;2), partial molar volumes at infinite dilution

(Vm;1
0
and Vm;2

0
) and excess partial molar volumes at infinite dilution

(Vm;1
0;E

and Vm;2
0;E

) for each component in the binary mixtures at 298.15 K

Volume parameters DO (1) +

EDA (2) DCE (2) MEA (2)

V(
m;1 - 106(m3mol

#1
) 85.73 85.73 85.73

V
0

m;1 - 106(m3mol
#1

)
86.50 88.09 82.75

V(
m;2 - 106 (m3mol

#1
) 67.15 79.41 60.37

V
0

m;2 - 106 (m3mol
#1

)
68.02 79.69 59.87

V
0;E

m;1 - 106 (m3mol
#1

)
0.769 2.358 -2.973

V
0;E

m;2 - 106(m3mol
#1

)
0.866 0.285 -0.499

Fig. 2. Excess partial molar volume (Vm;i
E
) against mole fraction of DO (x1) for

the binary blends of DO + 1, 2-disubstituted ethanes at T = 298.15 K: A, for DO;

B, for 1, 2-disubstituted ethanes. Symbols: &, EDA; ), DCE; D, MEA.
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bðTcÞ ¼ 0:07780
RTc

Pc
(8)

where Tc and Pc are critical temperature and pressure of a pure

component. The parameter j in terms of acentric factor (v) [43] is

defined by:

j ¼ 0:37464 þ 1:54226v # 0:26992v2 (9)

Tc, Pc and v values of the pure liquids used in the present study

were taken from the literature [25,44]. For a binary blend the

energy a and co-volume b parameter can be given by [43]:

aðTÞ ¼
X

2

i¼1

X

2

j¼1

xixj
ffiffiffiffiffiffiffiffi

aiaj
p

ð1 # kijÞ (10)

bðTÞ ¼
X

2

i¼1

xibi (11)

where kij is the interaction coefficient for a binary blend of

components i and j. Rearranging Eq. (4) in terms of the

compressibility factor (Z), we have:

Z3 # ð1 # BÞZ2 þ ðA # 3B2 # 2BÞZ # ðAB # B2 # B3Þ ¼ 0 (12)

where Z ¼ PV=RT, B ¼ Pb=RT and A ¼ aP=ðRTÞ2. Thus from a

knowledge of the compressibility factors for the components

and their blends, the corresponding excess molar volumes

(VE
m;PREOS) of the blends were calculated. The values of the

interaction coefficient (kij) were found to be 0.0582, 0.0679 and

0.0206 with standard deviations (s) 0.019, 0.086 and 0.056,

respectively for the blends DO + EDA, DO + DCE and DO + MEA. A

comparison between the experimental excess molar volumes (VE
m)

and the calculated excess molar volumes (VE
m;PFP and VE

m;PREOS) from

PFP theory and PREOS for the studied blends at 298.15 K was

depicted in Fig. 3.

3.3. Excess viscosities

The excess viscosity (hE) can be obtained from the difference

between the measured viscosity (h) and the ideal viscosity (hid) of

a solution as follows [9,10]:

hE ¼ h # hid (13)

and the ideal viscosity (hid) is given by [45]:

hid ¼ exp
X

2

i¼1

xilnhid

  !

(14)

The estimated uncertainty for excess viscosities (hE) was evaluated

to be !0.0002 mPas. Fig. 4 (hE versus x1 at 298.15 K) shows that the

hE values are negative over the whole composition range for the

blends at the experimental temperatures. It was observed if VE
m

values are positive, hE values become negative for many binary

blends and vice-versa. Such a coincidence was found for DO + EDA

and DO + DCE blends but for DO + MEA blend both VE
m and hE values

are negative. However, for each blend hEvalues decrease as the

experiment temperature increases indicating that the interaction

between the dissimilar molecules becomes weaker at higher

temperatures (Table S2).

According to Eyring’s viscosity relation [45], the free energy of

viscous flow (DG() is given by the relation:

h ¼ hN

V

) *

exp
DG(

RT

) *

(15)

where h is Planck’s constant, N is Avogadro’s number and other

symbols have their usual meanings. Rearranging Eq. (15) and

putting DG*= DH*# TDS*we get the relation:

RlnðhV
hN

Þ ¼ DH(

T
# DS( (16)

Thus, linear regressions of Rln (hV/hN) against (1/T) give the

enthalpy (DH() and entropy (DS() of activation of viscous flow

from the corresponding slope and negative intercept, respectively.

DG(, DH(, DS( and the regression coefficients (R2) are given in

Table S5 of the supporting information. It shows that while DH(

values are positive, DS( values are negative for all the binary blends

except the blend DO + MEA. According to Corradini et al. [46] the

Fig. 3. A comparison between the excess molar volumes (VE
m) against mole

fraction of DO (x1) for the binary blends of DO + 1, 2-disubstituted ethanes at

T = 298.15 K. Symbols: &, EDA; ), DCE; D, MEA. Solid lines, dashed lines and

dotted lines represent excess molar volumes (VE
m) obtained form experimental

density values, PREOS and PFP theory, respectively.

Fig. 4. Excess viscosities (hE) versus mole fraction of DO (x1) for the binary

blends of DO + 1, 2-disubstituted ethanes at T = 298.15 K. Symbols: &, EDA; ),

DCE; D, MEA.
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enthalpy of activation of viscous flow is regarded as a measure of

the degree of cooperation between the species taking part in

viscous flow. In a highly structured liquid there will be consider-

able degree of order; hence for cooperative movement of the

entities a large heat of activation is required for the flow process.

Thus the DH( values indicate that the ease of formation of activated

species necessary for viscous flow follows the order: DO + DCE ,
DO + EDA > DO + MEA. This order is also supported by negative

values of DS( for the blends DO + DCE and DO + EDA and positive

values of DS(for the blend DO + MEA.

3.3.1. Viscosity prediction

Several empirical models can simulate the viscosity of liquids or

liquid mixtures and practical implications of such viscosity models

were reviewed by Mehrotra et al. [47] Empirical methods have also

been developed using the corresponding state principle based on

van der Waals’ hypothesis [48] that the properties of substances in

terms of reduced thermodynamic properties show similar behav-

ior. For the blends studied viscosities were predicted using Peng–

Robinson cubic equation of state [19] and Bloomfield–Dewan

model [18].

i) Peng–Robinson Equation of State:

The excess activation free energy of viscous flow (DG(E) for the

binary blends can be obtained from the relation:

DG(E ¼ DG( #
X

2

i¼1

ðxiDG(
i Þ (17)

A simple rearrangement of Eq. (17) gives the viscosity for a

mixture [49]:

h ¼ ðhVÞid
Vm

exp
DG(E

RT

  !

(18)

where Vm and ðhVÞid are the molar volume and kinematic viscosity

of an ideal mixture, respectively. ðhVÞid is defined as follows:

ðhVÞid ¼ exp
X

2

i¼1

xilnðhiV iÞ
" #

(19)

In order to incorporate the binary interaction parameter g12

(gii ¼ 0andgij ¼ gji), DG(E for a binary blend is given as:

DG(E

RT
¼ G(E

RT
þ 1

2

X

2

i¼1

X

2

j¼1

xixjgij ¼
G(E

RT
þ x1x2g12 (20)

The interaction parameter g12 can be evaluated from a comparison

of the experimental viscosities to those obtained from Eq. (18). The

value of G(E can also be obtained from the relation:

G(E

RT
¼
X

2

i¼1

xiðln’i # ln’0
i Þ (21)

where ’0
i and ’i stand for the fugacity coefficients of ith

component in pure state and in the mixture, respectively. As per

PREOS, fugacity coefficient for a pure component is given by:

ln’ ¼ ðZ # 1Þ # lnðZ # BÞ # A

2
ffiffiffi

2
p

B
ln

Z þ ð1 þ
ffiffiffi

2
p

ÞB
Z þ ð1 #

ffiffiffi

2
p

ÞB

  !

(22)

and fugacity coefficient for the ith component in a binary blend is

given by:

ln’i ¼
bi
b
ðZ # 1Þ # lnðZ # BÞ

# A

2
ffiffiffi

2
p

B

2

a

X

2

j¼1

xjðaiajÞ
1

2ð1 # kijÞ # bi
b

0

@

1

Aln
Z þ ð1 þ

ffiffiffi

2
p

ÞB
Z þ ð1 #

ffiffiffi

2
p

ÞB

  ! (23)

Combining Eqs. (18)–(23) we get,

h ¼ ðhVÞid
Vm

exp
X

2

i¼1

xiðln’i # ln’0
i Þ þ 1

2

X

2

i¼1

X

2

j¼1

xixjgij

2

4

3

5 (24)

In order to obtain the binary interaction parameter (g12), a non-

linear regression analysis was performed iteratively by using a C-

program to have minimum standard deviation (s) for a binary

blend. The binary interaction parameters (g12) were found to be

–0.294 (s ¼ 0:001), #0.053 (s ¼ 0:002) and –0.116 (s ¼ 0:001) for

the blends DO + EDA, DO + DCE and DO + MEA, respectively.

ii) Bloomfield–Dewan viscosity model:

It combines two major semi-empirical theories of liquid

viscosities in order to assess excess viscosity of liquid blends.

The first one is the absolute reaction rate theory [45] that relates

the viscosity to the free energy required by a molecule to overcome

the attractive force field of its neighbors in order to jump to a new

equilibrium position, i.e., to flow. The second one is the free volume

theory [50] that relates the viscosity to the probability of

occurrence of an empty neighboring site into which a molecule

can jump and the probability depends exponentially on the free

volume of the liquid. Thus the probability of viscous flow has been

considered as a product of the probabilities of acquiring sufficient

activation energy and the occurrence of an empty site. All the

thermodynamic quantities involved in Bloomfield–Dewan model

can be had from Flory’s statistical thermodynamic theory for liquid

mixtures [39–42]. Bloomfield and Dewan [18] developed the

following expression:

Dlnh ¼ f ð~vÞ #DGR

RT
(25)

where

Dlnh ¼ lnh #
X

2

i¼1

ðxihiÞ (26)

and

f ð~vÞ ¼ 1
~v # 1

#
X

2

i¼1

xi
~vi # 1

(27)

DGR is the residual free energy of mixing and can be had from the

relation:

DGR ¼ DGE þ RT
X

2

i¼1

xilnðxi=fiÞ (28)

where fi is the segment fraction of the ith component in a binary

blend and is defined in the literature [39–42]. The excess energy

DGE can be obtained from the Flory’s statistical theory of liquid

blends by using the relation:

DGE ¼
X

2

i¼1

xiP
(
i V

(
i ð1=~vi # 1=~vÞ þ 3~T ilnfð~v1=3i # 1Þ=ð~v1=3 # 1Þg
h i

þðx1u2V(
1x12Þ=~v

(29)

The standard deviations (s) between the experimental viscosities

and those calculated from Bloomfield and Dewan model were 0.03,

0.39 and 4.99 for the blends with EDA, DCE and MEA, respectively.

A comparison between the experimental viscosities and the
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calculated viscosities from these two viscosity prediction models

are depicted in Fig 5. It is evident that PREOS predicted the

viscosities for the blends very well.

3.4. Ultrasonic speed of sound and derived functions

The speeds of sound (u) and the densities (r) of the binary

blends at 298.15 K were used to determine their isentropic

compressibilities (kS), excess isentropic compressibilities (kE
s )

and the other acoustic parameters. The experimental speeds of

sound of each pure liquid were in good agreement with the

literature values [10,30,51,52] at 298.15 K. The excess isentropic

compressibilities (kE
S) were calculated by using the relation:

kES ¼ kS # kidS (30)

where kS ¼ 1=ru2 and kid
S , the isentropic compressibility for an

ideal mixture, is given by the relation [53]:

kidS ¼
X

2

i¼1

ti kS;i þ
TV(

m;iai
2

CP;i

" #

#
T
X

2

i¼1

ðxiV(
m;iÞð

X

tiai

2

i¼1

Þ2

X

2

i¼1

ðxiCP::iÞ

8

>

>

>

>

>

<

>

>

>

>

>

:

9

>

>

>

>

>

=

>

>

>

>

>

;

(31)

where ti is the volume fraction of the component ‘i’ in the mixture,

kS;i, V(
m;i, ai and Cp;i are the isentropic compressibility, the molar

volume, the expansion coefficient and the molar isobaric heat

capacity of the pure components, respectively. The expansion

coefficients (ai) were obtained from experimental density values

and the values of CP;i were taken from the literature [35]. The other

acoustic parameters like intermolecular free length (Lf ), specific

acoustic impedance (zim) and their excess/deviation functions

were calculated by using the standard relations available

elsewhere [9,54].

The parameters u, kS and kE
s at 298.15 K are listed in Table S6 of

the Supporting information. Fig. 6 illustrates the variation of excess

isentropic compressibilities (kE
s ) of the blends against mole

fraction of DO (x1) at 298.15 K. It is evident that while the excess

isentropic compressibilities (kE
s ) for the blends DO + EDA and

DO + DCE are positive, those for the blend DO + MEA are negative

over the entire composition range at 298.15 K. The positive kE
s

values for the blends DO + EDA and DO + DCE are indicative of

dispersion interaction between mixing component like breaking

up of the weak dipole–dipole cohesive forces present among the

DCE molecules and intermolecular hydrogen bonding present in

EDA molecules upon mixing. For the blend DO + MEA, the negative

kEs values suggest the presence of specific interaction like

intermolecular hydrogen bond between the components as well

as mutual geometrical fitting of the dissimilar molecules on

mixing. The magnitude of kE
s values follows the order: DO + DCE >

DO + EDA > DO + MEA, indicating that the molecular interaction is

least for the blend DO + DCE and highest for DO + MEA blend. Thus

the results stand in parallel to those obtained earlier from excess

molar volumes and excess viscosities.

Fig. 5. A comparison between the excess viscosities (hE) against mole fraction of

DO (x1) for the binary blends of DO + 1, 2-disubstituted ethanes at T = 298.15 K.

Symbols: &, EDA; ), DCE; D, MEA. Solid lines, dashed lines and dotted lines

represent excess molar volumes (hE) obtained form experimental viscosity

values, Bloom Field–Dewan theory and PREOS, respectively.

Fig. 6. Excess isentropic compressibility (kE
S) versus mole fraction of DO (x1) for

the binary blends of DO + 1, 2-disubstituted ethanes at T = 298.15 K. Symbols:

&, EDA; ), DCE; D, MEA.

Fig. 7. Excess intermolecular free length (LEf ) and excess acoustic impedances

(zEim) versus mole fraction of DO (x1) for the binary blends of DO + 1, 2-

disubstituted ethanes at T = 298.15 K. Symbols: &, EDA; ), DCE; D, MEA.
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Intermolecular free length (Lf) and specific acoustic impedance

(zim) for the studied binaries at 298.15 K are listed in Table S7 of the

supporting information. According to King-Kincaid [55], a regular

rise in intermolecular free length causes a fall in speeds of sound

for the mixtures and vice-versa. This is also in accordance with the

expected increase in the isentropic compressibility and decrease in

specific acoustic impedance. Table S7 shows that while the specific

acoustic impedances (zim) decrease, the intermolecular free

lengths (Lf) increase as the mole fraction (x1) of DO in the

mixtures increase. The magnitude of the intermolecular free

lengths (Lf) has the order: DO + DCE > DO + EDA > DO + MEA; this

indicates that the molecular interaction between dissimilar

molecules is also increasing in the same order. The excess

intermolecular free lengths (LEf ) and excess acoustic impedances

(zEim) are plotted in Fig 7 against the mole fraction of DO in the

mixtures. The negative excess intermolecular free lengths (LEf ) and

positive excess acoustic impedances (zEim) for DO + MEA blend

reflect the stronger interaction between the two components in

contrast to the blends DO + EDA and DO + DCE for which zEim values

are negative and LEf values are positive. The negative LEf and positive

zEimvalues for the blend DO + MEA are due to stronger hetero-

association between MEA and DO molecules and such hetero-

association may be attributed to both hydrogen bonding and

interstitial accommodation of MEA molecules within the voids of

DO structure.

3.5. Molar refractions

The molar refractions (Rm) for the binary blends were calculated

from the relation:

Rm ¼
n2
D;1 # 1

n2
D;2 þ 2

X

2

i¼1

xiMi

r
(32)

where r is the density of the mixture and xi, Mi are the mole

fraction and molar mass of ith component in the blend,

respectively; nD;1 and nD;2 are the refractive indices of the 1st

and 2nd component in a blend. The excess molar refractions (RE
m)

were obtained from relation,

RE
m ¼ Rm #

X

2

i¼1

xiRm;i (33)

where Rm;i is the molar refraction of ith component in the blend.

Excess molar refractions (RE
m) along with the experimental the

refractive indices (nD) for the three binaries are listed in Table S8 of

the supporting information. The experimental the refractive

indices (nD) were in good agreement with literature values

[26,56–58] at 298.15 K. The variation of excess refractive indices

(RE
m) with the mole fraction of DO (x1) at 298.15 K also reveals that

the same order of molecular interactions for the studied blends as

discussed above.

Fig. 8. FTIR spectra of the various binary blends of DO + DCE. A, pure DO (xDCE ¼ 0:0000); B, xDCE ¼ 0:1820; C, xDCE ¼ 0:3725; D, xDCE ¼ 0:5718; E, xDCE ¼ 0:7807; F, Pure

DCE (xDCE ¼ 1:0000).
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Fig. 9. FTIR spectra of the various binary blends of DO + EDA. A, pure DO (xEDA ¼ 0:0000); B, xEDA ¼ 0:2682; C, xEDA ¼ 0:4943; D, xEDA ¼ 0:6874; E, xEDA ¼ 0:8543; F, Pure

EDA (xEDA ¼ 1:0000).

Fig. 10. FTIR spectra of the various binary blends of DO + MEA. A, pure DO (xMEA ¼ 0:0000); B, xMEA ¼ 0:2651; C, xMEA ¼ 0:4902; D, xMEA ¼ 0:6839; E, xMEA ¼ 0:8523; F,

Pure MEA (xMEA ¼ 1:0000).
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3.6. IR spectroscopic study

The results obtained so far are also well reflected in FT-IR

spectra of the binary blends (Figs. 8–10 ). The spectra were

recorded in a demountable KBr cell for liquid samples with spacer

of path length of 0.5 mm at ambient temperature with a

PerkinElmer Spectrum FT-IR spectrometer (RX-1). Pure DO shows

characteristic bands at the range 1600–800 cm#1 due to vibrations

of the ring (1122 cm#1), the wagging vibrations (800–1050 cm#1)

and fan-like vibrations (1250–1300 cm#1) for CH2 groups and

scissor vibrations (1453 cm#1) [59]. DCE has characteristic peaks

around 1232 cm#1 for trans conformer and two peaks around

1313 and 1285 cm#1 for gauche conformer [12]. These bands shift

slightly in peak position and intensity for the blend DO + DCE as the

mole fraction (x1) of DO increases in the blends and thus stand for

weak interactions between the components.

Of note for the blend DO + EDA is that the N–H and N–CH2

stretching bands (around 3296 and 2855 cm#1, respectively) of

EDA become less intense and broad as the mole fraction of DO (x1)

in the blend increases. This indicates formation of inter-molecular

hydrogen bonds between dissimilar molecules in the blend

DO + EDA. Similarly for the blend DO + MEA the bands due to

##OH and NH2 groups (falling within the range 3335–2850 cm#1)

become broader and their intensity decreases significantly as the

mole fraction (x1) of DO decreases in the blend suggesting that the

blends are characterized by intra-molecular and inter-molecular

hydrogen bonds.

4. Conclusion

The physico-chemical study revealed that degree of molecular

interactions in the binary blends follows the order: DO + MEA >

DO + EDA > DO + DCE. This order of molecular interactions origi-

nates from the disruption of weak dipole–dipole interaction/

cohesion forces or intra-molecular hydrogen bonds amongst the

similar molecules on mixing with DO, because mixing of DO results

in the formation of hetero-associates due to inter-molecular

hydrogen bond formation and mutual interstitial fitting. Interest-

ingly, a comparison of the partial molar volume (Vm;1
0
and Vm;2

0
) at

infinite dilution to the molar volume of the respective pure liquid

for the studied blends revealed that except the DO + MEA blend

other two blends are characterized by volume increase. Anyway,

FTIR spectra of the blends showed characterized band shifts in

position and intensity as par the above order of molecular

interactions.
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