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CHAPTER I 

1.1. Object and application of the research work 

In recent years there has been an increasing interest in the study of 

physico-chemical properties of solvent-solventi-3 and solute-solvent4-6 

systems. The physico-chemical properties play a pivotal role in interpreting 

the intermolecular interactions among mixed components and efforts in 

recent years have been directed at an understanding of such properties at 

microscopic and macroscopic levels. In order to gain insight into the 

mechanism of such interactions thermodynamic, transport and acoustic 

studies on binary and ternary solvent systems are highly useful. Young7 

· made the first systematic attempt in these directions by collecting a number 

of data on the thermodynamic and mechanical properties of liquid mixtures. 

Excess thermodynamic properties are important parameters for 

understanding molecular interactions in the solution phase. The excess 

thermodynamic properties of the mixtures correspond to the difference 

between actual property and the property if the system behaves ideally. Thus 

these properties provide important information about the nature and 

strength of intermolecular forces operating among mixed components. Also 

physico-chemical properties involving excess thermodynamic functions have 

relevance in carrying· out engineering applications in the process industries 

and in the design of industrial separation processes. Information of these 

excess thermodynamic functions can also be used for the development of 

empirical correlations and improvement of new theoretical models. 

Molecular behavior of a formulations can influence aspects such as, 

patient acceptability, since it has been well demonstrated that density and 

viscosity both influence the absorption rate of such products in the body.9. Io 

The rheological behavior of such products is also a matter of major concern 

in this regards. Rheology is the branch of sciencell that studies material 

deformation and flow, and is implicated in the mixing and flow of medicinal 

formulations and cosmetics and is increasingly applied to the analysis of the 

viscous behavior of many pharmaceutical products,I2-I6 and to establish 

their stability and even bio-availability. 

Considering the rheological behavior, the study of viscous synergy 

and antagonism is important, since many products are formulated with 

1 



Object and application of the research work 

more than one component in order to yield the desired physical structure 

and properties.l7 Synergy and antagonism gives the mutual enhancement or 

decrement of the physico-ch~mical, biological or pharmaceutical activity 

between different components of a given mixture. If the total viscosity of the 

system is equal to the sum of the viscosities of each component considered 

separately, the systemis, 19 is said to lack interaction. The study of the 

viscous behavior of pharmaceuticals, foodstuffs, cosmetics or industrial 

products, etc., is essential for confirming that their viscosity is appropriate 

for the contemplated use of the products. 

In solution chemistry the way for proper understanding of the 

different phenomena regarding the molecular interactions forms the basis of 

explaining quantitatively the influence of the solvent and the extent of 

interactions of ions in solvents. Estimates of ion-solvent interactions can be 

had thermodynamically and also from the measurement of partial molar 

volumes, viscosity B- coefficient and limiting ionic conductivity studies. 

Estimates of single-ion values enable us to refine our model of ion-solvent 

interactions. Acceptable values of ion-solvent interactions would enable the 

chemists to choose solvents that will enhance (i) the rates of chemical 

reactions, (ii) the solubility of minerals in leaching operations or (iii) reverse 

the direction of equilibrium reactions. 

The importance and uses of the chemistry of electrolytes in non

aqueous and mixed solvents are now well recognized. The applications and 

implications of the studies of reaction in non-aqueous and mixed solvents 

have been summarized by Meck2o, Franks2I, Popovych22, Bates23, Parker24, 

Criss and Salomon2s, Marcus26 and others.27-29 The solute-solute and solute

solvent interactions have been subject of wide interest .as apparent from 

Faraday Transactions of the chemical society. 30 

In spite of vast collections of data on the different electrolytic and 

non-electrolytic solutions in water, the structure of water and the different 

types of interactions that water undergoes with electrolytes are yet to be 

properly understood. However, the studies on properties of aqueous 

solutions have provided sufficient information on the thermodynamic 

properties of different electrolytes and non-electrolytes, the effects of 

variation in ionic structure, ionic mobility and common ions along with a 1 

/ host of other properties.2I,3I 

2 



Object and application of the research work 

In recent years, there has been increasing interest in the behavior of 

electrolytes or solutes in non-aqueous and mixed solvents with a view to 

investigate solute-solute and solute-solvent interactions under varied 

conditions. However, different sequence of solubility, difference in solvating 

power and possibilities of chemical or electrochemical reactions unfamiliar in 

aqueous chemistry have opened vistas for physical chemists and interest in 

these organic solvents transcends the traditional boundaries of inorganic, 

physical, organic, analytical and electrochemistry.32 

Fundamental research on non-aqueous electrolyte solutions has 

catalyzed their wide technical applications in many fields. Non-aqueous 

electrolyte solutions are actually competing with other ionic conductors, 

especially at ambient and at low temperatures, due to their high flexibility 

based on the choice of numer,9;us solvents, additives and electrolytes with 

widely varying properties. High-energy primary and secondary batteries, wet 

double-layer capacitors and super capacitors, electro-deposition and 

electroplating are some devices and processes for which the use of non

aqueous electrolyte solutions had brought the biggest successes. 33-35 Other 

fields where non-aqueous electrolyte solutions are broadly used include 

electrochromic displays and smart windows, photoelectrochemical cells, 

electromachining, etching, polishing and electro-synthesis. In spite of wide 

technical applications, our understanding of these systems at a quantitative 

level is still not clear. The main reason for this is the absence of detailed 

information about the nature and strength of molecular interactions and 

their influence on structural and dynamic properties of non-aqueous 

electrolyte solutions. 

Studies of transport properties of electrolytes along with 

thermodynamic and acoustic studies, give very valuable information about 

molecular interactions in solutions.36,37 The influence of these solute-solvent 

interactions is sufficiently large to cause . dramatic changes in chemical 

reactions involving ions. The changes in ionic solvation have important 

applications in diverse areas such as organic and inorganic synthesis, 

studies of reaction mechanisms, non-aqueous battery technology and 

extraction.3s 

As a result of extensive studies in aqueous, non-aqueous and mixed 

solvents, it has become evident that the majority of the solutes are 

3 



Object and application of the research work 

• significantly influenced by the solvents. Conversely, the nature of strongly 

structured solvents like water, is substantially modified by the presence of 

solutes.39 

A knowledge of ion-solvent interactions in non-aqueous solutions28 is 

ve:ry important in many practical problems concerning energy transport, 

heat transport, mass transport_ and fluid flow. Besides finding applications 

in engineering branch, the study is important from practical and theoretical 

point of view in understanding liquid theories. The non-aqueous systems 

have been of immense importance to' the technologist and theoretician as 

many chemical processes occur in these systems. 

It is thus, apparent that the real understanding of the molecular 

interactions is a difficult task. The aspect embraces a wide range of topics 

but we have embarked on a series of investigations based on the volumetric, 

viscometric, interferometric and conductometric behavior to study the 

chemical nature of the structure of solutes and solvents and their mutual 

and specific interactions in solution. 

1.2. Importance and scope of Physico-chemical parameters: 

The study of physico-chemical properties involves the interpretation of 

the excess properties as a mean of unraveling the nature of intermolecular 

interactions among the . mixed components. The interactions between 

molecules can be established from a study of characteristic departure from 

ideal behavior of some physical properties such as density, volume, viscosity, 

compressibility etc. 40, 41 

Density of solvent mixtures and related volumetric properties like 

excess molar volume are essential for theoretical as well as practical aspects. 

The sign and magnitude of excess molar volume imparts estimate of strength 

of unlike interactions in the binaries. The negative values of excess molar 

volume ( VE) suggest specific interactions42,43 between the mixing 

components in the mixtures while its positive values suggest dominance of 

dispersion forces42,43 between them. The negative VE values indicate the 

specific interactions such as intermolecular hydrogen bonding between the 

mixing components and also the interstitial accommodation of the mixing 

components because of the difference in molar volume. The negative 

4 
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Object and application of the research work 

VE values may also be due to the difference in the dielectric constants of the 

liquid components of the binary mixture.42 

A knowledge of viscosity of fluids is required in most engineering 

calculations where fluid flow, mass transport and heat transport are 

important factors. Viscosity data provides valuable information about the 

nature and strength of forces operating within and between the unlike 

molecules. Recently the employment of computer simulation of molecular 

dynamics has led to significant improvement towards a successful molecular 

theo:ry of transport properties in fluids and a proper understanding of 

molecular motion~ and interaction patterns in non-electrolytic solvent 

mixtures involving both hydrogen bonding and non-hydrogen bonding 

solvents.44,45 The study of physico-chemical behaviors like dissociation or 

association from acoustic measurements and from the calculation of · 

isentropic compressibility has gained much importance. Excess isentropic 

compressibility, intermolecular free length etc impart valuable information 

about the structure and molecular interactions in pure and mixed solvents. 

The acoustic measurements can also be used for the test of various solvent 

theories and statistical models and are quite sensitive to changes in ionic 

concentrations as well as useful in elucidating the solute-solvent 

interactions. 

Drugs are basically composed of organic molecules and the study of 

bio-molecules plays a key role in the elucidation of thermodynamic 

properties of bio-chemical processes in living cells. The process of drug 

transport, protein binding, anesthesia, etc are few examples where drug and 

bio-macromolecules appear to interact in an important and vitally significant 

way. Drug transport across biological cells and membranes is dependent on 

physico-chemical properties of drugs. But direct study of the physico

chemical properties in physiological media such as blood, intracellular fluids 

is difficult to accomplish. One of the well-organized approaches is the study 

of molecular interactions in fluids by thermodynamic methods as 

thermodynamic parameters are convenient for interpreting intermolecular 

interactions in solution phase. Also the study of thermodynamic properties 

of drug in a suitable medium can be correlated to its theraptic effects.46, 47 

These facts therefore prompted us to undertake the study of binary or 

ternary solvent ·systems with 1,4-dioxane and 1,3-dioxolane or 

5 



Object and application of the research work 

tetrahydrofuran as primary solvents with some polar, weakly polar and non

polar solvents as well as with some solutes. Furthermore, the excess 

properties derived from experimental density, viscosity and speeds of sound 

data and subsequent interpretation of the nature and strength of 

intermolecular interactions help in testing and development of various 

theories of solution. 

1.3. Importance of solvents used: 

1,4-Dioxane, 1,3-Dioxolane, Tetrahydrofuran, Benzene, n-Hexane, 

N, N-Dimethylformamide, Butyric acid, Butylamine, 2-butanone, 

Monoalkanols viz. Methanol, Ethanol, !-Propanol, 2-Propanol, 1-Butanol, 2-

Butanol, t-Butanol, i-Amyl alcohol some alkyl acetates viz. Methyl acetate, 

Ethyl acetate, i-amyl acetate, Butyl acetate along with water considered as a 

universal solvent have been chosen as main solvents in this research work. 

The study of these solvents, in general, is of great interest because of their 

wide use as solvents and solubilizing agents in many industries ranging from 

pharmaceutical to cosmetics. 

1,4-dioxane is very hygroscopic and miscible in all proportions with 

water. Its dielectric constant and dipole moment are 2.209 and 0.450 

respectively at 250C. However, its dipole moment rises with increase in 

temperature suggesting formation of boat form.32 

Tetrahydrofuran is moderately toxic and has been widely used as a 

solvent for organometallics and forms blue solutions with alkali metals and 

most inorganic salts except lithium and sodium perchlorates are insoluble. 

1,4-dioxane, 1,3-dioxolane and tetrahydrofuran are all cyclic ethers 

and they fig"Llre prominently in the high-energy battery technology4s and 

have also found application in organic synthesis as manifested from the 

physico-chemical studies in these media. 1,4-dioxane and 1,3-dioxolane are 

cyclic diethers differing in one methylene group and thus they differ in 

quadrupolar and dipolar order.49 

N, N-dimethylformamide is a non-associative aprotic protophilic 

solvent with a liquid range of -60 to 153DC, low vapour pressure and good 

solubility for a wide range of substances. It is slightly basic and a popular 

solvent in visible and near u. v. spectrometry (>270 nm) and for 

polarographic work. It is also used in the separation of saturated and 

6 
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Object and application of the research work 

unsaturated hydrocarbons and serves as solvents for vinyl resins, acid 

gases, polyacrylic fibres and catalyst in carbonylation reaction as well as in 

organic synthesis. It has also been used as the model of peptide linkage in 

studies aimed at understanding bf protein denaturation studies. 5o, 51 

The increasing use of 1,4-dioxane, 1,3-dioxolane, tetrahydrofuran, 

N, N-dimethylformamide, and their aqueous or binary liquid mixtures in 

many industrial processes have greatly stimulated the need for extensive 

information on their various properties. Viscosity and density of these liquid 

mixtures are used to understand molecular interactions between the 

components of the mixture to develop new theoretical models and also for 

engineering applications. 52,53 

The hydrocarbons, both · aromatic and. aliphatic have varied 

applications. Benzene is used as solvents for fats and oils, dry-cleaner of 

woolen clothes, anti-knock gasoline and in manufacture of detergents, 

insecticides, etc. whereas n-hexane, which is familiar in the laboratory as 

the principle component of petroleum ether, is used as solvent, dry-cleaner 

and motor fuel. 

Alcohols and their aqueous and non-aqueous mixtures are widely 

used in pharmaceutical industry as excipients in different formulations or as 

solvents. Alcohols have varied applications in chemical and cosmetic 

industries. These are useful in enology and as an alternative energy source.s 

A knowledge of their physico-chemical characteristics helps to understand 

their behavior in abetter way. 

Methanol is used as solvent for paints and varnishes, antifreeze for 

automobile radiators, motor fuel, de~aturant for ethanol, etc~ It is obtainable 

commercially in adequate purity for most purposes, the principle impurity 

being up to 0.05% water usually be removed by distillation, or by use of 

molecular sieves and calcium hydride. Ethanol has been used as a solvent in 

quantitative studies and 'Absolute' alcohol usually contains 0.01% water. 

The importance of iso-amyl alcohol in research field is implied for its 

usefulness in gas chromatography. It can isolate high quality RNA from even 

the hardest to isolate samples for immediate use in micro array application 

and it is also useful in most DNA applications.54 

However, it is worth mentioning that 1,4-dioxane differs from alcohols 

in its behaviour . towards water. Alcohols are :usually structure makers 

7 
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whereas 1,4-dioxane acts as a net structure breaker.ss Aqueous 1,4-dioxane 

mixtures have been found to be more basic than water and the basicity has 

been found to be maximum in the region 45-50 mass% of 1,4-dioxane.s6 

Water is the most widely used solvent in the chemical industries, 

since it is the most physiological and best tolerated excipient. However, in 

some cases, water cannot be used as a solvent because the active substance 

or solute is insoluble or slightly soluble in it. The non-aqueous solvents with 

common characteristics of being soluble or miscible in water are thus used. 

Such solvents can be used to prepare binary or ternary mixtures and they 

can serve different purposes such as increasing water solubility, modifying 

the viscosity, absorption of the dissolved substance. 

The knowledge of the type and structure of the complex species in 

solution is essential for the optimal choice of solvents. Even though these 

solvents have drawn much focus in recent years as solvents for physico

chemical investigations, still a lot remains to be explored. 

1.4. Method of Investigations 

The phenomenon of synergy, antagonism, ion-ion, ion-solvent and 

solvent-solvent interactions are intriguing. It is desirable to explore these 

interactions using different experimental techniques. We have, therefore, 

employed four important methods, viz. densitometry, viscometry, ultrasonic 

interferometry and conductometry in our research works. 

Viscosity and density have been used to interpret the synergic and 

antagonic behavior in the solvent mixtures. The values of synergiC and 

antagonic interaction indices determine the nature of the molecular package. 

Thermodynamic properties of solutions are not only useful for 

estimation of feasibility of chemical reactions in solution, but they also offer 

one of the better methods of investigating the theoretical aspects of solution 

structure. Thermodynamic properties, like apparent molar volume, partial 

molar expansibility, etc. obtained from density measurements, are generally 

convenient parameters for interpreting solute-solute and solute-solvent 

interactions in solution. 

The change in solvent viscosity by the addition of electrolytes is 

attributed to inter-ionic and ion-solvent effects. The B -coeffich~nts gives a 

satisfactory interpretation of ion-solvent interactions such as the effects of 

8 



Object and application of the research work 

solvation, preferential solvation and structure-breaking or structure-making 

capacity of the solutes. 

The compressibility, a second derivative of Gibbs energy, is also a 

sensitive indicator of molecular interactions and provides useful information 

in such cases where partial molar volume data alone cannot provide an 

unequivocal interpretation of these interactions. Various acoustical 

parameters have been derived in carrying out the investigations. 

The excess properties such as excess molar volume, viscosity 

deviations and deviation in isentropic compressibility along with the 

correlating equations explain molecular interactions in a more effective way. 

The transport properties are studied using the conductance data, 

specially the conductance at infinite dilution. Conductance data obtained as 

a function of concentration are used to study the ion-association with the 

help of appropriate equations. 

1.5. Summary of the works done 

Chapter I 

This chapter contains the object and applications of the research 

work, the reasons for choosing the main solvents and solutes and methods 

of investigation. This also includes a ~mmmary of the works associated with 

the thesis. 

Chapter II 

This chapter contains the general introduction of the thesis and forms 

a background of the works embodied in the thesis. Viscous synergy and 

antagonism have been defined along with their interaction indices. A brief 

review of notable works on ion-ion, ion-solvent and solvent-solvent 

interaction has been made. Also an attempt has been made to define these 

interactions. Various derived parameters dependent on density, viscosity, 

ultrasonic speed of sound and conductance along with their importance in 

solution chemistry has been discussed. Several semi-empirical models to 

estimate dynamic viscosity of binary liquid mixtures have been discussed. 

Ionic association and its dependence on ion-size parameters as well 

as relation between solution viscosity and limiting conductance of an ion has 

been discussed using Stokes' law and Walden rule. Critical evaluations of 

different methods employed frequently for obtaining the single ion values 
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(viscosity B -coefficient and limiting equivalent conductance)' and their 

implications have been discussed. 

Chapter Ill 

This chapter contains the experimental section mainly involving the 

source and purification of the solvents and solutes used and the details of 

the experimental methods employed for measurement of the thermodynamic, 

transport and acoustic properties. 

Chapter IV 

This chapter presents a study on viscous synergy and isentropic 

compressibility in the systems comprising some monoalkanols (C1-C4) and 

cyclic ethers (1,4-dioxane and tetrahydrofuran) in the proportion w/w =1: 1, 

in water at different concentrations (w/w) at 298.15 K to determine the 

proportion of monoalkanol + cyclic ether + water, at which maximum 

synergy occurs. The density and viscosity data have been analyzed using the 

equation developed by Kaletunc-Gencer and Peleg. Also a correlation 

between the density and viscosity increment for all the systems has been 

attempted. The ratio between maximum viscosity reached by the mixtures 

and pure state viscosity is expressed by the enhancement index defined as: 

En= 1'/max/ 1'/0· 

ChapterV 

In this chapter the densities, viscosities, and ultrasonic speeds of 

resorcinol in 1,4-dioxane + water mixtures and in pure 1,4-dioxane have 

been measured at 303.15, 313.15 and 323.15 K. Apparent molar volumes 

(V,p) and viscosity B -coefficients were obtained from the experimental data. 

The limiting apparent molar volumes ( ~0 ) and experimental slopes ( s;) 

derived from the Masson equation have been interpreted in terms of solute

solvent and solute-solute interactions, respectively. The viscosity data have 

been analyzed using the Jones-Dole equation, and the derived parameters A 

and B have also been interpreted in terms of solute-solute and solute-solvent 

interactions, respectively. The structure making/breaking capacities of 

resorcinol in the studied solvent systems have been discussed. 

10 
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Chapter VI 

In this chapter electrical conductances of !_3ome ammonium and 

tetraalkylammonium halides have been measured in different mass% of 1,4-

dioxane + water mixtures (20%, 40%, 60% and 80%) at· 298.15 K. The 

limiting molar conductivity (11 0 ), the association constant (KA) and 

association distance ( R) in the solvent mixtures have been evaluated using 

Fuoss conductance equation (1978). Based on the composition dependence 

of walden product (J1 0ry0 ), the influence of the mixed solvent composition on 

the solvation of ions has also been discussed. The results have been 

discussed in terms of ion-solvent and ion-ion interactions and the structural 

changes in the mixed solvent systems. 

Chapter VII 

In this chapter the densities and viscosities of ternary mixtures of 

tetrahydrofuran + methanol + benzene and isopropanol + benzene + n

hexane have been measured at 303.15, 313.15 and 323.15 Kover the entire 

range of composition. The data have been analyzed using the equation 

developed by Kaletune-Gencer and Peleg. The experimental results have 

been discussed and explained in terms of molecular package and 

electrostriction. 

Chapter VIII 

In this chapter the excess molar volume (V"), viscosity deviations 

(ilry) and Gibbs excess free energy of activation for viscous flow (G*E) have 

been investigated from the density ( p) and viscosity ( 77) measurements of 

eight binary mixtures of 1,3-dioxolane with methanol, ethanol, !-propanol, 

2-propanol, 1-butanol, 2-butanol, t-butanol and iso-amyl alcohol over the 

entire range of mole fractions at 303.15 K. The viscosity data have been 

correlated with Grunberg-Nissan equation. The excess or deviation 

properties have been fitted to Redlich-Kister polynomial equation and the 

results have been discussed in terms of molecular interactions. and 

structural effects. 
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Chapter IX 

In this chapter apparent molar voh:tmes ( V¢) and viscosity · B

coefficients of sodium molybdate in aqueous binary mixtures of 1,4-dioxane 

have been determined from density and viscosity measurements at 303.15, 

313.15 and 323.15 K and at various electrolyte concentrations. Adiabatic 

compressibility (/3) of different solutions have been determined from the 

measurement of ultrasonic speeds of sound at 303.15 K. Experimental 

density data were evaluated using the Masson equation and the derived 

parameters interpreted in terms of ion-solvent and ion-ion interactions. 

Partial molar volumes ( LlV¢0
) and viscosity B -coefficients (LIB) of transfer 

from water to aqueous 1 ,4-dioxane mixtures have also been calculated and 

discussed. The structure-making or breaking capacity of the electrolyte 

under investigation has been discussed in terms of the sign of (o2~0 I oT2 )p. 

Chapter X 

In this chapter the densities and viscosities have been measured for 

the binary mixtures of butylamine and N, N- dimethylformamide with methyl 

acetate, ethyl acetate, butyl acetate and iso-amyl acetate at 298.15 K over 

the entire range of composition. From density and viscosity data, the values 

of excess molar volume ( VE) and viscosity deviation ( 6.77) have been 

determined. These results have been fitted to Redlich-Kister polynomial 

equation to estimate the binary coefficients and standard errors between the 

experimental and the computed values. The density and viscosity data have 

been analyzed in terms of some semiempirical viscosity models and the 

results have been discussed in terms of molecular interactions and 

~tructural effects. 

Chapter XI 

In this chapter the densities and viscosities were measured for the 

binary mixtures of 1,4-dioxane and 1,3-dioxolane with butyl acetate, butyric 

acid, butylamine and 2-butanone at 298.15 K over the entire range of 

composition. From density and viscosity data, the values of excess molar 

volumes ( VE) and viscosity deviations ( ~ 77) have been determined. These 

results were fitted to Redlich-Kister polynomial equation. The density and 
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viscosity data have also been analyzed in term of some semi empirical 

viscosity models. 

Chapter XII 

This chapter contains the concluding remarks on the works related to 

the thesis. 
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CHAPTER II 

2.1. Viscous Synergy and Antagonism 

Rheology is the branch of science1 that studies material deformation 

and flow, and is increasingly applied to analyze the viscous behavior of many 

pharmaceutical products,2-II and to establish their stability and even hie

availability, since it has been firmly established that viscosity.influences the 

drug absorption rate in the body. 12. 13 

The study of the viscous behavior of pharmaceuticals, foodstuffs, 

cosmetics or industrial products, etc., is essential for confirming that their 

viscosity is appropriate for the contemplated use of the products. 

Viscous synergy is the term used in application to the interaction 

between the components of a system that causes the total viscosity of the 

system to be greater than the sum of the viscosities of each component 

considered separately. In contraposition to viscous synergy, viscous 

antagonism is defined as the interaction between the components of a 

system causing the net viscosity of the latter to be less than the sum of the 

viscosities of each component considered separately. 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.14 , 1s 

The method most widely used to analyze the synergic and antagonic 

behavior of the ternary liquid mixtures used here is that developed by 

Kaletunc-Gencer and Peleg16 allowing quantification of the synergic and 

antagonic interactions taking place in the mixtures involving variable 

proportions of the constituent components. The method compares the 

viscosity of the system, determined experimentally, 7]exp, with the viscosity 

expected in the absence of interaction, 77catc as defined by the simple mixing 

rule as: 

- j 

11cah· = L W;7]; 
i=l 

(I) 

where W; and 77; are the fraction by weight and the viscosity of the ith 

component, measured experimentally and i is an integer. 

Accordingly, when 7]exp > 7]catc, viscous synergy exists, while, when 77calc > 

7]exp, the system is said to exhibit viscous antagonism. 
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This procedure is used when Newtonian fluids are involved, since in non

Newtonian systems shear rate must be taken into account, and other 

synergy indices are defined in consequence.t7 

In order to secure more comparable viscous synergy results, the so

called synergic interaction index Us) as introduced by Howenzs is taken· into 

account: 

I 
_ TJ exp - TJ mix 

s - = L1TJ (2) 
17 mix 17 mix 

When the values of 1.\· are negative, it is termed as antagonic interaction 

The method used to analyze volume contraction and expansion is similar to 

that applied to viscosity, i.e., the density of the. mixture is determined 

experimentally, pexp, and a calculation is made for Peale based on the 

expression: 

j 

Peale = L w,p, 
1=1 

(3) 

where Pi is the experimentally measured density of the ith component. 

Other symbols have their usual significance. 

Accordingly, when pexp > Peale, volume contraction occurs, but when Peale > 

Pexp, there is volume expansion in the system. 

Also a power factor termed as the enhancement index (E17 ) has also been 

studied.l The enhancement index of the viscosity given as: 

E = 7lmax 

~ 77o 
(4) 

where 7]max is the maximum viscosity attained in the mixture and 7]o is 

the experimental viscosity of the pure components. 

The investigations have been carried out with ternary mixtures of 

tetrahydrofuran +methanol+ benzene, isopropanol+ benzene+ n-hexane at 

303.15, 313.15 and 323.15 K and ternary mixtures of 1,4-dioxane or 

tetrahydrofuran with water and monoalkanols and water + tetrahydrofuran + 

1,4-dioxane at 298.15 K. The monoalkanols were methanol, Ethanol, !

propanol, 2-propanol, 1-butanol and 2-butanol. 
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2.2. lon-Solvent Interaction 

The formation of mobile ions in solution is a basic aspect to 

electrochemistry. There are two distinct ways that mobile ions form in 

solution to create ionically condq.cting phases. The first one is illustrated for 

aqueous acetic acid in figure 1: 19 

10 0 1H Proton-transfer 
H! C- C l t 0\ reaction 

\0-H H 
Neutral acetic Neutral 
acid molecule water 

molecule 

(,c-/ ]JH-/] + L \0 L \H 

Acetate ion Hydrogen ion 

Figure 1. The chemical method of producing ionic solutions. 

The second one involves dissociation of a· solid lattice of ions such as 

the lattice of sodium chloride. The ion formation, as shown in figure 2, 19 is 

as if the solvent colliding with the walls of the crystal gives the ions in the 

crystal lattice a better deal energetically than they have within the lattice. It 

entices them out and into the solution. Thus .there is a considerable energy 

of interaction between the ions and the solvent molecules. These interactions 

are collectively termed as ion- solvent interactions. 

Ions orient dipoles. The spherically symmetrical electric field of the ion 

may tear solvent dipoles out of the solvent lattice and orient them with 

appropriate charged end toward the central ion. Thus, viewing the ion as a 

point charge and the solvent molecules as electric dipoles, ion-dipole forces 

become the principal source of ion-solvent interactions. The majority of 

reactions occurring in solutions are chemical or biological in nature. It was 

presumed earlier that the solvent only provides an inert medium for 

chemical reactions. The significance of ion-solvent interactions was realized 

after extensive studies in aqueous, non-aqueous and mixed solvents.20-29 

18 
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Ion in solution 

of NaCI 

Figure 2. Dissoll.1tio:ri of an ionic crystal by the action of a solvent. 

As water is the most abundant solvent in nature artd its major 

importance to chemistry, biology, agriculture, geology, etc., water has been 

extensively used in kinetic and equilibrium studies: But still our knowledge 

of molecular interactions in water· is extremely limited. Moreover, the 

uniqueness of water as a solvent has been questionedao, 31 and it has been 

realized that the studies of other solvent media like non-aqueous and mixed 

solvents would be of great help in understanding different molecular 

interactions and a host of complicated phenomena. 20-29 

The organic solvents have been classified based on the dielectric 

constants, organic group types, acid base properties or association through 

hydrogen bonding,29 donor-acceptor properties,32, 33 hard and soft acid-base 

principles,34 etc. As a result, the different solvents show a wide divergence of 

properties ultimately influencing their thermodynamic, transport and 

acoustic properties in presence of electrolytes and non-electrolytes in these 

solvents. The determination of thermodynamic, transport and acoustic 

properties of different electrolytes or non-electrolytes in various solvents 

would thus provide important information in this direction. Henceforth, in 

the development of theories of electrolytic solutions, much attention has 

been devoted to the controlling forces-'ion-solvent interactions' in infinitely 

dilute solutions wherein ion-ion interactions are almost absent. By 

separating these functions into ionic contributions, it is possible to 

determine the contributions due to cations and anions in the solute-solvent 

interactions. Thus ion-solvent interactions play a key role to understand the 

physico-chemical properties of solutions. 
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One of the causes for the intricacies in solution chemistry is the 

uncertainty about the structure of the solvent molecules in solution. The 

introduction of a solute modifies the solvent structure to an uncertain 

magnitude, also the solute moleGule is modified by the solvent molecule and 

the interplay of forces like solute-solute, solute-solvent and solvent-solvent 

interactions become predominant, though the isolated picture of any of the 

forces is still not known completely to the solution chemist. 

Ion-solvent interactions can be studied by spectrometry.3s, 36 The 

spectral solvent shifts or the chemical shifts can determine the qualitative 

and quantitative nature of ion-solvent interactions. But even qualitative or 

quantitative apportioning of the ion-solvent interactions into the various 

possible factors is still an uphill task. 

It is thus apparent that the real understanding of the ion-solvent 

interaction is a difficult task. The aspect embraces a wide range of topics but 

we concentrated only on the measurement of transport properties like 

viscosity, conductance etc. and such thermodynamic properties as apparent 

and partial molar volumes and apparent molal adiabatic compressibility. 

2.3. lon-ion interaction 

Ion-solvent interactions are only a part of the story of an ion related to 

its environment. The surrounding of an ion sees not only solvent molecules 

but also other ions. The mutual interactions between these ions constitute 

the essential part- 'ion-ion interactions'. The degree of ion-ion interactions 

affects the properties of solution and depends on the nature of electrolyte 

under investigation. Ion-ion interactions, in general, are stronger than ion

solvent interactions. Ion-ion interaction in dilute electrolytic solutions is now 

theoretically well understood, but ion-solvent interactions or ion-solvation 

still remains a complex process. 

While proton transfer reactions are particularly sensitive to the nature 

of the solvent, it has become cleared that the majority of the solutes are 

significantly modified by the solvents. Conversely, the nature of the strongly 

structured solvents, such as water, is substantially modified by the presence 

of solutes. Complete understanding of the phenomena of solution chemistry 

will become a reality only when solute-solute, solute-solvent and solvent-
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solvent interactions are elucidated and thus the present dissertation is 

intimately related to the studies of solute-solute, solute-solvent and solvent

solvent interactions in some solvent media. 

2.4. Theory of Mixed Solvents 

As the mixed and non-aqueous solvents are increasingly used in 

chromatography, solvent extraction, in the elucidation of reaction 

mechanism, in preparing high density batteries, etc. a number of molecular 

theories, based on either the radial distribution function or the choice of 

suitable physical model, have been developed for mixed solvents. Theories of 

perturbation type have been extended from their successful applicability in 

pure solvents to mixed solvents. L. Jones and Devonshire37 were first to 

evaluate the thermodynamic functions for a single fluid in terms of 

interchange energy parameters. They used "Free volume" or "Cell model". 

Prigogine and Garikian3B extended the above approach to solvent mixtures. 

Random mixing of solvents was their main assumption provided the 

molecules have similar sizes. Prigogine and Bellemans39 developed a two 

fluid version of the cell model. They found that while excess molar volume 

( VE) was negative for mixtures with molecules of almost same size, it was 

large positive for mixtures with molecules having small difference in their 

molecular sizes. Treszczanowicz et al.4o suggested that V" is the result of 

several contributions from several opposing effects. These may be divided 

arbitrarily into three types, viz. physical, chemical and structural. Physical 

contributions contribute a positive term to V". The chemical or specific 

intermolecular interactions result in a volume decrease and contribute 

negative values to VH. The structural contributions are mostly negative and 

arise from several effects, especially from interstitial accommodation and 

changes in the free volume. The actual volume change would therefore 

depend on the relative strength of these effects. However, it is generally 

assumed that when Vi! is negative, viscosity deviation ( Ll77) may be positive 

and vise-versa. This assumption is not a concrete one, as evident from some 

studies.4I-42 It is observed in many systems that there is no simple 

correlation between the strength of interaction and the observed properties. 

Rastogi et al. 43 therefore suggested that the observed excess property is a 
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· combination of an interaction and non-interaction part. The non-interaction 

part in the form of size effect can be comparable to the interaction part and 

may be sufficient to reverse the trend set by the latter. Based on the 

principle of corresponding states as suggested by Pitzer, 44 L. Huggins45 
'.\. .... \ 

introduced a new approach in his theory of conformal solutions. Using a 

simple perturbation approach, he showed that the properties of mixtures 

could be obtained from the knowledge of intermolecular forces and 

thermodynamic properties of the pure components. Recently, Rawlinson et 

al. 46-48 reformulated the average rules for van der waals mixtures and their 

calculated values were in much better agreement with the experimental 

values even when one fluid theory was applied. The more recent independent 

effort is the perturbation theory of Baker and Henderson. 49 A more 

successful approach is due to Flory who made the use of certain features of 

cell theory and assumed an empirical equation for the dependence of energy 

on volume. Flory et al.5D·52 developed a statistical theory for predicting the 

excess properties of binary mixtures by using the equation of state and the 

properties of pure components along with some adjustable parameters. This · 

theory is applicable to mixtures containing components with molecules of 

different shapes and sizes. Patterson and Dilamas53 combined both Prigogine 

and Flory theories to a unified one for rationalizing various contributions of 

free volume, internal pressure etc. to the excess thermodynamic properties. 

Recently, Heintz54-56 and coworkers suggested a theoretical model based on a 

statistical mechanical derivation and accounts for self-association and cross

association in hydrogen bonded solvent mixtures is termed as extended real 

associated solution model (ERAS). It combines the effect of association with 

non-associative intermolecular interaction occurring in solvent mixtures 

based on equation of state developed originally by Flory et al. 50-52 

Subsequently the ERAS model has been successfully applied by many 

workers57·59 to describe the excess thermodynamic properties of alkanol

amine mixtures. 

2.5. Density 

One of the well-recognized approaches to the study of molecular 

interactions in fluids is the use of thermodynamic methods. Thermodynamic 

properties are generally convenient parameters for interpreting solute-
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solvent and solute-solute interactions in the solution phase. Fundamental 

properties such as enthalpy, entropy and Gibbs energy represent the 

macroscopic state of the system as an average of numerous microscopic 

states at a given temperature and pressure. An interpretation of these 

macroscopic properties in terms of molecular phenomena is generally 

difficult. Sometimes higher derivatives of these properties can be interpreted 

more effectively in terms of molecular interactions. 

Various concepts -regarding molecular processes in solutions like 

electrostriction,6o hydrophobic hydration,6I micellization62 and co-sphere 

overlap during solute-solvent interactions63 to a large extent have been 

derived and interpreted from the partial molar volume data of many 

compounds._ 

2.5.1. Apparent and Partial Molar Volumes 

The molar volume of a pure substance can be determined from 

density measurements. However, the volume contributed to a solvent by the 

addition of 1 mole of an ion is difficult to determine. This is so because, 

upon entzy into the solvent, the ions change the volume of the solution due 

to a breakup of the solvent structure near the ions and the compression of 

the solvent under the influence of the ion's electric field i.e., Electrostriction. 

Electrostrictioni9 is a general phenomenon and whenever there are electric 

fields of the order of 109-lQIO V m-r, the compression of ions and molecules 

is likely to be significant. 

The effective volume of an ion in solution, the partial molar volume, can be 

determined from a directly obtainable quantity- apparent molar volume ( V¢ ). 

The apparent molar volumes, V¢ of the solutes can be calculated by using the 

following relation;64 

v¢ ::: M I Po -1 OOO(p- Po)/(cpo) (5) 

where M is the molecular weight of the solute, p 0 and pare the densities of 

solvent and solution respectively and cis the molarity of the solution. 

The partial molar volumes, V2 can be obtained from the equation;6s 

The extrapolation of the apparent molar volume of electrolyte to infinite 

dilution and the expression of the concentration dependence of the apparent 
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molar volume have been made by four major equations over a period of years 

- the Masson equation,66 the Redlich-Meyer equation,67 the Owen-Brinkley 

equation6B and the Pitzer equation.44 Masson found that the apparent molar 

volume of electrolyte, V¢ , vruy with the square root of the molar 

concentration by the linear equation: 

(7) 

where V¢0 is the limiting apparent molar volume (equ'al to the partial molar 

volume at infinite dilution, V~ ) and s; is the experimental slope. The 

majority of V¢ data in water69 and nearly all V"' data in non-aqueous70-74 

solvents have been extrapolated to infinite dilution through the use of 

equation (7). 

The temperature dependence of V¢0 for various investigated electrolytes 

in various solvents can be expressed by the general equation as follows: 

(8) 

where a0 , a1 and a2 are the coefficients of a particular electrolyte and T is 

the temperature in Kelvin. 

The limiting apparent molar expansibilities ( ¢~) can be calculated from the 

general equation (8). Thus, 

-¢~ == (BV¢0 jBT)p = a1 + 2a2T
2 (9) 

The limiting apparent molar expansibilities ( ¢~) change in magnitude with 

the change of temperature. 

During the past few years, different workers emphasized that s; is not the 

sole criterion for determining the structure-making or structure-breaking 

nature of any solute. Hepler75 developed a technique of examining the sign of 

(B 2V¢0 jBT2 )p for various solutes in terms of long range structure-making and 

breaking capacity of the solutes in solution using the general 

thermodynamic expression: 

(10) 
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On the basis of this expression, it has been deduced that structure-making 

solutes should have positive value, whereas structure-breaking solutes 

should have negative value. 

However, Redlich and Meyer67 have shown that equation (7) cannot be more 

than a limiting law and for a given solvent and temperature the slope, s~ 

should depend only upon the valence type. They suggested an equation for 

representing v¢ as follows: 

where, Sv = Kw312 

(11) 

(12) 

Sv is the theoretical slope, based on molar concentration, including the 

valence factor: 

(13) 

(14) 

where p is the compressibility of the solvent. But the variation of 

dielectric constant with pressure was not known accurately enough, even in 

water, to calculate accurate values of the theoretical limiting slope. 

The Redlich-Meyez-67 extrapolation equation adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute 

solutions. However, studies76-78 on some 2:1, 3:1 and 4:1 electrolytes show 

deviations from this equation. 

Thus for polyvalent electrolytes, the more complete Owen-Brinkley 

equation6B can be used to aid in the extrapolation to infinite dilution and to 

adequately represent the concentration dependency of V¢. The Owen-

Brinkley equation derived by including the ion-size parameter is given by: 

V¢ = V¢0 + Svr(Ka)._rc + 0.5wvB(Ka) + 0.5Kvc (15) 

where the symbols have their usual significance. However, equation 

(15) has not been widely employed for the treatment of results for non

aqueous solutions. 

Recently, Pogue and Atkinson7'l used the Pitzer formalism to fit the 

apparent molar volume data. The Pitzer equation for the apparent molar 

volume of a single salt M
1
MXrx is: 
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v¢ = V¢
0 + VlzMzxiAvl2bln(I + bl0

'
5

) + 

2rMrxRT[mB~x + m2 (YMYx) 0· 5 C~x] 

where the symbols have their usual significance. 

2.5.2. Ionic Limiting Partial Molar Volumes 

(16) 

The individual partial ionic volumes provide information relevant to 

the general question of the structure near the ion i.e., its salvation. The 

calculation of the ionic limiting partial molar volumes in organic solvents is, 

however, a difficult one. At present, however, most of the existing ionic 

limiting partial molar volumes in organic solvents were obtained by the 

application of methods originally developed for aqueous solutions8o to non

aqueous electrolyte solutions. 

In the last few years, the method suggested by Conway et al.8o has 

been used more frequently. These authors used the method to determine the 

limiting partial molar volumes of the anion for a series of homologous 

tetraalkylammonium chlorides, bromides and iodides in aqueous solution. 
-o . 

They plotted the limiting partial molar volume, V R,Nx for a series of these 

salts with a halide ion in common as a function of the formula weight of the 

cation, MR,w and obtained straight-lines for each series. Therefore, they 

suggested the following equation: 

(17) 

The extrapolation to zero cationic formula weight gave the limiting partial 
-0 

molar volumes of the halide ions, V x- . 

Uosaki et al. 81 used this method for the separation of some literature values 

and of their own V~,Nx values into ionic contributions in organic electrolyte 

solutions. Krumgalz82 applied the same method to a large number of partial 

molar volume data for non-aqueous electrolyte solutions in a wide 

temperature range. 

2.5.3. Excess Molar Volumes 

The study has been carried out with the binary and ternar:Y aqueous 

and non-aqueous solvent mixtures. The excess molar volumes (VE) are 

calculated from density of these solvent mixtures according to the following 

equation: 83, 84 
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j 

VIi= Lx;M;(l/ p-I/ P;) (18) 
i=l 

where p is the density of the mixture and M~ Xi and fJi are the 

molecular weight, mole fraction and density of ith component in the mixture, 

respectively. 

2.6. Viscosity 

Viscosity, one of the most important transport properties is used for the 

determination of ion-solvent interactions and studied extensively.s4 ,B6 

Viscosity is not a thermodynamic quantity, but viscosity of an electrolytic 

solution along ~ith the thermodynamic property, v~' i.e., the partial molar 

volume, gives a lot of information and insight regarding ion:..solvent 

interactions and the nature of structures in the electrolytic solutions. 

The viscosity relationships of electrolytic solutions are highly 

complicated. Because ion-ion and ion-solvent interactions are occurring in 

the solution and separation of the related forces is a difficult task. But from 

careful analysis, vivid and. valid conclusions can be drawn regarding the 

structure and the nature of the solvation of the particular system. As 

viscosity is a measure of the friction between adja~ent, relatively moving 

parallel planes of the liquid, anything that increases or decreases the 

interaction between the planes will raise or lower the friction and thus, 

increase or decrease the viscosity. 

If large spheres are placed in the liquid, the planes will be keyed 

together in increasing the viscosity. Similarly, increase in the average degree 

of hydrogen bonding between the planes will increase the friction between 

the planes, thereby viscosity. An ion with a large rigid co-sphere for a 

structure-promoting ion will behave as a rigid sphere placed in the liquid 

and increase the inter-planar friction. Similarly, an ion increasing the degree 

of hydrogen bonding or the degree of correlation among the adjacent solvent 

molecules will increase the viscosity. Conversely, ions destroying correlation 

would decrease the viscosity. 

In 1905 GriineisenB7 performed the first systematic measurement of 

viscosities of a number of electrolytic solutions over a wide range of 

concentrations. He noted non-linearity and negative curvature in the 

viscosity concentration curves irrespective of low or high concentrations. In 
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1929, Jones and Dole88 suggested an empirical equation quantitatively 

correlating the relative viscosities of the electrolytes with molar 

concentrations, c: 

(19) 

The above equation can be rearranged as: 

(r;, -1)/ --Jc =A+ B--Jc (20) 

where A and Bare constants specific to ion-ion and ion-solvent 

interactions. The equation is applicable equally to aqueous and non-aqueous 

solvent systems where there is no ionic association and has been used 

extensively. The term AFc, originally ascribed to Griineisen effect, arose 

from the long-range coulombic forces between the ions. The significance of 

the term had since then been realized due to the development Debye-Hiickel 

theory89 of inter-ionic attractions in 1923. 

The A -coefficient depends on the ion-ion interactions and can be 

calculated from interionic attraction theory90-92 ~d is given by the 

Falkenhagen Vernon92 equation: 

A. = 0.257711o [1-0.6863(-t~-A~)2] 
Theo 11 (eT)o.s A o A o ;1 

'10 + - 0 

(21) 

where the symbols have their usual significance. In very accurate 

work on aqueous solutions,93 A -coefficient has been obtained by fitting r;, to 

equation (20) and compared with the values calculated from equation (21), 

the agreement was normally excellent. The accuracy achieved with partially 

aqueous solutions was however poorer,94 A -coefficient suggesting that 

should be calculated from conductivity measurements. Crudden et al.9s 

suggested that if association of the ions occurs to form an ion pair, the 

viscosity should be analysed by the equation: 

r;,-1-AFc -B B (1-a) 
-'-----'--- - i + I' (22) 

ac a 

where A, B; and B1, are characteristic constants and a is the degree of 

dissociation of ion pair. Thus a plot of (r;,-1-A-.f;;;)/ac against(l-a)/a, 

when extrapolated to (1- a)/ a = 0 gave the intercept B; . However for the most 
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of the electrolytic solutions both aqueous and non-aqueous, the equation 

(20) is valid up to 0.1 (M) 85, 96, 97 within experimental errors. 

At higher concentrations the extended Jones-Dole equation (23), 

involving an additional coefficient D, originally used by Kaminsky,98 has been 

used by several workers99, 1oo and is given below: 

TJ/TJo = 1 + A-k +Be+ Dc2 (23) 

The coefficient D cannot be evaluated properly and the significance of the 

constant is also not always meaningful and therefore, equation (20) is used 

by the most of the workers. 

The plots of (TJ /TJo -1)/ -k against -k for the electrolytes should give 

the value orA-coefficient. But sometimes, the values come out to be negative 

or considerably scatter and also deviation from linearity occur.97, 101. 102 Thus, 

instead of determining A- coefficient from the plots or by the least square 

method, the A -coefficient are generally calculated using Falkenhagen

Vernon equation (21). 

A -coefficient should be zero for non-electrolytes. According to Jones 

and Dole, the A -coefficient probably represents the stiffening effect on the 

solution of the electric forces between the ions, which tend to maintain a 

space-lattice structure. 88 

The B -coefficient may be either positive or negative and it is actually 

the ion-solvent interaction parameter. It is conditioned by the ion-size and 

the solvent and cannot be calculated a priori. The B -coefficients are 

obtained as slopes of the straight lines using the least square method and 

intercepts equal to the A values. 

The factors influencing B- coefficients are: 103, 104 

(1) The effect of ionic solvation and the action of the field of the ion in 

producing long-range order in solvent molecules, increase 7J or B -value. 

(2) The destruction of the three dimensional structure of solvent 

molecules (i.e., structure breaking effect or depolymeriation effect) 

decrease 7J values. 

(3) High molal volume and low dielectric constant, which yield high B

values for similar solvents. 
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(4) Reduced B -values are obtained when the primary solution of ions is 

sterically hindered in high molal volume solvents or if either ion of a 

binary electrolyte cannot be specifically solvated. 

2.6.1. Viscosities at Higher Concentration 
·~ 

It had been found that the viscosity at high concentrations (1M to 
' 

saturation) can be represented by the empirical formula suggested by 

Andrade: 1os 

17 = AexphtT (24) 

The several alternative formulations have been proposed for representing the 

results of viscosity measurements in the high concentration range106-11I and 

the equation suggested by Angell112, 113 based on an extension of the free 

volume theory of transport phenomena in liquids and fused salts to ionic 

solutions is particularly noteworthy. 

The equation is: 

1/77 = Aexp[- K)(N0 - N)] (25) 

where N represents the concentration of the salt in eqv. litre-1, A and 

K1 are constants supposed to be independent of the salt composition and 

N 0 is the hypothetical concentration at which the system becomes glass. The 

equation was recast by Majumder et al.114-116 introducing the limiting 

condition, that is N ~ O,ry ~ Tlo; which is the viscosity of the pure solvent. 

Thus, we have: 

(26) 

The equation (26) predicts a straight line passing through the origin for the 

plot of ln'lneJ vs. N/(N0 - N) if a suitable choice for N0 is made. Majumder et 

al. tested the equation (26) by using literature data as well as their own 

experimental data. The best choice for N0 andK1 was selected by a trial and 

error methods. The set of K1 and N0 producing minimum deviations between 

Exp d 71reo t d 
T7Rel an T7Re/ was accep e . 

In dilute solutions, N << N0 and we have: 

(27) 
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Equation (27) is nothing but the Jones-Dole equation with the ion

solvent interaction term represented as B = K1/ Ng. The arrangement 

between B -values determined in this way and using Jones-Dole equation 

has been found to be good for several electrolytes. 

Further, the equation (26) written in the form: 

N/ln'7Rel = NgjK1 -(N0 /K1)N (28) 

It closely resembles the Vand's equationlo9 for fluidity (reciprocal for 

viscosity): 

2.5c/2.3 log17Rel = 1/V- Qc (29) 

where c is the molar concentration of the solute and Vis the effective 

rigid molar volume of the salt and Qis the interaction constant. 

2.6.2. Division of B -coefficient into Ionic Values 

The viscosity B -coefficients have been determined by a large number 

ofworkers in aqueous, mixed and non-aqueous solvents.1o2, 117-147 However, 

the B -coefficients as determined experimentally using the Jones-Dole 

equation, does not give any impression regarding ion-solvent interactions 

unless there is some way to identify the separate contribution of cations and 

anions to the total solute-solvent interaction. The division of B -values iiJ.to 

ionic components is quite arbitrary and based on some assumptions, the 

validity of which may be questioned. 

The following methods have been used for the division of B -values in 

the ionic components -

(1) Cox and Wolfendeni4B carried out the division on the assumption 

that Bio" values of Li+ and 103- in Lil03 are proportional to the ionic volumes 

which are proportional to the third power of the ionic mobilities. The method 

of Gurney149 and also of Kaminsky9B is based on: 

BK. = BCI_ (in water) (30) 

The argument in favour of this assignment is based on the fact that the 

B -coefficients for KCl is very small and that the mobilities of K+ and cr are 

very similar over the temperature range 15-45°C. The assignment is 

supported from other thermodynamic properties. Nightingle,Iso however 

preferred RbCl or CsCl to KCI from mobility considerations. 

31 



,__,.l 

General Introduction 

{2) The method suggested by Desnoyers and Perron99 is based on the 

assumption that the EttN+ ion in water is probably closest to be neither 

structure breaker not a structure maker. Thus, they suggest that it is 

possible to apply with a high degree of accuracy of the Einstein's equation,1s1 

B = 0.0025Vo (31) 

and by having an accurate value of the partial molar volume of the ion, V o , 

it is possible to calculate the value of 0.359 for BEt,w in water at 25°C. 

Recently Sacco et al. proposed the "reference electrolytic" method for 

the division of B -values. 

Thus, for tetraphenyl phosphonium tetraphenyl borate in water, we have: 

(32) 

BaPh,PPh, (scarcely soluble in water) has been obtained by the following 

method: 

(33) 

The values obtained are in good agreement with those obtained by other 

methods. 

The criteria adopted for the separation of B -coefficients in non-aqueous 

solvents differ from those generally used in water. However, the methods are 

based on the equality of equivalent conductances of counter ions at infinite 

dilutions. 

(a) Criss and Mastroianni assumed BK. = BCI_ in ethanol based on 

equal mobilities of ions. 1S2 They also adopted s:;.,N. = 0.25 as the initial value 

for acetonitrile solutions. 

{b) For acetonitrile solutions, Tuan and Fuossis3 proposed the 

equality, as they thought that these ions have similar mobilities. However, 

according to Springer et al.,Is4 ~5 (Bu 4N+)=61.4 and ~5 (Ph 4B-)=58.3in 

acetonitrile. 

(34) 

{c) Gopal and Rastogii03 resolved the B -coefficient in N-methyl 

propionamide solutions assuming that BE N. = B _at all temperatures. 
t 4 I 
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(d) In dimethyl sulphoxide, the division of B -coefficients were carried 

out by Yao and Beunion 102 assuming: 

B = B = l/2B1 · s N , 1 [(i-pe))BuN•] Ph 4 B- (1-pe)) u P1 4 B 
(35) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene 

carbonate155 solutions. 

The methods, however, have been strongly criticized by Krumgalz.156 

According to him, any method of resolution based on the equality of 

equivalent conductances for certain ions suffers from the drawback that it is 

impossible to select any two ions for which A.~= A.~ in all solvents at all 

temperatures. Thus, though A.~.= A.~,- at 25°C in methanol, but is not so in 

ethanol or in any other solvents. In addition, if the mobilities of some ions 

are even equal at infinite dilution., but it is not necessarily true at moderate 

concentrations for which the B -coefficient values are calculated. Further, 

according to him, equality of dimensions of (i-pe)3BuN+ or (i-Am)3BuN+ and 

Ph4B- does not necessarily imply the equality of B -coefficients of these ions 

and they are likely to be solvent and ion-structure dependent. 

Krumgalzl56, 157 has recently proposed a method for the res'olution of B

coefficients. The method is based on the fact that the large 

tetraalkylammonium cations are not solvated 158, 159 in organic solvents (in 

the normal sense involving significant electrostatic interaction). Thus, the 

ionic B -values for large tetraalkylammonium ions, R4N+ (where R > Bu) in 

organic solvents are proportional to their ionic dimensions. So, we have: 

(36) 

where a= Bx_ and b is a constant dependent on temperature and solvent 

nature. 

The extrapolation of the plot of BR,Nx (R > Pr or Bu) against r 3R 4 N to 

zero cation dimension gives directly Bx_ in the proper solvent and thus B -

ion values can be calculated. 

The B -ion values can also be calculated from the equations: 

(37) 
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(38) 

The radii of the tetraalkylammonium ions have been calculated from the 

conductometric data. 160 

Gill and Sharma 140 used .J?u4NBPh4 as a reference electrolyte. The 

method of resolution is based on the assumption, like Krumgalz, that Bu4N+ 

and Ph4B- ions with largeR-groups are not solvated in non-aqueous solvents 

and their dimensions in such solvents are constant. The ionic radii of Bu4N+ 

(5.00A) and Ph4B (5.35 A) were, in fact, found to remain constant in different 

non-aqueous and mixed non-aqueous solvents by Gill and co-workers. They 

proposed the equations: 

BPh,a- I BBu,N• = r:h,B- jr~u,W = (5.35/5.00)3 (39) 

and, Bau NBPh = BB N• + BPh a-4 . 4 U4 4 
(40) 

The method requires only the B -values of Bu4NBPh4 and is equally 

applicable to mixed non-aqueous solvents. The B -ion values obtained by 

this method agree well with those reported by Sacco et al. in different 

organic solvents using the assumption as given below: 

(41) 

Recently, Lawrence and Sacco143 used tetrabutylammonium tetra

butylborate (Bu4NBBu4) as reference electrolyte because the cation and 

anion in each case are symmetrical in shape and have almost equal van der 

Waals volume. Thus, we have: 

(42) 

(43) 

A similar division can be made for Ph4PBPh4 system. · 

Recently, Lawrence et al. made the viscosity measurements of tetraalkyl 

(from Pr to Hept.) ammonium bromides in DMSO and HMPT. The B

coefficients BR,NBr = B
8
,- + a[f..R4 N+]were plotted as functions of the van der 

Waals volumes. The B
8
,- values thus obtained were compared with the 

accurately determinedB
8

,- value using Bu4NBBu4 and Ph4PBPh4 as reference 

salts. They concluded that the 'reference salt' method is the best available 

method for division into ionic contributions. 
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Jenkins and Pritcheit161 suggested a least square analytical technique 

to examine additivity relationship for combined ion thermodynamics data, to 

effect apportioning into single-ion components for alkali metal halide salts by 

employing Fajan's competition principlel62 and 'volcano plots' of Morris.l63 

The principle was extended to derive absolute single ion B -coefficients for 

alkali metals and halides in water. They also observed that 

Be.· = B1_ suggested by Krumgalziss to be more reliable than BK. = Be
1
_ in 

aqueous solutions. However, we require more data to test the validity of this 

method. 

It is apparent that almost all these methods are based on certain 

approximations and anomalous results may arise unless proper 

mathematical theory is developed to calculate B -values. 

2.6.3. Temperature dependence of B - ion Values 

A regularity in the behaviour of B±and dB±jdThas been observed 

both in aqueous and non-aqueous solvents and useful generalisations have 

beenmade by Kaminsky. He observed that (i) within a group of the periodic 

table the B -ion values decrease as the crystal ionic radii increase, (ii) within 

a group of periodic system, the temperature co-efficient of B1011 values increase 

as the ionic radius increases. The results can be summarized as follows: 

(i) A and dAjdT > 0 (44) 

(ii) B1011 < 0 and dB1on/ dT > 0 ( 45) · 

characteristic of the structure breaking ions. 

(iii) Bion > 0 and dB,,,/ dT < 0 ( 46) 

characteristic of the structure making ions. 

An ion when surrounded by a solvent sheath, the properties of the 

solvent in the salvational layer may be different from those present in the 

bulk structure. This is well reflected in the 'Co-sphere' model of Gurney, 164 

A, B, C Zones of Frank and Wen165 and hydrated radius of Nightingle.1so 

Stokes and Mills gave an analysis of the viscosity data incorporating the 

basic ideas presented before. The viscosity of a dilute electrolyte solution has 

been equated to the viscosity of the solvent (770 ) plus the viscosity changes 

resulting from the competition between various effects occurring in the ionic 

neighborhood. Thus, the Jones-Dole equation: 
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where TJ ·, the positive increment in viscosity is caused by coulombic 

interaction. Thus: 

(48) 

B -coefficient can thus be interpreted in terms of the competitive viscosity 

effects. 

Following Stokes, Mills and Krumgalz156 we can write for B,on as: 

B = BJ:im·f + BOrienl + B,\'lr + BReinf 
/on Jon /on /on /on (49) 

where as according to Lawrence and Sacco: 

(50) 

• Bio:"' is the positive increment arising from the obstruction to the viscous 

flow of the solvent caused by the shape and size of the ions (the term 

corresponds to ryE or Bshape ). B?o;•m is the positive increment arising from the 

alignment or structure making action of the electric field of the ion oh the 

dipoles of the solvent molecules (the term corresponds to rr or Bard). B~~is 

the negative increment related to the destruction of the solvent structure in 

the region of the ionic co-sphere arising from the opposing tendencies of the 

ion to orientate the molecules round itself centrosymetrically and solvent to 

keep its own structure (this corresponds to 77° or B 0 ;J·ord ). B:O~nf is the positive 

increment conditioned by the effect of 'reinforcement of the water structure' 

by large tetraalkylammonium ions due to hydrophobic hydration. The 

phenomenon is inherent in the intrinsic water structure and absent in 

organic solvents. Bw and B.\'"'" account for viscosity increases and attributed 

to the van der Waals volume and the volume of the sol:vation of ions. 

Thus, small and highly charged cations like Li+ and Mi+ form a firmly 

attached primary solvation sheath around these ions ( B~:"' or 17E positive). At 

ordinary temperature, alignment of the solvent molecules around the inner 

layer also cause increase in B~~ent (TJA), B~~(1J 0 ) is small for these ions. Thus, 

B will be large and positive as BHinsl + BOrient > BSir How er BEinst and BOrienl 
/on /on /on Jon • ev ' /on Jon 
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would be small for ions of greatest crystal radii (within a group) like Cs+ orr 

due to small surface charge densities resulting in weak orienting and 

structure forming effect. Bi~: would be large due to structural disorder in the 

immediate neighborhood of the ion due to competition between the ionic field 

d th b lk Th B
Fin>l BOrielll BSir d B · • an e u structure. us J;,,· + ion < ""' an Jon lS negat1ve. 

Ions of intermediate size (e.g. K+ and Cl-) have a ·close balance of viscous 

l' • h • • • • • Bl:'insl BOrienl BS/r th B • 1 10rces 1n t e1r VlClnlty, z.e., Jon + Jon = Jon, so at lS c ose to zero. 

Large molecular ions like tetraalkylammonium ions have large Bfo~st because 

of large size but BOrlenl and BS/r would be small i e BE/nsf+ BOrlenl >> BStr and 
Jon /on ' ' '• . /on Jon · Jon 

B would be positive and large. The value would be further reinforced in 

water arising from B/~~:'if due to hydrophobic hydrations. 

The increase in temperature will have no effect on BJ~~st. But the 

orientation of solvent molecules in the secondary layer will be decreased due 

to increase in thermal motion leading to decrease in B~: • Bi~~ent will decrease 

slowly with temperature as there will be less competition between the ionic 

field and reduced solvent structure. The positive or negative temperature co

efficient will thus depend on the change of the relative magnitudes of 

BOrient and BStr 
Jon Jon • 

In case of structure-making ions, the ions are firmly surrounded by a 

primary solvation sheath and the secondary solvation zone will be 

considerably ordered leading to an increase in Bran and concomitant decrease 

in entropy of solvation and the mobility of ions. Structure breaking ions, on 

the other hand, are not solvated to ;:t great extent and the secondary 

solvation zone will be disordered leading to a decrease in BJon values and 

increases in entropy of solvation and the mobility of ions. Moreover, the 

temperature induced change in viscosity of ions (or entropy of solvation or 

mobility of ions) would be more pronounced in case of smaller ions than in 

case of the larger ions. So there is a correlation between the viscosity, 

entropy of solvation and temperature dependent mobility of ions. Thus, the 

ionic B -coefficient and the entropy of solvation of ions have rightly been 
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used as probes of ion-solvent interactions and as a direct indication of 

structure making and structure breaking character of ions. 

The linear plot of ionic B -coefficients against the ratios of mobility 

viscosity products at two temperatures (a more sensitive variable than ionic 

mobility) by Gurneyi64 clearly demonstrates a close relation between ionic 

B -coefficients and ionic mobilities. 

Gurney also demonstrated a clear correlation between the molar entropy of 

solution values with B -coefficient of salts. The ionic B -values show a linear 

relationship with the partial molar ionic entropies or partial molar entropies 

-0 
of hydration ( S") as: 

(51) 

-o -o -o 
where, Saq = Sref + LIS0

, Sg is the calculated sum of the translational 

and rotational entropies of the gaseous ions. Gurney obtained a single linear 

plot between ionic entropies and ionic B -coefficients for all monoatomic ions 

-o 
by equating the entropy of the hydrogen ion (SH•) to -5.5 cal. mol-1

• deg-1
• 

Asmusi66 used the entropy of hydration to correlate ionic B -values and 

Nightingalelso showed that a single linear relationship can be obtained with 
' 

it for both monoatomic and polyatomic ions. 

The correlation was utilized by Abraham et al.167 to assign single ion B

coefficients so that a plot of LIS~, 168, 169 the electrostatic entropy of solvation 

or LIS~ 11 ,168, 169 the entropic contributions of the first and second solvation 

layers of ions againstB points (taken from the works of Nightingale) for both 

cations and anions lie on the same curve. There are excellent linear 

correlations between LIS~ and LIS~ and the single ion B -coefficients. Both 

entropy criteria (LIS~ and L1S~,rr) and B -ion values indicate that in water the 

ions Li+, Na+, Ag+ and F-are not structure makers, and the ions Rb+, Cs+, cr, 
Br-, rand Cl04- are structure breakers and K+ is a border line case. 

2.6.4. Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity ( 17) can be 

represented from Eyring's I7o approach as: 

(52) 
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where Ev;s = the experimental entropy of activation determined from a plot of 

ln77 against 1/T. LlG*, LlH* and LlS* are the free energy, enthalpy and entropy 

of activation respectively. 

Nightingale and Benckl71 dealt in the problem in a different way and 

calculated the thermodynamics of viscous flow of salts in aqueous solution 

with the help of the Jones-Dole equation (neglecting the A..Jc term). 

Thus, we have: 

R[d!n1J/d(l/T)] = r[d!n7J0 /d(I/T)] + R/(1 + Bc).d(l + Bc)/d(I/T) (53) 

(54) 

LiE; can be interpret~d as the increase or decrease of the activation energies 

for viscous flow of the pure solvents due to the presence of ions, i.e., the 

effective influence of the ions upon the viscous flow of the solvent molecules. 

Feakins et al. 172 have suggested an alternative formulation based on 

the transition state treatment of the relative viscosity of electrolytic solution. 

They suggested the following expression: 

B = (V~- V~)/1 000 + V~ (LJ,u~;<- LJ,ui0;<)/I OOORT (55) . 

-o -o 
where V1 and V 2 are the partial molar volumes of the solvent and 

solute respectively and L1,u~;<is the contribution per mole of solute to the free 

energy of activation for viscous flow of solution. LJ,u~;<is the fr,ee energy of 

activation for viscous flow per mole of the solvent which is given by: 

L1,u~;<= LIG~;<= RTin11l~ /hN (56) 

Further, if B is known at various temperatures, we can calculate the 

entropy and enthalpy of activation of viscous flow respectively from the 

following equations as given below: 

2.6.5. Effects of Shape and Size 

(57) 

(58) 

Stokes and Mills have dealt in the aspect of shape and size 

extensively. The ions in solution can be regarded to be rigid spheres 

suspended in continuum. 
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The hydrodynamic treatment presented by Einstein 1s1 leads to the 

equation: 

'!J/'!Jo = 1 + 2.5¢ (59) 

where ¢is the volume fraction occupied by the particles. 

Modifications of the equation have been proposed by (i) Sinha 173 on 

the basis of departures from spherical shape and (ii) V and on the basis of 

dependence of the flow patterns around the neighboring particles at higher 

concentrations. However, considering the different aspects of the problem, 

spherical shapes have been assumed for electrolytes having hydrated ions of 

large effective size (particularly polyvalent monatomic cations). 

Thu·s we have from equation (58): 

2.5¢ =A~+ Be (60) 

Since A~ term can be neglected in comparison with' Be and ¢ = eV1 , where 

V1 is the partial molar volume of the ion, we get: 

(61) 

In the ideal case, the B -coefficient is a linear function of partial molar 

volume of the solute, Vt with slope to 2.5. Thus, B±can be equated to: 

(62) 

assuming that the ions behave like rigid spheres with a effective radii, 

R±moving in a continuum. R±, calculated using the equation (62) should be 

close to cxyst~lographic radii or corrected Stoke's radii if the ions are 

scarcely solvated and behave as spherical entities. But, in general, R± values 

of the ions are higher than the crystallographic radii indicating appreciable 

solvation. 

The number nh of solvent molecules bound to the ion in the primary 

solvation shell can be easily calculated by comparing the Jones-Dole 

equation with the Einstein's equation: 174 

B± == 2.5/1000(~ + nhVs) (63) 

where ~is the molar volume of the base ion and Vs , the molar volume 

of the solvent. The equation (63) has been used by a number of workers to 

study the nature of solvation and solvation number. 
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2.6.6. Viscosity Deviation 

Quantitatively, as per the absolute reaction rates theoty,17s. the 

deviations in viscosities ( LJry) from the ideal mixture values can be calculated 

as: 

J 

LJry = TJ- 2)x;TJ;) (64) 
i~l 

where TJ is the dynamic viscosities of the mixture and Xi, T/i are the mole 

fraction and viscosity of ith component in the mixture, respectively. 

2.6. 7. Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow, 

a•E Can be CalCUlated as: 176 

j 

a•E = RT[lnryV- LX; lnryJ,-:1 (65) 
i=l 

where TJ and V are the viscosity and molar volume of the mixture, TJ1 

and v; are the viscosity and molar volume of ith pure component, 

respectively. 

2. 7. Ultrasonic Speed 

The acoustic property- 'ultrasonic speed' is a sensitive indicator of 

molecular interactions and can provide useful information about these 

phenomena, particularly in cases where partial molar volume data alone fail 

to provide an unequivocal interpretation of the interactions. 

2. 7 .1. Apparent Molal Isentropic Compressibility 

Although for a long time attention has been paid to the apparent 

molal isentropic compressibility for electrolytes and other compounds in 

aqueous solutions, 177-181 measurements in non-aqueous63, 66 solvents are still 

scarce. It has been emphasized by many authors that the apparent molal 

isentropic compressibility data can be used as a useful parameter in 
' 

elucidating the solute-solvent and solute-solute interactions. The most 

convenient way to measure the compressibility of a solvent/solution is from 

the speed of sound in it. 

The isentropic compressibility (K8 ) of a solvent/solution can be 

calculated from the Laplace's equation: 182 
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(66) 

where pis the solution density and u is the ultrasonic speed in the 

solvent/ solution. The isentropic compressibility ( Ks) determined by equation 

(66) is adiabatic, 19 not an isothermal one, because the local compressions 

occurring when the ultrasound passes through the solvent/solution are too 

rapid to allow an escape of the heat produced. 

The apparent molal isentropic compressibility ( ¢K) of the solutions 

was determined from the relation: 

K~ is the isentropic compressibility of the solvent mixture, M is the molar 

mass of the solute, m is the molality of the solution. 

The limiting apparent molal isentropic compressibility ( ¢~) was 

obtained by extrapolating the plots of ¢K versus the square root of molal 

concentration of the solute, rm to zero concentration by a least-squares 

method: 178, 181 

¢K =¢~ +s;Fm (68) 

where s; is the experimental slope. 

The limiting apparent molal isentropic compressibility ( ¢~) and the 

experimental slope (S;) can be interpreted in terms of solute-solvent and 

solute-solute interactions respectively. It is well established that the solutes 

causing electrostriction leads to the decrease in the compressibility of the 

solution.183, 184 This is reflected by the negative values of ¢~of electrolytic 

solutions. Hydrophobic solutes often show negative compressibilities due to 

the ordering induced by them in the water structure. 64, 183 

The compressibility of hydrogen-bonded structure, however, varies 

depending on the nature of the hydrogen bonding involved. 183 However, the 

poor fit of the solute molecules185, 186 as well as the possibility of flexible 

hydrogen bond formation appear to be responsible for causing a more 

compressible environment and hence positive¢~ values have been reported in 

aqueous non-electrolyte187 and non-aqueous non-electrolyte188 solutions. 
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2. 7 .2. Deviation &n Isentropic Compressibility 

The deviation in isentropic compressibility, .dKs can be calculated 

using the following equation:1B9-191 

j 

LJK,. = K,. - ~ x.K, . . 
•J •> .L...J I Ll 0 1 

(69) 
i=l 

where x1 , K,\', 1 are 0e mole fraction and isentropic compressibility of ith 

component in the mixture, respectively. 

2.8. Correlating Equations 

Several semi-empirical models have been proposed to estimate the 

dynamic viscosity (77) of the binary liquid mixtures in terms of pure

component data.192, 193 Some of them we examined are as follows: 

a) The viscosity values can be further used to determine the Grunberg

Nissan parameter, d12 as: 194 

j j 

17 = exp['2)x11n771) + d12J1 x1] (70) 
i=l i=l 

and d12 is proportional to th~ interchange energy. It may be regarded as an 

approximate measure of the strength of molecular interactions between the 

mixing components. The negative values of d12 indicate the presence of 

dispersion forces19s between the mixing components in the mixtures while its 

positive values indicate the presence of specific interactionsi9s between 

them. 

b) Tamura-Kurata196 put forward the following equation for the 

viscosity of the binary liquid mixtures: 

1 1 

17 = 'Lx/fw; + 2~2J1[x;¢;]1'2 (71) 
i=l i=l 

where ~2 is the interaction parameter and ¢1 is the volume fraction of 

ith pure component in the mixture. 

c) Molecular interactions may also be interpreted by the following 

viscosity model of Hind et al: 197 

(72) 
i=l i=l 
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where H 12 is Hind interaction parameter, which may be attributed to unlike 

pair interaction.r9s It has been observed that for a given binary mixture ~2 
and H 12 do not differ appreciably from each other, this is in agreement with 

the view put forward by Fort and Moorei9s in regard to the nature of 

parameter ~ 2 and H 12 • 

Moreover, The excess or deviation properties (VI:', L117, G"H and L1Ks) have 

been fitted to Redlich-Kisterl99 polynomial equation using the method of least 

squares involving the Marquardt algorithm2oo and the binary coefficients, 

a; were determined as follows : 

(73) 

where yH refers to an excess or deviation property and x1 and x2 are the 

mole fraction of the solvent 1 and solvent 2, respectively. In each case, the 

optimal number of coefficients was ascertained from~ approximation of the 

variation in the standard deviation (a ) . The standard deviation (a ) was 

calculated using, 

(74) 

where n is the number of data points and m is the number of coefficients. 

2.9. Conductance 

Conductance measurement is one of the most accurate and widely 

used physical methods for investigation of electrolyte of solutions.2o1, 202 The 

measurements can be made in a variety of solvents over wide ranges of 

temperature and pressure and in dilute solutions where interionic theories 

are not applicable. Fortunately, accurate theories of electrolytic 

conductances are available to explain the results even up to a concentration 

limit of Kd ( K = Debye-Huckellength, d = distance of closest approach of free 

ions). Recently developed experimental techniques provide an accuracy of± 

0.01% or even more. Conductance measurements together with transference 

number determinations provide an unequivocal method of obtaining single

ion values. The chief limitation, however, is the colligative-like nature of the 

information obtained. 
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Since the conductometric method primarily depends on the mobility of 

ions, it can be suitably utilized to determine the dissociation constants of 

electrolytes in aqueous, mixed and non-aqueous solvents. The 

conductometric method in conjunction with viscosity measurements gives us 

much information regarding the ion-ion and ion-solvent interactions. 

However, the choice and application of theoretical equations as well as 

equipment and experimental techniques are of great importance for precise 

measurements. These aspects have been described in details in a number of 

authoritative books and reviews.201-214 

The study of conductance measurements were pursued vigorously both 

theoretically and experimentally during the last five decades and a number 

of important theoretical equations have been derived. We shall dwell briefly 

on some of these aspects in relation to the studies in aqueous, non-aqueous, 

pure and mixed solvents. 

The successful application of the Debye-Huckel theory of interionic 

. attraction was made by Onsager2Is to derive the Kohlrausch's equation 

representing the molar conductance of an electrolyte. For solutions of a 

single symmetrical electrolyte the equation is given by: 

A= A 0-S-Fc (75) 

where, S =a A0 + f3 

a= (ze) 2 K/3(2 + .fi)s,kT .J; = 82.406 x 104 z3 
/ (s,T)312 

f3 = z 2e FK/37rr;..Jc = 82.487 z 3 /r;fil 

(76) 

(77a) 

(77b) 

The equation took no account for the short-range interactions and also of 

shape or size of the ions in solution. The ions were regarded as rigid charged 

spheres in an electrostatic and hydrodynamic continuum, i.e., the solvent.216 

In the subsequent years, Pitts (1953) 217 and Fuoss and Onsager (1957)206, 21s 

independently worked out the solution of the problem of electrolytic 

conductance accounting for both long-range and short-range interactions. 

However, the A0 values obtained for the conductance at infinite dilution 

using Fuoss-Onsager theory differed considerably216 from that obtained 

using Pitt's theory and the derivation of the Fuoss-Onsager equation was 

questioned.202. 219, 22o The original Fuoss-Onsager equation was further 

modified by Fuoss and Hsia221 who recalculated the relaxation field, 

retaining the terms which had previously been neglected. 
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The results of conductance theories can be expressed in a general form 

by: 

A =A 0- a A 0-Fc /(I+ Ka)(I + Ka/ J2)- jJ.,Jc /(I+ Ka) + G(Ka) (78) 

where G(Ka) is a complicated function of the variable. The simplified 

form: 

A= A 0-S..Jc + Eclnc +J,c- J/Fc: (79) 

is generally employed in the analysis of experimental results. 

However, it has been found that these equations have certain 

limitations, in some cases it fails to fit experimental data. Some of these 

results have been discussed elaborately by Fernandez-Prini.202, 222. 223 

Further correction of the equation (79) was made by ~oss and Accascina.206 

They took into consideration the change in the viscosity of the solutions 

and assumed the validity of Walden's rule. The new equation becomes: 

A= A 0-S..Jc + Ec Inc+ J1c- J/Fc:- FAc (80) 

where, Fe= 4nR3N)3 

In most cases, however, J 2 is made zero but this leads to a systematic 

deviation of the experimental data from the theoretical equations. It has 

been observed that Pitt's equation gives better fit to the experimental data in 

aqueous solutions.224 

2.9.1. Ionic Association 

The equation (80) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of A against ..Jc (limiting Onsager equation) 

is used to assign the dissociation or association of electrolytes. Thus, if 

A~P' is greater than A~heo, i.e., if positive deviation occurs (ascribed to short 

range hard core repulsive interaction between ions), the electrolyte may be 

regarded as completely dissociated but if negative deviation ( A~xpt < A~heo) or 

positive deviation from the Onsager limiting tangent (a A 0+ /3) occurs, the 

electrolyte may be regarded to be associated. Here the electrostatic 

interactions are large so as to cause association between cations and anions. 

The difference in A~xpl and A~heo would be considerable with increasing 

association. 22s 
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Conductance measurements help us to determine the values of the 

ion-pair association constant, KA for the process: 

. KA =(l-a)/a2cy~ 

a = 1 - a 2 K Acr~ 

(81) 

(82) 

(83) 

where Yt is the mean activity coefficient of the free ions at 

concentration ac. For strongly associated electrolytes, the constant, KA and 

A 0 has been determined using Fuoss-Kraus equation226 or Shedlovsky's 

equation: 227 

(84) 

where T(z) = F(z) (Fuoss-Kraus method) and 1/T(z) = S(z) (Shedlovsky's 

method): 

F(z) = 1-z(l- z(l- .... rv2rv2 

and 1/T(z) = S(z) =I+ z + z2/2 + z3/8 + 

(85a) 

(85b) 

A plot of T(z)/ A against cy; A/T(z) should be a straight line having 1j A 0 for 

its intercept and K) A 0
2 for its slope. Where KA is large, there will be 

considerable uncertainty in the determined values of A 0 and KA from 

equation (84). 

The Fuoss-Hsia221 conductance equation for associated electrolytes is 

given by: 

A= A 0- s& + E(ac)In(ac) + Jl(ac)- J2(ac) 312
- KAAr;(ac) (86) 

The equation was modified by Justice.22s The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 

A= a(A0 - SFc) + E(ac)In(ac) + J1(R)ac- J 2(R)(ac)312
, 

(1- a)/ a2cy~ = KA 

Iny± =-kjqj(l+kRFc) 

(87) 

(88) 

(89) 

The conductance parameters are obtained from a least square treatment 

after setting, R = q = e2 /2 c k T (Bjerrum's critical distance). 
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According to Justice the method of fixing the J -coefficient by setting, 

R = q clearly permits a better value of KA to be obtained. Since the equation 

(87) is a series expansion truncated at the c312 term, it would be preferable 

that the resulting errors be absorbed as must as possible by J 2 rather than 

by KA, whose theoretical interest is greater as it contains the information 

concerning short-range cation-anion interaction. 

From the experimental values of the association constantKA, one can 

use two methods in order to determine the distance of closest approach, a , 

of two free ions to form an ion-pair. The following equation has been 

proposed by Fuoss:229 

KA = ( 47Z" NA a3 /3000)exp(e2/as kT) (90) 

In some cases, the magnitude of KA was too small to permit a calculation of · 

a . The distance parameter was finally determined from the more general 

equation due to Bjerrum:23o 

r=q 

KA = 4JTNAa/1000 fr 2 exp(z 2e2/rskT)dr (91) 

The equations neglect specific short-range interactions except for solvation 

in which the solvated ion can be approximated by a hard sphere model. The 

method has been successfully utilized by Douheret.23t 

2.9.2. lon size Parameter and Ionic Association 

For plotting, equation (80) can be rearranged to the 'A' function as: 

A1 =A+SFc -Eclnc=A0 +J1c+J/f:: =Aa +J1c (92) 

with J 2 term omitted. 

Thus, a plot of A 0 vs c gives a straight line with A 0 as intercept and J 1 as 

slope and 'a' values can be calculated from J 1 values. The 'a' values 

obtained by this method for DMSO were much smaller225 than would be 

expected from sums of crystallographic radii. One of the reasons attributed 

to it is that ion-solvent interactions are not included in the continuum 

theory on which the conductance equations are based. The inclusion of 

dielectric saturation results in an increase in 'a' values (much in conformity 

with the crystallographic radii) of alkali metal salts (having ions of high 

surface charge density) in sulpholane. The viscosity correction leads to a 
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larger value of 'a' 232 but the agreement is still poor. However, 'little of real 

physical significance may be attached to the distance of closest approach 

derived from J . 233 

Fuoss234 in 1975 proposed a new conductance equation. Latter he 

subsequently put forward another conductance equation in 1978 replacing 

. the old one as suggested by Fuoss and co-workers. He classified the ions of 

electrolytic solutions in one of the three categories. 

(i) Ions finding an ion of opposite charge in the first sh~ll of nearest 

neighbours (contact pairs) with rij =a. The nearest neighbors to a contact 

pair are the solvent molecules forming a cage around the pairs. 

(ii) Ions with overlapping Gurney's co-spheres (solvent separated 

pairs). For them 'i 1 = (a+ ns) , where n is generally 1 but may be 2, 3 etc.; 's ' 

is the diameter of sphere corresponding to the average volume (actual plus 

free) per solvent molecule. 

(iii) Ions finding no other unpaired ion in a surrounding sphere of 

radius R, the diameter of the co-sphere (unpaired ions). 

Thermal motions and interionic forces establish a steady state, 

represented by the following equilibria: 

A+ +B+ = (A+ ...... s+) 

Solvent separated pair 
= A +g- = AB (93) 

Contact pair Neutral molecule 

Contact pairs of ionogens may rearrange to neutral molecules A+B- = AB 

e.g., H30+ and CH3Coo-. Let r be the fraction of solute present as unpaired 

( r > R) ions. If cr is the concentration of unpaired ion and a is the fraction of 

paired ions (r ::;R ), then the concentration of the solvent separated pair is 

c(l-a)(l-y) andthatofcontactpairis ac(l-y). 

The equation constants for (93) are: 

K 11 = (1- a)(!- r)/ cy2 
/

2 (94) 

(95) 

where K 11 describes the formation and separation of solvent separated 

pairs by diffusion in and out of spheres of diameter R around cations and 
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. can be calculated by continuum theory; K 8 is the constant describing the 

specific short-range ion-solvent and ion-ion interactions by which contact 

pairs form and dissociate. E.~· is the difference in energy between a pair in 

the states ( r = R) and ( r =a); &is E8 measured in units of k T . 

Now, (1 - a) = 1/ (1 + K.~·) (96) 

And the conductometric pairing constant is given by: 

K;. =(l-a)jcy2f 2 =Ku/(l-a)=Kn(l+K8 ) (97) 

The equation determines the concentration, cr of active ions that produce 

long-range interionic effects. The contact pairs react as dipoles to an external 

field, X and contribute only to changing current. Both contact pairs and 

solvent separated pairs are left as virtual dipoles by unpaired ions, their 

interaction with unpaired ions is, therefore, neglected in calculating long

range effects (activity coefficients, relaxation field Ll X and electrophoresis 

LIA.). The various patterns can be reproduced by theoretical fractions in the 

form: 

A= p[A 0 (l + LIX I X)+ L1A .] = p[A0 (1 + Rx) + E,.] (98) 

which is a three parameter equation A= A(c,A0 ,R,E8 ) and 

LIX I X (the relaxation field) and LIA e (the electrophoretic counter current) 

are long-range effects due to electrostatic interionic forces and pis the 

fraction of solute which contributes to conductance current. R is the 

diameter of the Gurney co-sphere. 

The parameter Kn (or E8 ) is a catch-all for all short-range effects: 

p = 1- a(I- r) (99). 

In case of ionogens or for ionophores in solvents of low dielectric constant, a 

is very near to unity (- E.~.f k T) >> 1 and the equation becomes: 

A= r[A oO + LIX I X)+ LIA. (1 00) 

The equilibrium constant for the effective reaction, N -l: B- = AB, is then: 

(1 0 1) 

asKs>> 1. The parameters and the variables are related by the set of 

equations: 
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y = 1- Kucr2/2 j(l-a) 

K 11 == (47r NA R3 /3000)exp(f3/R) 

-!nf=f3)2(1+KR), f3=e 2/skT 

K
2 == 8H j3yn = 1r fJ NA rc/125 

- s = ln[a/(1- a)] 

(I 02) 

(1 03) 

(104) 

(105) 

(I 06) 

The details of the calculations are presented in the 1978 paper.234 The 

shortcomings of the previous equations have been rectified in, the present 

equation that is also more general_ than the previous equations and can be 

used for higher concentrations (0.1 N in aqueous solutions). 

2.9.3. Limiting Equivalent Conductance 

The limiting equivalent conductance of an electrolyte can be easily 

determined from the theoretical equations and experimental observations. At 

infinite dilutions, the motion of an ion is limited solely by the interactions 

with the surroundings solvent molecules, as the ions are infinitely apart. 

Under these conditions, the validity of Kohlrausch's law of independent 

migration of ions is almost axiomatic. Thus: 

. A =A.o+A.o 
0 + - (107) 

At present, limiting equivalent conductance is the only function that 

can be divided into ionic components using experimentally determined 

transport number of ions, i.e., 

and (1 08) 

Thus, from accurate value of A. 0 of ions it is possible to separate the 

contributions due to cations and anions in the solute-solvent interactions.235 

However, accurate transference number determinations are limited to few 

solvents only. Spiro236 and Krumgalz237 have made extensive reviews on the 

subject. 

In absence of experimentally measured transference numbers, it 

would be useful to develop indirect methods to obtain the limiting equivalent 

conductance in organic solvents for which experimental transference 

numbers are not yet available. ' 

The method has been summarized by Krumgalz237 and some 

important points are mentioned below: 
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(i) Walden equation, 238 (/!. ~)!::ter· 'lo.water == (/!. ~);:etone' 'lo, acetone (109) 

(ii) 

238,239 
/!. opic·'lo = 0.267 

/!. ~r,w·'lo = 0.296 b d ase on A~ N =0.563 14 pic 

(II 0) 

Walden considered the products to be independent of temperature 

and solvent. However the A~t N. values used by Walden wa~ found to differ 
4 piC . 

considerably from the data of subsequent more precise· studies and the 

values of (ii) are considerably different for different solvents. 

(iii) A ~ 5 (Bu 4N+) =A ~ 5 (Ph 4 B-) 239 (Ill) 

The equality holds good in nitrobenzene and in mixture with CCl4 but 

not realized in methanol, acetonitrile and nitromethane. 

(1 12) 

The method appears to be sound as the negative charge on boron in 

the Bu4B- ion is completely shielded by four inert butyl groups as in the 

Bu4N+ ion while this phenomenon was not observed in case of Ph4B-. 

(v) The equation suggested by Gill241 is: 

J. ~5 (R 4 N+) = zF2 /61C NAry0 [1j - (0.01 0380 + ry)] (113) 

where Z and r; are charge and crystallographic radius of proper ion, 

respectively; 17 0 and &0 are solvent viscosity and dielectric constant of the 

medium, respectively; rY = adjustable parameter taken equal to 0.85 A and 

1.13 A for dipolar non-associated solvents and for hydrogen bonded and 

other associated solvents respectively. 

However, large discrepancies were observed between the experimental 

and calculated values.237(aJ In a paper,237(bJ Krumgalz examined the Gill's 

approach more critically using conductance data in many solvents and 

found the method reliable in three solven.ts e.g. butan-1-ol, acetonitrile and 

nitromethane. 

It has been found from transference number measurements that the 

J. ~5[(i- Am)3 BuN+] and J. ~5 (Ph 4 B-)values differ from one another by 1%. 

(115) 
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The value is found to be true for various organic solvents. 

Krumgalz237 suggested a method for determining the limiting ion 

conductance in organic solvents. The method is based on the fact that large 

tetraalkyl (aryl) onium ions are not solvated in organic solvents due to the 

extremely weak electrostatic interactions between solvent molecules and the 

large ions with low surface charge density and this phenomenon can be 

utilized as a suitable model for apportioning 110 values into ionic components 

for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic fielci as a 

whole, it is possible to calculate the radius of the moving particle by the 

Stokes equation: 

(116) 

where A is a coefficient varying from 6 {in the case of perfect sticking) 

to 4 (in case of perfect slipping). Since the r.., values, the real dimension of 

the non-solvated tetraalkyl (aryl) onium ions must be constant, we have: 

11. ~170 = constant (1 I 7) 

This relation has been verified using 11. ~values determined with 

precise transference numbers. The product becomes constant and 

independent of the chemical nature of the organic solvents for the i- Am4B-, 

Ph4As+ and Ph4B- ions and for tetraalkylammonium cations starting with 

E~N+. The relationship can be well utilized to determine 11. ~ of ions in other 

organic solvents from the determined 11 0 values. 

2.9.4. Solvation Number 

If the limiting conductance of the ion i of charge Zi is known, the 

effective radius of the solvated ion can easily be determined from the Stokes' 

law. The volume of the solvation shell V.,, can be written as: 

(I 18) 

where rc is the crystal radius of the ion; the solvation number, 

n8 would then be obtained from: 

n.1· = V.1· / Va (I I 9) 
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Assuming Stokes' relation to hold, the ionic solvated volume should 

be obtained, because of packing effects244 from: 

(120) 

where V..~0 is expressed in mol/litre and r8 in angstroms. However, the 

method of determination of solvation number is not applicable to ions of 

medium size though a number of empirical equations207 and theoretical 

corrections 245-248 have been suggested to make the general method. 

2.9.5. Stokes' Law and Walden's Rule 

The limiting conductance, A~ of a spherical ion of radius, R 1 moving 

in a solvent of dielectric continuum can be written according to Stokes' 

hydrodynamics, as: 

(121) 

where 770 = macroscopic viscosity by the solvent in poise, R 1 is in 

angstroms. If the radius R 1 is assumed to be the same in every organic 

solvent, as would be the case in case of bulky organic ions, we get: 

..i~r;0 = 0.819lz ,I/ R,= constant (122) 

This is known as Walden's rule.249 The effective radii obtained using 

the equation can be used to obtain solvation number. The failure of Stokes' 

radii to give the effective size of the solvated ion for small ions is generally 

ascribed to the inapplicability of Stokes' law to molecular motions. 

Robinson and Stokes,2o1 NightingaleJ5o and others250-252 have 

suggested a method of correcting the radii. The tetraalkylammonium ions 

were assumed to be not solvated and by plotting the Stokes' radii against the 

crystal radii of those large ions, a calibration curve was obtained for each 

solvent. However, the experimental results indicate that the method is 

incorrect as the method is based on the wrong assumption of the invariance 

of Walden's product with temperature. The idea of microscopic viscosity253 

was invoked without much success254, 255 but it has been found that: 

A ~77 " = constant (123) 

where pis usually 0.7 for alkali metal or halide ions and p = 1 for the 

large ions.256, 257 
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Attempts to explain fhe change in the Stokes' radius R; have been 

made. The apparent increase in the real radius, r has been attributed to ion

dipole polarization and the effect of dielectric saturation on R . 

The dependence of Walden product on the dielectric constant led Fuoss2ss to 

consider the effect of the electrostatic forces on the hydrodynamics of the 

system. Considering the excess frictional resistance caused by the dielectric 

relaxation in the solvent caused by ionic motion, Fuoss proposed the 

relation: 

A~.0=Feiz;l/6;r R"'(I +A/ eR~) (124) 

(125) 

where R"' is the hydrodynamic radius of the ion in a hypothetical 

medium of dielectric constant where all electrostatic forces vanish and A is 

an empirical constant. 

Boyd227 gave the expression: 

A~= Feiz ;j/67l'1J0 lj[l + (2/27 7l'1J0 .z;e2 r/r;4 e0 )] (126) 

by considering the effect of dielectric relaxation in ionic motion; r is 

the Debye relaxation time for the solvent dipoles. 

Zwanzig247 treated the ion as a rigid sphere of radius 'i moving with a 

steady state viscosity, v; through a viscous incompressible dielectric 

continuum. The conductance equation suggested by Zwanzig is: 

A~= z;eF j{Av7l'1Jo'i + AD[z;e2 (e~ -e;)r/e~(2e~ + l)r;3
]} (127) 

where e~, e; are the static and limiting high frequency (optical) dielectric 

constants. Av = 6 and Au = 3/8 for perfect sticking and Av = 4 and A0 = 

3/4 for perfect slipping. It has been found that Born's24S and Zwanzig's247 

equations are very similar and both may be written in the form: 

A~= Ar7/cr;+B) (128) 

The theory predicts2S9 that A ~passes through a maximum of 

271/4 A/4B114 at 'i = (3B) 114
• The phenomenon of maximum conductance is well 

known. The relationship holds good to a reasonable extent for cations in 
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aprotic solvents but fails in case of anions. The conductance, however, falls 

off rather more rapidly than predicted with increasing radius. 

For comparison with results in different solvents, the equation (127) 

can be rearranged as:26o 

(129) 

(130) 

In order to test Zwanzig's theory, the equation (130) was applied for 

Me4N+ and E4N+ in pure aprotic solvents like methanol, ethanol, acetonitrile, 

butanol and pentanol,2S9-264 Plots of L• against the solvent function p• were 

found to be straight line. But the radii calculated from the intercepts and 

slopes are far apart from equal except in some cases where moderate 

success is noted. It is noted that relaxation effect is not the predominant 

factor affecting ionic mobility and these mobility differences could be 

explained quantitatively if the microscopic properties of the solvent, dipole 

moment and free electron pairs were considered the predominant factors in 

the deviation from the Stokes' law.23s 

It is found that the Zwanzig's theory is successful for large organic 

cations in aprotic media where solvation is likely to be minimum and where 

viscous friction predominates over that caused by dielectric relaxation. The 

theory breaks down whenever the dielectric relaxation term becomes large, 

i.e., for solvents of high p• and for ions of smallr; .. Like any continuum 

theory Zwanzig has the inherent weakness of its inability to account for the 

structural features,260 e.g., 

(i) It does not allow for any correlation in the orientation of the 

solvent molecules as the ion passes by and this may be the reason why the 

equation is not applicable to the hydrogen-bonded solvents.261 

(ii) The theory does not distinguish between positively and 

negatively charged ions and therefore, cannot explain why certain anions in 

dipolar aprotic media possess considerably higher molar concentrations 

than the fastest cations.26o 

The Walden product in case of mixed solvents does not show any 

constancy but it shows a maximum in case of DMF + water and DMA + 

water259-269 mixtures and other aqueous binary mixtures.21o-213 To derive 

expressions for the variation of the Walden product with the composition of 
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mixed polar solvents, various attempts246, 247· 274 have been made with 

different models for ion-solvent interactions but no satisfactory expression 

has been derived taking into account all types of ion-solvent interactions 

because (i) it is difficult to include all types of interactions between ions as 

well as solvents in a single mathematical expression and (ii) it is not possible 

to account for some specific properties of different kinds of ions and solvent 

molecules. 

Ions moving in a dielectric medium experience a frictional force due to 

dielectric loss arising from ion-solvent interactions with the hydrodynarilic 

force. Though Zwanzig's expression accounts for a change in Walden product 

with solvent composition but does not account for the maxima. According to 

Hemmes,21s the major deviations in the Walden products are due to the 

variation in the electrochemical equilibrium between ions and solvent 

molecules of mixed polar solvent composition. 

In cases where more than one types of solvated complexes are formed, 

there should be a maximum and/or a minimum in the Walden product. This 

is supported from experimental observations. Hubbard and Onsager276 have 

developed the kinetic theory of ion-solvent interaction within the framework 

of continuum mechanics where the concept of kinetic polarization deficiency 

has been introduced. 

However, quantitative expression is still awaited. Further, 

improvements277, 278 naturally must be in terms of (i) sophisticated treatment 

of dielectric saturation, (ii) specific structural effects involving ion-solvent 

interactions. 

From the discussion, it is apparent that ·the problem of molecular 

interactions is intriguing as well as interesting. It fs desirable to explore this 

problem using different experimental techniques. We have, therefore, utilized 

four important methods, viz., volumetric, viscometric, interferometric and 

conductometric for the physico-chemical studies in different solvent media. 

2.1 0. Solvation Models· Some Recent Trends 

The interactions between particles in chemistry have been based upon 

empirical laws- principally on Coulomb's law. This is also the basis of the 

attractive part of the potential energy used in the Schodinger equation. 

Quantum mechanical approach for ion-water interactions was begun by 
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Clementi in 1~~70s. 19 A quantum mechanical approach to salvation can 

provide information on the energy of the individual ion-water interactions 

provided it is relevant to solution chemistry, because it concerns potential 
\ 

energy rather than the entropic aspect of salvation. Another problem in 

quantum approach is the mobility of ions in solution affecting salvation 

number and coordination number. However, the Clementi calculations 

concerned stationary models and can not have much to do with the dynamic 

salvation numbers. Covalent bond formation enters little into the aqueous 

calculations, 19 however, with organic solvents the quantum mechanical 

approaches to bonding may be essential. The trend pointing to the future is 

thus the molecular dynamics technique. In molecular dynamic approach, a 

limited number of ions and molecules and Newtonian mechanics of 

movement of all particles in solution is concerned. The foundation of such a 

approach is the knowledge of the intermolecular energy of interactions 

between a pair of particles. Computer simulation approaches may be useful 

in this regard and the last decade (1990-2000) witnessed some interesting 

trends in the development of solvation models and computer softwares. 

Based on a collection of experimental free energy of solvation data, C.J. 

Cramer, D.G. Truhlar and co-workers from the University of Minnesota, 

U.S.A. constructed'a series of solvation models (SM1-SM5 series) to predict 

and calculate the free energy of solvation of a chemical compound.279-283 

These models are applicable to virtually any substance composed of H, C, N, 

0, F, P, S, Cl, Br and/or I. The only input data required are, molecular 

,formula, geometry, refractive index, surface tension, Abraham's a (acidity 

parameter) and fJ (basicity parameter) values, and, in the latest models, the 

dielectric constants. 

The advantage of models like SMS series is that they can be used to 

predict the free energy of self-solvation to better than 1 KCljmole. These are 

especially useful when other methods are not available. One can also analyze 

factors like electrostatics, dispersion, hydrogen bonding, etc. using these 

tools. They are also relatively inexpensive and available in easy to use 

computer codes. 

A. Galindo et al. 2B4, 2ss have developed Statistical Associating Fluid 

Theory for Variable Range (SAFT-VR) to model the thermodynamics and 

phase equilibrium of electrolytic aqueous solutions. The water molecules are 
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modeled as hard spheres with four short-range attractive sites to account for 

the hydrogen-bond interactions. The electrolyte is modeled as two hard 

spheres of different diameter to describe the anion and cation. The Debye

Hi.i.ckel and mean spherical approximations are used to describe the 

interactions. 

Good agreement with experimental data is found for a number of 

aqueous electrolyte solutions. The relative permittivity becomes very close to 

unity, especially when the mean spherical approximation is used, indicating 

a good description of the solvent. E. Bosch et al.2B6 of the University of 

Barcelona, Spain, have compared several "Preferential Solvation Models" 

specially for describing the polarity of dipolar hydrogen bond acceptor

cosolvent mixture. 

2.11. Conductance- Some Recent Trends 

Recently Blum, Turq and coworkers2B7-2BB have developed a mean 

spherical approximation (MSA) version of conductivity equations. Their 

theory starts from the same continuity and hydrodynamic equations used in 

the more classical treatment; however, an important difference exists in the 

use of MSA expressions for the equilibrium and structural properties of the 

electrolytic solutions_ Although the differences in the derivation of the 

classical and MSA conductivity theories seem to be relatively small, it has 

been claimed that the performance of MSA equation is better with a much 

wider concentration range than that covered by the classical equations. 

However, no through study of the performance of the new equation at the 

experimental uncertainty level of conductivity measurement is yet available 

in the literature, except the study by Bianchi et al.289 They compared the 

results obtained using the old and new equations in order to evaluate their 

capacity to describe the conductivity of different electrolytic solutions. In 

2000, Chandra and Bagchi29o developed a new microscopic approach to ionic 

conductance and viscosity based on the mode coupling theory. Their study 

gives ·microscopic expressions of conductance and viscosity in terms of static 

and dynamic structural factors of charge and number density of the 

electrolytic solutions. They claim that their new equation is applicable at low 

as well as at high concentrations and it describes the cross over from low to 

high concentration smoothly. Debye-Huckel, Onsager and Falkenhagen 
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expressions can be derived from this self-consistent theory at very low 

concentrations. For conductance, the agreement seems to be satisfactory up 

to 1M. 
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CHAPTER Ill 

3.1. Source and Purification of the Chemicals used 

3.1.1. Solvents 

1,4-Dioxane (C4Hs02, M.W. 88.11), Merck, India, was kept several 

days over potassium hydroxide (KOH), followed by refluxing over excess of 

sodium for 12 hours.1. 2 Finally, it was distilled from sodium. The pure liquid 

had a boiling point of 375 K/760 mm, a' density of 1026.5 kg.m-3 and a 

coefficient of viscosity of 1.196 mPa.s at 298.15 K. 

1,3-Dioxolane (C3H502, M.W. 74.08), Merck, India, was heated under 

reflux with Pb02 for 2 hrs, then cooled and filtered. After adding xylene to 

the filtrate, the mixture was fractionally distilled.2. 3 The solvent obtained 

after purification had a boiling point of 348 K I 760 mm, a density of 1057.1 

kg.m-3 and a coefficient of viscosity of 0.531 mPa.s at 298.15 K. 

Tetrahydrofuran (C4Hs0, M.W. 72.11), Merck, India was kept several 

days over potassium hydroxide (KOH), refluxed for 24 hours and distilled 

over LiAlH4.1 The purified...solvent had boiling point of 339 K/760 mm, a 

density of 880.7 kg.m-3 and a coefficient of viscosity 0.463 mPa.s at 298.15 

K. 

N, N-Dimethylformamide (C3H1NO, M.W. 73.10), Merck, India, was 

mixed with 10% (by volume) benzene, and the azeotrope was distilled off 

under atmospheric pressure at about 353 K. The product was dried over 

silica gel and distilled at reduced pressure, with the middle fraction being 

collected. The purified solvents was stored over P20s in a desiccator before 

use,4 The solvent had boiling point of 426 K/760 mm and 349 K/39 mm, a 

density of 944.2 kg.m-3 and a coefficient of viscosity 0.8016 mPa.s at 298.15 

K. 

n-Hexane (C6HI4, M.W. 86.20), Merck, India, was washed with fuming 

H2S04, dried and distilled from sodium hydride. The pure compound had a 

boiling point of 342 K/760 mm, a density of 660.0 kg.m-3 and a co-efficient 

of viscosity of 0.2814 mPa.s at 298.15 K. 

Benzene (C6H6, M.W. 78.10), Merck, India, was at first washed with 

cone. H2S04 and then with aqueous NaOH. After drying with P20s it was 
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distilled. The solvent had a boiling point of 353 K/760 mm, a density of 

872.2 kg.m-3 and a co-efficient of viscosity of 0.5881 mPa.s at 298.15 K. 

The Alcohols used for the experimental purposes i.e. methanol (MeOH, 

CH30H, M.W. 32.04), ethanol (EtOH, C2HsOH, M.W. 46.07), 1-propanol (1-

PrOH, C3H10H, M.W. 60.10), 2-propanol (2-PrOH, C3H10H, M.W. 60.10), 1-

butanol (1-BuOH, C4HgOH, M.W. 74.12), 2-butanol (2-BuOH, C4H90H, M.W. 

74.12), t-butanol (t-BuOH, C4H90H, M.W. 74.12) and i-amyl alcohol (i

AmOH, CsH110H, M.W. 88.15), (Merck, India, Urasol grade) were dried over 

4A molecular sieves and then distilled fractionally. Middle fraction was 

collected and redistilled. 

Water was first deionized and then distilled in an all glass distilling 

set along with alkaline KMn04 solution to remove any organic matters 

therein. The doubly distilled water was finally distilled using an all glass 

distilling set. Precautions were taken to prevent contamination from C02 and 

other impurities. The triply distilled water had specific conductance less 

than 1 x 10-6 S.cm-t. 

Densities and viscosities of the purified solvents were in good 

agreement with the literature values.2-8 and are listed in the respective 

chapters. The purity of most of the solvents finally obtained was better than 

99.5%. 

The research work has been carried out with binary or ternary solvent 

systems with 1, 4-dioxane and 1, 3- dioxolane or tetrahydrofuran as primary 

solvents with some polar, weakly polar and non-polar solvents as well as 

with some solutes. 

3.1.2. Mixed solvents 

The mixed solvents containing 10, 20, 30, 40, 60, 80 mass % of 1,4-

dioxane + H20 mixtures were prepared accurately by mixing the requisite 

volume of 1,4-dioxane and H20 with earlier conversion of required mass of 

the respective solvents to volume by using experimental densities of the 

solvents at experimental temperature. 

Besides these solvent mixtures, other solvent mixtures includes 1,3-

dioxolane + monoalkanols; THF + methanol + benzene; isopropanol + 

benzene+ n-hexane; THF + H20, + monoalkanols; THF + H20 + 1,4-dioxane; 
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1,4-dioxane/ 1,3-dioxolane +butyl acetate, +butyric acid, +butylamine, + 2-
butanone and butylamine/DMF + alkyl acetates etc. have been used for my 

research studies. The physical properties of different pure and mixed 

solvents have been presented in the respective chapters. 

3.1.3. Solutes 

Tetraalkylammonium salts viz. tetramethylammonium chloride 

(Me4NCl, M.W. 109.60), tetraethylammonium bromide (Et4NBr,· M.W. 

210.16), tetrapropylammonium bromide (Pr4NBr, M.W. 266.27), 

tetrabutylammonium bromide (Bu4NBr, M.W. 322.37), and 

tetrabutylammonium iodide (Bu4NI, M.W. 369.38) were of A. R. grade 

(Aldrich) and purified by dissolving in mixed alcohol medium and 

recrystallised from solvent ether 1nedium. After filtration, the salts were dried 
'. ,\' 

in an oven for few hours. The bromide salts of higher tetraalkyl homologues 

were recrystallised second time to ensure highest purity. The crystallised 

salts were dried in vacuum. The salts were stored in glass bottles. in 

darkened desiccator over fused CaCh. 

Ammonium fluoride (NH4F, M.W. 37.04), ammonium chloride (NH4Cl, 

M.W. 53.50), and ammonium bromide (NH4Br, M.W. 97.95) were of A. R. 

grade (SD fine chemicals) and were dried at about 80-1000 C in a vacuum 

oven for 48 hours before use. 

Sodium molybdate (Na2Mo04.-2H20, M. W. 241.95) was of A. R. grade 

(NICE, India) and purified by recrystallising twice from conductivity water 

and was dried in a vacuum desiccator over P20s for 24 hours before use. 

Resorcinol (C6H602, M.W. 110.10) of A.R. grade (SD fine chemicals) 

was crystallized from benzene/ethyl ether.9 The compound was dried and 

stored in a vacuum desiccator. 

The purity of the solutes finally obtained was better than 99.0 % as 

checked by melting point determination. 

3.2. Experimental Methods 

3.2.1. Measurement of Density 

Densities ( p) were measured with an Ostwald-Sprengel type 

pycnometer having a bulb volume of 25 cma and an internal diameter of the 

capillary of about 0.1 em. The pycnometer was calibrated at 298.15, 303.15, 

308.15, 313.15 and 318.15 K with doubly distilled water and benzene using 
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density and viscosity values from the literature.1o. II The pycnometer filled 

with air bubble free experimental liquid was kept vertically in a thermostatic 

water bath maintained at ± 0.01 K of the desired temperatures for few 

minutes to attain thermal equilibrium. The pycnometer was then removed 

from the thermostatic bath, properly dried, and weighed. Adequate 

precautions were taken to avoid evaporation losses during the time of actual 

measurements. An average of triplicate measurements was taken into 

account. Mass measurements accurate to ± 0.01 mg were made on a digital 

electronic analytical balance (Mettler, AG 285, Switzerland). The precision of 

the density measurement was ± 3 x 10-4 g.cm-3. Figure 1 shows an Ostwald

Sprengel type pycnometer (Single arm) used in our works. 

Figure 1. An Ostwald- Sprengel type pycnometer. 
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The temperature of the thermostatic water bath was preset at the desired 

temperature using a contact thermometer and relay system. The absolute 

temperature was determined by a calibrated platinum resistance 

thermometer and Muller bridge.12 The solutions were prepared by mixing 

known volume of pure liquids in airtight-stopper bottles 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. Details of methods and techniques of 

density measurement is given in the literature. I. 13-16 

3.2.2. Measurement of Viscosity 

The kinematic viscosities were measured by means of a suspended

level Ubbelohde17 viscometer. The time of efflux of a constant volume of the 

experimental liquid through the capillary was measured with the aid of a 

Racer stop watch capable of measuring times accurate to ± 0.1s. The 

viscometer was always kept in a vertical position in the thermostatic bath 

with an accuracy of± 0.01 K of the desired temperature. The efflux time for 

water at 298.15 K was measured to be 428.9 s. The flow times of pure 

liquids and liquid mixtures ware measured a number of times and the 

average of the readings was taken irito account. The kinematic viscosity ( v) 

and the absolute viscosity ( 17) are given by the following equations. 

v = Kt -L/t 

17 = vp 

(I) 

(2) 

where t is the average time of flow, pis the density and K and L are 

the characteristic constants of the particular viscometer. The values of the 

constants K and L , determined by using water and methanol as the 

calibrating liquids, were found to be 1.9602x10-3 and 4.2019 respectively. 

The kinetic energy corrections were done from these values and they were 

found to be negligiple. 

Relative viscol?ities (77,) were obtained using the equation: 

(3) 

where 17, 770 , p, Po and t, t0 are the absolute viscosities, densities and 

flow times for the solution and solvent respectively. The uncertainty in the 

viscosity measurements, based on our work on several pure liquids, was± 2 
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X 10-4 mPa.s. Figure 2 shows a suspended-level Ubbelohde viscometer used 

in our works. 

Expt. 
liquid 

H+.,__ End mark 

1+-- Capillary 

Figure 2. A suspended-level Ubbelohde viscometer. 

3.2.3. Measurement of Ultrasonic Speed 

Ultrasonic speeds were measured, with an accuracy of 0.3 %, using a 

single-crystal variable-path ultrasonic interferometer Is (Model M-81, Mittal 

Enterprise, New Delhi) operating at 2 MHz, which was calibrated with water, 

methanol and benzene at the experimental temperature. The temperature 

stability was maintained within ± 0.01 K of the desired temperature by 

circulating thermostatic water around the cell with the aid of a circulating 

pump. 
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The principle used in the measurement of the ultrasonic speed (u) is 

based on the accurate determination of the wavelength (it) in the medium. 

Ultrasonic waves of known frequency (f) are produced by a quartz crystal 

fixed at the bottom of the cell. These waves are reflected by a movable 

metallic plate kept parallel to the quartz crystal. If the separation between 

these two plates is exactly a whole multiple of the sound wavelength, 

standing waves are formed in the medium. This· acoustic resonance 

originates an electrical reaction on the generator driving the quartz crystal 

and the anode current of the generator becomes a maximum. 

If the distance is increased or decreased maintaining the variation of 

exactly one half of wave length ( it/2) or integral multiple of it, the anode 

current becomes maximum. From the knowledge of the wave length (it), the 

speed ( u) can be obtained by the t~lation: 

u=Axf {~ 

The ultrasonic interferometer consists of the following two parts: 

(i) the high ~requen~y generator, and (ii) the measuring cell. 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 deflects a maximum. A number of 

maxima of anode current are observed and their number ( n) is counted. The 

total distance (d) thus moved by the micrometer gives the value of the 

wavelength (it) with the following relation. 

d = nx it/2 (5) 

Further, the speed ( u) determined thus is used for the calculation of the 

isentropic compressibility ( K.1. ) using the following formula: 

(6) 

where p is the density of the experimental liquid. 
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In figure 3- (A) Cross-section of the measuring cell of a· Multi

frequency Ultrasonic Interferometer and (B) Position of reflector vs. crystal 

current are depicted. 

A 

R.F. input---+ 

c B 
r 
y 
s 
t. 
a 

c 
u 
r 
r 
e 
n 
t 

+-'A/2--. 
Extra peaks 

Position of reflector 

Figure 3. (A) Cross-section of the measuring cell of A Multi-frequency 

Ultrasonic Interferometer, (B) Position of reflector vs. crystal current. 
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However, the extra peaks (Figure 3B) in between minima and maxima occurs 

due to a number of reasons, but these do n'ot effect the value of J./2. 

3.2.4. Measurement of Conductance 

Systronic Conductivity meter- 306 is used for measuring specific 

conductivity of electrolytic solutions. It is a microprocessor based instrument 

and can provide both automatic and manual temperature compensation. 

The instrument shows the conductivity of the solution under test at the 

existing temperature or with temperature compensation. Provision for 

storing the cell constant and the calibrating solution type, is provided with 

the help of battery back-up. This data can be further used for measuring the 

conductivity of an unknown solution without recalibrating the instrument 

even after switching it off. 

The conductance measurements were carried out on this conductivity 

bridge using a dip-type immersion conductivity cell, CD-10 with a cell 

constant of 1.0 ± 10% cm·I. The instrument was standardized using 0.1 (M) 

KCl solution. The cell was calibrated by the method of Lind and co

workers.l9 The measurements were made in a thermostatic water bath 

maintained at the required temperature with an accuracy of± 0.01 K. 

Several solutions were prepared by mass accurate to ± 0.01 mg with 

the aid of a Mettler electronic analytical balance (AG 285, Switzerland) and 

runs were performed to ensure the- reproducibility of the results. Due 

correction was made for the specific conductance of the solvents at desired 

temperatures. 

Figure 4 shows the Systronic Conductivity meter- 306 i.e. (a) 

Isometric view and (b) Block diagram of the instrument. 
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sc.u.mu. . 
CXT. A.DC 

COiNDUCI'I\o'nY CELL 

Figure 4. The Systronic Conductivity meter 306- (A) Isometric view and 

(B) Block diagram of the instrument. 
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CHAPTER IV 

Viscous Synergy and Isentropic Compressibility of Some 

Monoalkanols and Cyclic Ethers in Water at 298.15 K* 

4.1. Introduction 

The incre?-sing use of cyclic ether, monoalkanols and their aqueous 

mixtures in many industrial processes · such as pharmaceutical and 

cosmetics has greatly stimulated the need for extensive information on their 

properties. 1,4-dioxane (DO), tetrahydrofuran (THF) and their aqueous 

mixtures are very important solvents that are widely used in various 

industries. They figure prominently in the high-energy battery technology 

and have also found application in organic synthesis as manifested from the 

physico-chemical studies in these media. 1-7 

The thermodynamic properties of various alkanols have been studied in 

numerous solvents.B-14 Pure or aqueous alcohols are most widely used in 

industry, including in the manufacture of pharmaceuticals and cosmetic 

products. However, in the case of insolubility of some solutes in water, non

water solvents may be used possessing the common characteristic of being 

soluble in water; as a result, such solvents may be used with different 

purposes, such as increasing water solubility, or modifying the viscosity or 

absorption of the dissolved substance. In our systematic study of the 

thermodynamic properties, we have reported densities, viscosities and 

speeds of sound of different solvents and their mixtures in the previous 

papersiS-22 from our laboratory. In this chapter we extend our studies to the 

aqueous mixtures of 1,4-dioxane (DO) and tetrahydrofuran (THF) with some 

monoalkanols; where water is represented as A; cyclic ether (DO or THF), 

represented as B; and monoalkanol, represented as C. The monoalkanols 

include methanol (MeOH), ethanol (EtOH); 1- propanol (1-PrOH), 2-propanol 

(2-PrOH), !-butanol (1-BuOH) and 2-butanol (2-BuOH). The density and 

viscosity data have been analyzed using the equation developed by Kaletunc

Gencer and Peleg. 

*Published tn the Journal of Molecular Liquids 
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. 4.2. Experimental section 

4.2.1. Chemicals 

1, 4-dioxane and tetrahydrofuran (Merck, India) were purified as 

described earlier. 16, 23 The source and purification of pure alcohols (Merck, 

India) methanol, ethanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol 

have been described earlier.l6, 24 Triply distilled water was used for the 

experiment. The chemicals after purification were 99.9% pure and their 

purity was ascertained by GLC and also by comparing experimental values 

of densities and viscosities with those reported in the literature12, 15, 25-26 as 

listed in Table 1. 

4.2.2. Measurements 

Densities were measured with an Ostwald -Sprengel type pycnometer 

having a bulb volume of about 25 cm3 and an internal diameter of the 

capillary of about 0.1 em. The measurements were done in a thermostated 

bath controlled to ± O.OlK. The weighings were done on a Mettler AG-285 

electronic balance with a precision of ± 0.01mg. The precision of density 

measurements was± 3 x 10-4 g cm-3. 

The viscosity was measured by means ~f a suspended Ubbelohde type 

viscometer, calibrated at 298.15 K with triply distilled water and purified 

methanol using density and viscosity values from the literature. The .flow 

times were accurate to ± 0.1s, and the uncertainty in the viscosity 

measurements, based on our work on several pure liquids, was ± 2 x 10-4 

mPa.s. The details of the methods and techniques had been described 

earlier.4. 16 

Speeds of sound were determined by a multi-frequency ultrasonic 

interferometer (Mittal Enterprise, New Delhi) working at 2 MHz, which was 

calibrated with water, methanol and benzene at 298.15 K. The precision of 

the speed measurements was ± 0.2 m s-1. The details of the methods and 

techniques had been described earlier. 16 The mixtures were prepared by 

mixing known volume of pure liquids in airtight-stopper bottle!'! and each 

solution thus prepared was distributed into three recipients to perform all 

the measurements in triplicate, with the aim of the determining possible 
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dispersion of the results obtained. Adequate precautions were taken to 

minimize evaporation loses during the actual measurements. 

4.3. Results and discussion 

4.3.1. Viscous synergy 

The measurements made yielded the viscosity values, 'T/exp, for the 

different mixtures at different· concentrations (w/w), are listed in Table 2 

along with the viscosity values, 'T/mix in the absence of interaction. The 

method most widely used to analyze the antagonic and synergic behaviour of 

various solvent-mixtures is that developed by Kaletunc-Gencer and Peleg27 

allowing quantification of the synergic and antagonic interactions taking 

place in mixtures involving variable proportions of the constituent 

components. Viscous synergy·. is the term used in application to the 

interaction between the components of a system that causes the total 

viscosity of the latter to be greater than the sum of the viscosities of each 

component in the system. In contraposition to viscous synergism, viscous 

antagonism is defined as the interaction between the components of a 

system causing the net viscosity of the latter to be less than the ·sum of the 

viscosities of each component in the system. If the total viscosity of the 

system is equal to the sum of the viscosities of each component, the system 

is said to lack interaction.2s 

The viscosity in the absence of interaction, 'T/mix, is defined by the simple 

mixing rule: 

(1) 

where WA, wa and we are the fractions by weight and 'T/A, 'T/B and 77c are 

the viscosities, measured experimentally, of the components A, B and C 

respectively. Viscous synergy exists when, 'T/exp > 'T/mix· ·The procedure is valid 

for Newtonian fluids, since in non-Newtonian systems shear rate must be 

taken into account and consequently, other synergy indices have been 

defined.29 

The values in Table 2 are graphically represented in Figures 1 and 2, 

where the viscosity is seen to increase non-linearly for all the mixtures, 

reaching maximum values (saturation point) at different concentrations in 

each case and thereafter decreases. 
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Maximum viscosity is found in the mixtures when the molecules are 

in the following r~tios: 

H20 : THF = 1 : 0.17 

H2·o: THF: MeOH = 1: 0.08: 0.19 

H20: THF: EtOH = 1: 0.10: 0.16 

H20: THF: 1-PrOH = 1: 0.10: 0.16 

H20: THF: 2-PrOH = 1: 0.11: 0.13 

H20: THF: 1-BuOH = 1: 0.19: 0.18 

H20 : THF: 2-BuOH = 1 : 0.54: 0.51 

H20 : DO = 1 : 0.38 

H20: DO: MeOH = 1: 0.10: 0.28 

H20: DO: EtOH = 1: 0.10: 0.20 

H20: DO: 1-PrOH = 1: 0.10: 0.15 

H20: DO: 2-PrOH = 1: 0.10: 0.15 

H20: DO: 1-BuOH = 1: 0.15: 0.18 

H20 :DO : 2-BuOH = 1 : 0.41 : 0.49 

H20 : THF : DO = 1 : 0.08 : 0.07 

The explanation of this type of behavior is based on the known 

phenomenon of solvation, as a consequence of the hydrogen bonds formed 

between the molecules of the components of the mixture - producing an 

increase in size of the resulting molecular package, which logically implies a 

rise in viscosity and density. After reaching the maximum viscosity, the 

subsequent addition of more water induces a decrease in mixture viscosity, 

as the latter tends to approach the viscosity of water as concentration 

approaches zero. 

Such characteristics in the viscosity versus composition curve is a 

.manifestation of specific interaction3o between the unlike molecules, 

predominated by hydrogen bonding interaction .. 

Table 2 shows that at the point of specific interaction (Saturation point) the 

molar ratio of tetrahydrofuran (THF), 1,4-dioxane (DO), water and the 

various monoalkanols in the mixtures is as follows: 

THF: H20 : MeOH: EtOH: 1-PrOH: 2-PrOH: 1-BuOH : 2-BuOH 
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= 1: 5.88 : 2.37: 1.6 : 1.6 : 1.18: 0.95: 0.94 

DO : H20 : MeOH: EtOH: 1-PrOH: 2-PrOH: 1-BuOH: 2-BuOH 

= 1:2.63:2.8:2:1.5:1.5:1.2:1.19 

It can be concluded that the affinity of monoalkanol molecules 

towards tetrahydrofuran (THF) and 1,4 dioxane (DO) molecules in presence 

of water is enhanced by the following orders, respectively: 

MeOH > EtOH = 1-PrOH > 2-PrOH > 1-BuOH > 2-BuOH 

MeOH > EtOH > 1-PrOH = 2-PrOH > 1-BuOH > 2-BuOH 

The monoalkanols with hydroxyl group positioned at the second carbon 

atom accept more tetrahydrofuran and 1,4-dioxane than those with the 

terminal hydroxyl group. Similar results were also reported earlier by 

Herraez et al. 12 Also, the maximum viscosity logically increases with the 

number of carbon atoms contained in the alkanol molecules, as shown in 

Figure 3. 

4.3.2. ·synergy index and Enhancement index 

Table 3 represents the corresponding pure state viscosity, 77o; the 

maximum viscosity reached on addition of water, 17max; the viscosity of the 

mixture at the concentration where the maximum viscosity is reached in the 

event no interaction occurs in the mixture, 17mix; the corresponding viscosity 

increment given by LJ.77 = 17exp - 7]mix; the synergy indices, I,1, introduced by 

Howel129 and the enhancement indices, E,; calculated by the following 

equations: 

17 exp - 17 mix (2) 
17 mix 17 mix 

E = TJmax 

.,., TJo 
(3) 

The values recorded in Table 3 allow us to plot the graphic representations 

shown in Figures 3-5. The figure 3 jointly presents the viscosities, 17mDX and 

17o, as a function of the number of carbon atoms, for the alkanols with 

terminal hydroxyl group and shows that the values 17o increases almost 
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linearly with the number of carbon atoms, while the Tlmax values, expected to 

be greater than 77o, also increase in a similar fashion. For the monoalkahols 

with the hydroxyl group at the second carbon atom of the molecular chain, 

Figure 3b provides a graphic illustration to the same scale as in Figure 3a .. 

Figure 4 shows the viscous synergy index, 111, as a function of the number of 

carbon atoms corresponding to the monoal~anols with the hydroxyl group at 

the end of the molecular chain and the second carbon atom. This figure 

reflects a decreasing tendency with the exception of ethanol. This figure also 

shows that the synergy indices of the monoalkanols with the hydroxyl group 

at the second carbon atom of the molecular chain are greater than those of 

the monoalkanols with terminal hydroxyl group. Similar results were 

reported earlier by Herraez et al.l2 

Figure 5 depicts the enhancement index, E,, as a function of the number of 

carbon atoms in the monoalkanol structure and shows a linear, sharp 

gradient decrease for the monoalkanols. 

4.3.3. Synergy in density 

The increase in density was analyzed by carrying out a procedure 

analogous to that used for mixture viscosity based on the following equation: 

Pmix = WAPA + WBPB + WcPc (4) 

where WA, wa and we are the fractions by weight and PA, pa and pc are 

the densities, measured experimentally, of the components A, B and C 

respectively. Accordingly, when Pexp > Pmix, volume contraction occurs. A 

perusal of Table 4 shows that the values of the density determined 

experimentally, pexp for various liquid mixtures are higher than those of its 

theoretical values, Pmix· This. fact can be explained in terms of electrostriction 

as a consequence solvent molecules are accommodated in the void space left 

in the packing of dispersed solvent molecules. Similar results were reported 

by some authors earlier.r2, 26 

4.3.4. Deviation in isentropic compressibility 

Isentropic compressibility, K,\' and deviation in isentropic 

compressibility, K.~,. were calculated using the following relations: 

K ( 2 )-1 
S = U Pcxp (5) 

89 



Viscous Synergy and Isentropic Compressibility ....... at 298.15 K 

j 

Kff = Ks - LX;Ks.i (6) 
i=l 

where u and K.~· are the speed of sound, isentropic compressibility of 

the mixture and Ks,; the isentropic compressibility of ilh component in the 

mixture, respectively. The experimental speed of sound, isentropic 

compressibility and deviation in isentropic compressibility are listed in Table 

5 and are graphically represented in Figures 6a and 6b as a function of mole 

fraction of the monoalkanols. 

Experimental speeds of sound, estimated isentropic 

compressibility and deviation in isentropic compressibility are listed in Table 

5. Figures 6a and 6b show that K.~ values are negative for all the mixtures 
. ~ 

under investigation and they increase as the length of the molecular chain of 

the monoalkanols increase. The donor-acceptor interactions between the 

mixing components play a pivotal role to yield negative Kff values, which are 

more negative for the lower monoalkanols. However, the branched isomers 

have lower K.~' values tpan their terminal counter part, as they can fit well 

into the structure of the cyclic ethers and water. Similar results were 

reported by some author earlier.23, 31,32 

4.4. Conclusion 

In summary, monoalkanols containing up to three carbon atoms mix 

with water in any proportion and the higher monoalkanols mix with water in 

limited proportion. The monoalkanols with the hydroxyl group positioned at 

the second carbon atom accept more water than those wi_th the teJ;illinal 

hydroxyl group and their 77max, I,, and E, values are, therefore, considerably 

higher. Also, the monoalkanols with hydroxyl group positioned at the second 

carbon atom accept more tetrahydrofuran and 1 ,4-dioxane than those with 

the terminal hydroxyl group. 
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List of symbols 

A water 

B cyclic ether 

C monoalkanol 

WA weight fraction of water 

ws weight fraction of cyclic ether 

we weight fraction of monoalkanol 

XA mole fraction of water 

Xs mole fraction of cyclic ether 

Xc mole fraction of monoalkanol 

u speed of sound 

ITJ synergy index 

ETJ enhancement index 

Ks isentropic compressibility 

I:: Ks deviation in isentropic compressibility 

17 viscosity 

1Jo pure state viscosity 

viscosity of component A 

viscosity of component B 

7Jc viscosity of component C 

1Jexp_ ·experimental viscosity of mixture 

1Jmix theoretical viscosity of mixture 

17max maximum viscosity of mixture 

p density 

PA density of component A 

PB density of component B 

pc density of component C 

pexp experimental density of mixture 

Pmix theoretical density of mixture 
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Viscous Synergy and Isentropic Compressibility ....... at 298.15 K 

~ 
Table 1. 
Comparison of density, p x 103/kg.m-3 and viscosity, 17 of the pure liquids 
with literature data at 298.15 K. 

Solvent 
px 103/kg.m-a TJ/mPa.s 

Expt. Lit. Expt. Lit. 

Water 0.9971 0.9971 25 0.8904 0.8904 25 

Tetrahydrofuran 0.8807 0.8807 15 0.4630 0.4630 15 

1 ,4-Dioxane 1.0305 1.0305 26 1.2000 1.2000 26 

Methanol 0.7869 0.7869 12 0.5470 0.5470 12 

+ Ethanol 0.7850 0.7850 12 1.0760 1.0760 12 

!-Propanol 0.8025 0.8025 12 1.9460 1.9460 12 

2~Propanol 0.7825 0.7825 12 2.0314 2.0314 12 

1-Butanol 0.8060 0.8060 12 2.5420 2.5420 12 

2-Butanol 0.8035 0.8035 12 2.8230 2.8230 12 
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Table 2. 
Cof!J.parison of the theoretical and experimental viscosities for the indicated water- soluble mixtures of tetrahydrofuran (THF), 
1,4-dioxane (DO) and different monoalkanols as a function of (w/w) concentration. 

Pure THF THF+MeOH THF + EtOH THF + 1-PrOH 
Mass% 

(w/w = 1:1) (w/w = 1:1) {wfw = 1:1) of H20 
T/mix/ mPa.s T/exp/mPa.s T/mix/ mPa.s qe,q,/mPa.s 7]mix./mPa.s T)_exp/mPa.s 1/nUx./mPa.s 1/exp/mPa.s 

0 0.4630 0.4630 o.sos·o 0.4761 0.7695 0.6728 1.2045 0.7603 
10 0.5057 0.6564 0.5435 0.7377 0.7816 1.0009 1.1731 1.1857 
20 0.5485 0.9237 0.5821 1.0404 0.7937 1.3311 1.1417 1.5186 
30 0.5912 1.2238 0.6206 1.3114 0.8058 1.6325 1.1103 1.8789 
35 0.6126 1.3994 0.6399 1.4428 0.8118 1.7806 1.0946 1.9117 
40 0.6340 1.4904 0.6596 1.5381 ' 0.8179 1.8862 1.0789 2.0208 
45 0.6553 1.5817 0.6784 1.6474 0.8239 1.9729 1.0632 2.0917 
50 0.6767 1.6776 0.6977 1.7686 0.8299 2.0332 1.0475 2.1581 
55 0.6981 1.7013 0.7169 1.7698 0.8360 2.0907 1.0317 2.2296 
60 0.7199 1.7321 0.7362 1.7852 0.8420 2.0152 1.0160 2.1679 
70 0.7622 1.6798 0.7748 1.7787 0.8541 1.8765 0.9846 2.0124 
80 0.8049 1.4900 0.8133 1.5651 0.8662 1.6345 0.9532 1.6478 
90 0.8477 1.2015 0.8519 1.2485 0.8783 1.2372 0.9218 1.2592 
100 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 

THF + 2-PrOH THF + 1-BuOH THF + 2-BuOH 
Mass% of H20 · (wfw = 1:1) (w/w = 1:1) (w/w = 1:1) 

7J.mix./mPa.s T)_e,q,/mPa.s 7J.mix./mPa.s 7J.exp/mPa.s 1J.nUx./mPa.s 1J.exp/mPa.s 
0 1.2472 0.6917 1.5025 0.8514 1.6430 0.8021 
10 1.2115 1.1171 1.4413 1.2586 1.5677 1.2436 
20 1.1758 1.4952 1.3801 1.6069 1.4925 1.6700 
30 1.1402 1.8652 1.3189 1.9206 
35 1.1223 2.0303 1.2883 2.1404 
40 1.1045 2.1759 1.2577 2.1910 
45 1.0866 2.2524 

Contd ... 

~- ~· ··---~---+--· t· 

< ... 
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f/J 
'< ::s 
(1) 
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Ill = ll< ... 
C/l 
(1) 

::s 
r1" 
'1 
0 
't:l ... 
a 
(') 
0 a 
't:l 
'1 
(1) 
C/l 
C/l 

a: 
1:!: ... 
q 

Ill 
r1" 

t..l 
\0 
!XI .... 
(/1 

~:· 
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'f.:..· 

50 1.0688 2.2905 
55 1.0509 2.3370 
60 1.0331 2.2876 < ... 
70 0.9974 2.1204 1.1162 2.0884 fll 

() 

80 0.9618 1.7880 1.0409 1.7427 0 
s:: 

90 0.9261 1.3276 0.9516 1.3354 0.9657 1.3178 fll 

en 
100 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 '<I 

DO+ MeOH DO+ EtOH DO+ 1-PrOH = 
Pure DO 

R 
Mass% '"I 

of H20 
(w/w = 1:1) (wfw = 1:1) (wfw = 1:1) ~ 

7Jmbc/mPa.s 7Jexp/mPa.s 1Jmix/mPa.s 1Jexp/ mPa.s 1Jmix/ mPa.s 1Jexp/mPa.s 7Jmbc/mPa.s qexp/ mPa.s II) 

0 1.2000 1.2000 0.8735 0.6148 1.1380 0.9243 1.5730 1.1309 ::s 
j:l. 

10 1.1690 1.4419 0.8752 0.9069 1.1132 1.3182 1.5047 1.6458 .... 
Cll 

20 1.1381 1.7859 0.8769 1.2053 1.0885 1.7779 1.4365 2.0743 R 
::s 

30 1.1071 1.9762 0.8786 1.4429 1.0637 2.0719 1.3682 2.3439 ""' '"I 

35 1.0916 2.0230 0.8794 1.5471 1.0513 2 . .!364 1.3341 2.3963 0 
'tt 

40 1.0762 1.9871 0.8803 1.6171 1.0389 2.1975 1.2999 2.4199 
... 
() 

45 1.0607 1.9577 0.8811 1.6712 1.0266 2.2388 1.2658 2.4286 (') 
10 0 
01 50 1.0452 1.9139 0.8819 1.7057 1.0142 2.2636 1.2317 2.4468 a 

55 1.0297 1.8346 0.8828 1.6971 1.0018 2.2029 1.1976 2.3527 'tt 
'"I 

60 1.0142 1.6970 0.8836 1.6349 0.9894 . 2.1110 1.1634 2.2553 R 
Cll 

70 0.9833 1.5181 0.8853 1.5233 0.9647 1.8947 1.0952 2.0141 fll ... 
a" 

80 0.9523 1.2967 0.8870 1.3352 0.9399 1.5610 1.0269 1.6$68 = ... 
90 0.9214 1.0949 0.8887 1.1766 0.9153 1.2005 0.9587 1.2584 ~ 
100 0.8904 0.8904 0.8904 0.8904 0.8904 ) 0.8904 0.8904 0.8904 

Mass% DO+ 2-PrOH DO+ 1-BuOH Do+ 2-BuO}I DO+ THF 
of H20 (w/w = 1:1) (w/w = 1:1) (w/w = 1:11 (w/w = 1:1) II) 

0 1.6157 1.0778 1.8710 1.2715 2.0115 1.1333 0.8315 0.6797 ""' t.J 
10 1.5432 1.6710 1.7729 1.7840 1.8994 1.8135 0.8374 0.9285 10 

20 1.4706 2.2000 1.6749 2.1742 1.7873 3.0482 0.8433 1.2432 00 

0.8492 1.5476 
~ 

~0 1.3981 2.5134 1.5768 2.2031 en 
35 1.3618 2.5920 1.5278 2.2643 0.8521 1.6815 ~ 

40 1.3256 2.6547 1.4788 2.4169 0.8551 1.7972 
Contd ... 
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45 
50 
55 
60 
70 
80 
90 
100 

~ 

1.2893 
1.2530 
1.2168 
1.1805 
1.1080 
1.0355 
0.9629 
0.8904 

2.6967 
2.6892 
2.6212 
2.5276 
2.1706 
1.7344 
1.3143 
0.8904 

~· 

0.9885 
0.8904 

1.2371 
0.8904 

J; 

1.2267 
1.1146 
1.0025 
0.8904 

2.0546 
1.7101 
1.2626 
0.8904 

0.8580 
0.8609 
0.8639 
0.8663 
0.8727 
0.8786 
0.8845 
0.8904 

~· 

1.8754 
1.8939 
1.9094 
1.9166 
1. 7124 
1.4701 
1.1930 
0.8904 

< -Cll 
() 
0 
~ 
Cll 

i 
(D 

~ 
~ 
::s 
~ ... 
Cll 
(D 

::s .... ... 
0 
'tl n
n 
0 a 
'tl ... 
(D 
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Cll .... c:r = ~ 

~ .... 
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10 
00 ... 
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Table 3. 
Pure-state viscosity, 17o; maximum viscosity, T/max; viscosity of the mixture without interaction, T/rmx; viscosity increment, L117; < synergy indices, ! 11; enhancement indices, E 11 for the indicated water- soluble mixtures of tetrahydrofuran (THF), 1,4-dioxane (DO) ... 

Ul 

and different monoalkanols. 
(') 
0 
~ 
Ul 

Solvent TfO T/mDX Tfmbc Aq I., Eq 00 
'< ::s 

THF 0.4630 . 1.7321 0.7194 1.0127 1.4076 3.7146 ~ 
'1 

THF + MeOH 0.4761 1.7852 0.7362 1.0489 1.4247 3.7443 ~ 
II) 

THF + EtOH 0.6728 2.0907 0.8360 1.2547 1.5008 3.1074 
::s 
t:lo ... 

THF + 1-PrOH 0.7603 2.2296 1.0317 1.1978 1.1609 2.9323 Ul 
~ 
::s 

THF + 2-PrOH 0.6917 2.3370 1.0510 1.2860 1.2237 3.3787 
,..,. 
'1 
0 

THF + 1-BuOH 0.8514 2.1910 1.2577 0.9334 0.7421 2.5733 
'tl ... 
(') 

10 THF + 2-BuOH 0.8021 2.0884 1.1162 0.9722 0.8710 2.6038 (") 
0 

CXl a DO 1.2000 2.0230 1.0916 0.9313 0.8531 1.6858 'tl 
'1 

DO+ MeOH 0.6148 1.7057 0.8819 0.8237 0.9340 2.7742 
~ 
Cll 
Ul 

DO+ EtOH 0.9243 2.2636 1.0142 1.2494 1.2319 2.4489 c: 
1::: 

DO+ 1-PrOH 1.1309 2.4468 1.2317 1.2151 0.9865 2.1636 
::; 
'< 

DO+ 2-PrOH 1.0776 2.6967 1.2893 1.4074. 1.0915 2.5026 

DO+ 1-BuOH 1.2715 2.4169 1.4788 0.9382 0.6344 1.9008 II) ,..,. 
DO+ 2-BuOH 1.1333 3.0482 1.7873 1.2609 0.7055 2.689-6 t.l 

10 

THF+ DO 0.6797 1.9166 0.8663 1.0502 1.2122 2.8198 
CXl 
.... 
en 
~ 
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Table 4. 
Comparison of the theoretical, Pmix/kg.m-3, and experimental, Pexpfkg.m-3, densities for the indicated water- soluble mixtures of 
tetrahydrofuran (THF), 1,4-dioxane (DO) and different monoalkanols as a function of (w/w) concentration. 

Mass% 
of H20 

0 
10 
20 
30 
35 
40 
45 
50 
55 
60 
70 
80 
90 
100 

~· 

Pure THF THF + MeOH THF + EtOH THF + 1-PrOH 
(wfw = 1:1) _(w/w = 1:1) _ _ (w/w = 1:1) 

Pmix/kg.!!).-3 _peJCPLkg.m-_3 _ Pmix/kg.m-3 pexp/kg_.m-3 Pmix/~.m-3 Pexp/kg.m-3 Pmix/kg.m-3 _flexpLkg.m-3 
880.7 
892.4 
904.0 
915.6 
921.4 
927.3 
933.1 
938.9 
944.7 
950.5 
962.2 
973.8 
985.4 
997.1 

Mass%ofH20 

0 
10 
20 
30 
35 
40 
45 
50 

880.7 
898.5 
915.9 
930.2 
940.7 
946.0 
952.5 
959.0 
963.8. 
966.4 
978.3 
986.7 
990.0 
997.1 

~I 

833.8 830,6 832.9 842.1 841.6 843.3 
850.1 861.6 849.3 862.4 857.2 864.4 
866.5 884.4 865.7 884.7 872.7 884.7 
882.8 904.7 882.1 904.3 888.2 903.4 
891.0 914.0 890.3 912.4 896.0 911.8 
899.1 924.4 898.5 921.1 903.8 918.7 
907.3 923.3 906.7 930.1 911.6 927.5 
915.4 941.6 914.9 939.1 919.3 936.3 
923.6 949.3 923.2. ..947.8 927.1 944.8 
931.8 956.5 931.4 954.7 934.9 951.8 
948.1 . 969.9 947.8 968.2 950.4 966.9 
964.4 979.5 964.2 979.1 966.0 979.8 
980.7 989.5 980.6 989.7 981.5 983.5 
997.1 997.1 997.1 997.1 997.1 997.1 

THF + 2-PrOH THF + 1-BuOH THF + 2-BuOH 
(w/~= 1:1) _ _:__(w/w = 1:1) (w/w = 1:1) 

Pmix/kg.m-3 pexp/kg._m-3 Pmix/kg.m-3 Pexp/kg.m-3 jJmix/kg.m-3 pexp/kg.m-3 
8~1.6 830.5 843.4 847.1 842.1 840.6 
848.2 856.0 858.7 867.1 857.6 862.9 
864.7 877.1 874.1 883.5 873.1 887.1 
881.2 897.2 889.5 902.5 
889.5 906.4 897.2 909.9 
897.8 916.9 904.8 . 918.2 
906.1 925.1 
914.3 933.6 

~ 
J -,.., . 

Contd ... 
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fll 
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0 a 
'tl a 
fll 
fll 

c: = ~ 

~ 
t.l 
10 
90 .... 
en 
:;.::: 

-* 



'~~ 

Mass% 
of H20 

0 
10 
20 
30 
35 

1-' 40 
0 45 0 

50 
55 
60 
70 
80 
90 
100 

Mass% 
of H20 

0 
10 
20 
30 
35 
40 

55 
60 
70 
80 
90 
100 

Pure DO 

~ ct- \f 

922.6 943.9 
930.9 949.9 
947.4 966.3 950.6 965.9 . 
964.0 979.3 966.1 981.6 
980.5 987.9 981.7 988.8 981.6 991.0 
997.1 997.1 997.1 997.1 997.1 997.1 

DO+ MeOH DO+ EtOH DO+ 1-PrOH 
(w_/w = 1:!)__ (w/w = l:l) (w/w = 1:1). 

pm~x/~.m-3 . pexp/kg.m-3 Pmix/kg.m-3 pex.p/kg.m-3 Pmix/kg.m-3 pex.p/kg.m-3 Pmix/kg.m-3 p~.m-3 

1030.5 1030.5 908.7 899_6 907.8 901.1 916.5 900.2 
1027.2 1036.8 917.6 917.8 916.7 919.0 924.6 924.7 
1023.8 1040.5 926.4 934.2 925.6 936.0 932.6 933.8 
1020.5 1040.8 935.2 950.9 . 934.5 951.2 940.7 949.7 
1018.8 1043.0 939.6 955.5 939.0 958.3 944.7 953.5 
1017.1 1040.1 944.1 962.6 943.5 9§3.9 948.7 961.0 
.1015.5 1037.5 948.5 968.8 947.9 969.1 952.8 966.3 
1013.8 1035.6 952.9 972.2 952.4 974.0 956.8 971.1 
1012.1 1033.6 957.3 977.3 956.9 978.5 960.8 975.6 
1010.4 1031.3 961.7 981.7 961.3 983.6 964.8 980.9 
1007.1 1022.1 970.6 987.0 970.3 987.7 972.9 987.5 
1003.8 1016.1 979.4 990.5 979.2 991.5 981.0 993.2 
1000.4 1009.0 988.2 993.3 988.1 996.2 989.0 996.5 
997.1 997.1 997.1 997.1 997.1 997.1 997.1 997.1 

DO + 2-PrOH DO + 1-BuOH DO + 2-BuOH DO + THF 
(w/w =_ 1:1) (w/w = 1:1) (w/w =_ 1:1) (w/w = 1:!} 

906.5 887.3 918.3 906.2 971.0 901.2 955.6 951.8 
915.6 915.8 926.1 926.3 925.0 926.8 959.8 965.5 
924.6 928.9 934.0 935.6 933.0 938.4 963.9 979.0 
933.7 944.1 941.9 946.2 968.1 987.5 
938.2 951.0 945.8 953.0 970.1 992.6 
942.7 958.5 949.8 958.6 972.2 996.1 
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j:l. 
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60 960.8 981.7 980.5 1005.9 n 
::s 
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80 979.0 992.9 981.1 994.8 988.8 1003.8 0 
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Table 5. 
Experimental densities (Pexp), speeds of sound (u), isentropic compressibilities (K8 ) and deviations in isentropic compressibility 

( Kff) for the indicated water- soluble mixtures of tetrahydrofuran (THF), 1,4-dioxane (DO) and different monoalkanols as a 

function of mole fractions of water (xA) and the monoalkanols (Xc). 

XBa pexpfkg.m·3 u /(m.s·') 
K

8
x 1012 KE x1012 s Pexpfkg.m·3 u /(m.s·') 

K
5

x 1012 KE x10'2 s XA XA :XC 
j_iPa·1) /(Pa-1) /(Pa·1) /(Pa·1) 

H20 + THF H20 + THF + MeOH 
0 1 880.7 1283.2 689.6 0 0 0.6924 830.6 1150.4 909.7 -25.7 

0.3078 0.6922 898.5 1351.1 609.6 -5.5 0.2149 0.5436 861.6 1202.3 803.0 -27.6 
0.5002 0.4998 915.9 1395.7 560.5 -8.1 0.3811 0.4285 884.4 1256.3 716.4 -33.1 
0.6317 0.3683 930.2 1435.3 521.8 -15.0 0.5135 0.3368 904.7 1309.4 644.7 -40.3 
0.6831 0.3169 940.7 1449.6 505.9 -18.5 0.5701 0.2976 914.0 1339.9 609.4 -48.0 
0.7274 0.2726 946.0 1467.8 490.7 -23.0 0.6215 0.2620 924.4 ......... 1368.5 577.6 -54.7 
0.7661 0.2339 952.5 1487.0 474.8 -29.5 0.6683 0.2297 933.3 1396.4 549.5 -60.0 
0.8001 0.1999 959.0 1504.6 460.6 -35.5 0.7112 0.2000 941.6 1422.8 524.6 -64.0 
0.8303 0.1697 963.8 1519.3 449.5 -39.3 0.7506 0.1727 949.3 1446.6 503.4 -66.0 
0.8572 0.1428 966.4 1529.6 442.3 -40.0 0.7870 0.1475 956.5 1467.9 485.2 -66.4 
0.9033 0.0967 978.3 1528.4 437.6 -33.6 0.8518 0.1026 970.0 1490.4 464.1 -55.9 
0.9412 0.0588 986.7 1523.6 436.6 -25.4 0.9078 0.0638 979.5 1496.4 455.9 -36.8 
0.9730 0.0270 990.0 1515.3 439.9 -14.4 0.9568 0.0299 989.5 1493.9 452.8 -16.0 

1 0 997.1 1496.6 447.8 0 1 0 997.1 1496.6 447.8 0 
H20 + THF + EtOH H20 + THF + 1-PrOH 

0 0.6101 832.1 1193.3 843.9 -18.0 0 0.5454 841.3 1239.4 773.8 -6.6 
0.2575 0.4530 862.4 1258.3 732.3 -22.9 0.2879 0.3884 864.4 1312.2 671.9 -12.8 
0.4383 0.3427 884.7 1315.6 653.1 -27.3 0.4764 0.2856 884.7 1368.9 603.2 -18.8 
0.5722 0.2610 904.3 1370.9 588.4 -36.5 '0.6093 0.2131 903.4 1415.0 552.8 -24.9 
0.6269 0.2277 912.4 1401.1 558.3 -44.0 0.6621 0.1843 911.8 1438,3 530.2 -30.0 
0.6754 0.1980 921.1 1433.0 528.7 -53.5 0.7081 0.1592 918.7 1461.1 509.9 -35.0 
0.7186 0.1717 930.1 1457.2 506.3- -58.0 0.7486 0.1371 927.5 1489.1 486.2 -45.2 
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Viscous Synergy and Isentropic Compressibility ....... at 298.15 K 

2.5 ,p mix 

:r exp 

2 

~ 

cd 1.5 

~ 
!::" 1 

0.5 

0 
1 

1 

0 0 

Figure 1 a. Experimental viscosity, '7exp/ mPa. s, and theoretical viscosity, 

'lmix/mPa.s, of water-soluble alkanols as a function of mole fractions of water 

(xA) and tetrahydrofuran (xa). Methanol (o), ethanol (D), 1-propanol (.1), 2-

propanol (+), 1-butanol (*), 2-butanol (•) 
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Figure 1 b. Experimental viscosity, 17expfmPa.s, and theoretical viscosity, 

77mix/mPa.s, of water-soluble alkanols as a function of mole fractions of water 

(xA) and alkanol (Xc). Methanol (o), ethanol (0), !-propanol (L'l), 2-propanol (+), 

1-butanol (*), 2-butanol (•) 
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Figure 2a. Experimental viscosity, 7JexpfmPa.s, and theoretical viscosity, 

7Jmix/mPa.s, of water-soluble alkanols as a function of mole fractions of water 

(xA) and 1,4-dioxane (xa). Methanol (o), ethanol (D), !-propanol (~),-2-propanol 

(+), 1-butanol (*), 2-butanol (•) 
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Figure 2b. Experimental viscosity, 1JexpfmPa.s, and theoretical viscosity, 

1Jmix/ mPa. s, of water-soluble alkanols as a function of mole fractions of water 

(xA) and alkanol (.xc). Methanol (o), ethanol (0), 1-propanol (~). 2-propanol (+), 

1-butanol (*), 2-butanol (•) 
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Figure 3a. Viscosity values, 77o/mPa.s, and T/max/mPa.s, of the monoalkanols 

with terminal hydroxyl group as a function of the number of carbon atoms, 

Nc. H20 + THF systems (•), H20 +DO systems(*). 
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Figure 3b. Viscosity values, TJo fmPa.s, and TJmax fmPa.s, of the 

monoalkanols with hydroxyl group at the second carbon atom of the 

molecular chain as a function of the number of carbon atoms, Nc. H20 + 

THF systems (•), H20 +DO systems(*). 
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Figure 4. Viscous synergy index, I~, of the monoalkanols as a function of the 

number of carbon atoms, Nc. H20 +DO systems(-), H20+THF systems(---). 
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Figure 5. Enhance index, E,1, of the monoalkanols as a function of the 

number of carbon atoms, Nc. H20 +DO systems(-), H20+THF systems(---). 
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Figure 6a. Deviation in isentropic compressibility, KsE, of { H20 + THF + 

monoalkanol } mixtures as a function of mole fraction, Xc, of monoalkanols. 

Methanol (o), ethanol (0), 1-propanol (.6.), 2-propanol (+), 1-butanol (*), 2-

butanol (•) 
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Figure 6b. Deviation in isentropic compressibility, KsE, of { H20 + DO + 

monoalkanol } mixtures as a function of mole fraction, Xc, of monoalkanols. 

Methanol (o), ethanol (D), 1-propanol (~), 2-propanol (+), 1-butanol (*), 2-

butanol (•) 
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CHAPTERV 

Solute-Solvent and Solute-Solute Interactions of Resorcinol 

in Mixed 1,4-Dioxane-Water Systems at Different 

Temperatures* 

5.1. Introduction 

Studies on densities, viscosities, and ultrasonic speeds of electrolyte 

solutions are of great use in characterizing the structure and properties of 

solutions. Various types of interactions exist between the ions in solutions, 

and these solute-solute and solute-solvent interactions are of current 

interest in all branches of chemistry. These interactions provide a better 

understanding of the nature of the solute and solvent, i.e., whether the 

solute modifies or distorts the structure of the solvent. 1,4-dioxane and its 

aqueous mixtures are very important solvents that. are widely used in 

various industries. They figure prominently in the high-energy battery 

technology and have also found application in organic synthesis as 

manifested from the physico-chemical studies in these media. 1-8 Several 

workers have reported volumetric, viscometric, and ultrasonic studies of this 

compound in aqueous solutions,9-t3 but such studies in pure 1,4-dioxane 

and its aqueous mixtures are still scarce. Henceforth, in this chapter we 

report the densities, viscosities and ultrasonic speeds of resorcinol in 1,4-

dioxane + water mixtures and in pure 1,4-dioxane at 303.15, 313.15 and 

323.15 K. Apparent molar volumes ( 1-¢ ) and viscosity B - coefficients were 

obtained from these experimental data. 

5.2. Experimental Section 

5.2.1. Chemicals 

1,4-dioxane (Merck, India) was kept several days over potassium 

hydroxide (KOH), refluxed for 24 hours, and distilled over lithium aluminium 

hydride (LiA1H4) as described earlier. 1 Resorcinol (SD fine chemicals, A. R. 

grade) was purified by reported procedure, 14 and the compound was dried 

and stored in a vacuum desiccator. Freshly distilled conductivity water was 

used. 

*Published in International Journal of Thermophysics 
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5.2.2. Measurements 

The densities ( p) were measured with an Ostwald-Sprengel type 

pycnometer having a bulb volume of 25 cm3 and an internal diameter of the 

capillary of about 0.1 em. The pycnometer was calibrated at 303.15, 313.15, 

323.15 K with doubly distilled water and benzene. The pycnometer with the 

test solution was equilibrated in a water bath maintained at± 0.01 K of the 

desired temperature by means of a mercury in glass thermoregulator, and 

the absolute temperature was determined by a calibrated platinum resistant 

thermometer and Muller bridge. The pycnometer was then removed from the 

thermostatic bath, properly dried, and weighed. The evaporation losses 

remained insignificant during the time of actual measurements. An average 

of triplicate measurements was taken into account. The total uncertainty of 

density is ± 1.0 x 10-5 g.cm-3 and of the temperature is 0.01 K. Details have 

been described earlier.I5, 5, 16 

The viscosities were measured by means of a suspended-level 

Ubbelohde17 viscometer at the desired temperature (u,ncertainty of± 0.01 K). 

The precision of the viscosity measurement was± 0.003 mPa.s. Details have 

been described earlier.l5, 5, 16 

Sound speeds were determined with an uncertainty of 0.3% using a 

single crystal variable path ultrasonic interferometer (Mittal Enterprises, 

New Delhi, India) operating at 2 MHz which was calibrated with water, 

methanol and benzene at each temperature, as described in detail 

elsewhere.1s, 19 The experimental values of densities (p0 ) and viscosities (170 ) 

of pure 1,4-dioxane and 1,4-dioxane +water mixtures at 303.15, 313.15 and 

323.15 K are reported in Table 1. The various salt solutions studied here 

were prepared by mass and the conversion of molality -in molarity was 

accomplished20 using density values. 

The experimental values of concentrations (c), densities ( p), 

viscosities (77), and derived parameters at various temperatures are reported 

in Table 2. 

5.3. Results and Discussion 

The apparent molar volumes (V,;) were determined from the solution 

densities using the following equation: 
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(1) 

where M is the molar mass of the solute, cis the molarity of the 

solution, p0 and p are the densities of the solvent/solvent mixtures· and 

solution, respectively. 

The limiting apparent molar volumes (V,p0
) were calculated using a 

least-squares treatment to the plots of Y'¢ versus Fc using the following 

Masson equation: 21 

(2) 

where V¢0 is the partial molar volume at infinite dilution and s; is the 

experimental slope. The plots of V¢ against square root of molar 

concentration ( Fc) were found to be linear with neg~tive slopes. The values 

of V¢0 and s; along with the standard errors are reported in Table 3. 

As the investigated systems are characterized by hydrogen bonds, the 

solute-solvent and solute-solute interactions can be interpreted in terms of 

structural changes, which arise due to hydrogen bond interactions present 

between various components of the solvent and solution systems. 

To examine the solute-solvent interaCtions, V¢0 can be used and Table 3 

shows that the V¢0 values are positive and increase with a rise in temperature 

and decrease with an increase in the amount of 1,4-dioxane in the mixtures. 

This indicates the presence of strong solute -solvent interactions, and these 

interactions are strengthened with a rise in temperature and weakened with 

an increase in the amount of 1,4-dioxane in the mixed solvent under 

investigation, suggesting larger electrostriction at higher temperature and 

lower amount of 1,4-dioxane in the mixture. Similar results were obtained 

for some 1:1 electrolytes in aqueous DMF22 and aqueous THF.l 

It is evident from Table 3 that the s; values are negative for all 

temperatures for aqueous mixtures of 1,4-dioxane, but positive for pure 1,4-

dioxane. Since s; is a measure of solute-solute interactions, the results 

indicate the presence of weak solute- solute interactions. These interactions, 

however, decrease with a rise in temperature, which is attributed to more 
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violent thermal agitation at higher temperatures, resulting in diminishing 

the force of solute-solute interactionsJ The s; values increase with an 

increase in the amount of 1,4-dioxane in the mixture which results in a 

decrease in solvation of ions, i.e., more anci more solute is accommodated in 

the void space left in the packing of large associated solvent molecules with 

the addition of 1,4-dioxane to the mixture. 

The variation of V¢0 with temperature of resorcinol in solvent mixtures 

follows the polynomial, 

(3) 

over the temperature range under investigation, where Tis the 

temperature in Kelvin. 

Values of coefficients of the above equation for resorcinol for compositions of 

1,4-dioxane +water mixtures are reported in Table 4. 

From the values of coefficients the following equations· are obtained: 

10 mass% 1,4-dioxane +Water mixture 

V¢0 =-1123.39lcm3.mor1 +7.23Ticm3.mor1.K-1 

- 0.01 OT2 I cm3 .mor1.K - 2 

20 mass% 1, 4-dioxane + Water mixture 

v,o ==- 74.861 cm3 .mor1 + 1.02T I cm3 .mor1 .K -1 

- 0.001T2Icm3.mor1.K-2 

30 mass% 1,4-dioxane +Water mixture 

V¢0 ==- 216.27lcm3.mol-1 + 1.89Ticm3.mor1.K-1 

- 0.002T2 I cm 3 .mor1.K -2 

Pure 1,4-dioxane 

V¢0 ==- 500.301 cm3 .mor1 + 3 .30T I cm3 .mor1.K - 1 

- 0.005T2 I cm3 .mor1.K -2 

(4) 

(5) 

(6) 

(7) 

The apparent molar expansibilities ( (/)~) can be obtained by the following 

equation: 

(8) 
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The values of <P~ofthe studied compounds at 303.15, 313.15, and 323.15 K 

are determined and reported in Table 5. 

It is found from Table 5 that the values of <P~ decrease with a rise in 

temperature as well as with an increase in the amount of 1,4-dioxane in the 

mixture, which can be ascribed to the absence of caging or packing effects.23 

During the past few years it has been emphasized by different workers 

have suggested that s; is not the sole criterion for determining the structure

making or breaking nature of any solute. Hepler24 developed a technique of 

examining the sign of ( 8 v,o I 8 T)" for the solute in terms of long-range 

structure-making and breaking capacity of the solute in the mixed solvent 

systems using the general thermodynamic expression, 

(8C,/8P)r = -(82 V,0 I 8T2
), (9) 

On the basis of this expression, it has been deduced that the structure

making solutes should have positive values, whereas structure-breaking 

solutes negative values. In our present investigation, it is evident from Table 

5 that (8 2 V,0 I 8T2
), values are negative for resorcinol and for all 1,4-dioxane 

+ water mixtures investigated here, suggesting thereby that resorcinol acts 

as a structure breaker in these solvent mixtures. 

The viscosity data of solutions for resorcinol in 10, 20, 30 mass% of 

1,4-dioxane + water mixtures and pure 1,4-dioxane have been analyzed 

using the Jones-Dole2s equation; 

17/170 =1 + A-Fc + B (10) 

(17/170 -1)1 Fc =A+ B-Fc where 17 = (Kt- L/t)p 

where 170 and 17 are the viscosities of solvent/solvent mixtures and 

solution, respectively. K and L are the constants for a particular viscometer 

and t is the flow time of the solvent/solution in seconds. A and Bare the 

constants which are estimated by a least- squares method and reported in 

Table 6. 

A perusal of Table 6 shows that the values of the A - coefficient are negative 

for 10 and 20 mass% of 1, 4-dioxane and positive for 30 and 100 mass% of 

1,4-dioxane for all temperatures. These results indicate the presence of weak 
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solute-solute interactions, and these interactions increase with an increase 

of 1, 4-dioxane to the mixture. 

It is also observed from Table 6 that the values of the B -coefficient of 

resorcinol in the studied solvent systems are positive thereby suggesting the 

presence of strong solute-solvent interactions, and these type of interactions 

are strengthened with a rise in temperature and weakened with increase of 

1,4-dioxane in ~he mixture. These conclusions are in excellent agreement 

with those drawn from Vq,0 values discussed earlier. 

It has been reported in a number of studies26, 27 that dB/ dT is a better 

criterion for determining the structure-making/breaking nature of any 

solute rather than simply the value of the B -coefficient. It is found from 

Table 6 that the values of B -coefficient increase with a rise in temperature 

(positive dBjdT) suggesting the structure-breaking tendency of resorcinol in 

the solvent systems. A similar result was reported in a study2B for the case of 

viscosity of some salts in propionic acid + ethg.nol mixtures. 

The adiabatic compressibility ( f3) was calculated from the following 

relation: 

(11) 

where pis the solution density and uis the sound speed in the 

solution. The apparent molal adiabatic compressibility ( tPK) of the liquid 

solutions was determined from the relation, 

tPK = MfJ/ Po+ 1000(f3Po- f3oP)/(mppo) (12) 

The limiting apparent molal adiabatic compressibility ( tP~) was obtained by 

extrapolating the plots of tPK versus the square root of molal concentration of 

the solute to zero concentration by a least-squares method. 

rPK = rP~ + s~ rm 
where s~ is the experimental slope. 

The values of u ' f3' r/JK' r/J~ and s~' are reported in Table 7. 

(13) 

A perusal of Table 7 shows that the r/J~ values increase whereas S~ values 

decrease with an increase of 1,4-dioxane in the mixtures for the compound 

studied here. Since the values of tP~ and S~ are measures of the solute-
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solvent and solute-solute interactions, respectively, the results are in good 

agreement with those drawn from the conclusion based on the values of Vp0 

and s; explained here earlier. The same result was obtained by us in 

studies29 on the sound speeds of some salts in different tetrahydrofuran 

(THF) + water mixtures. 

5.4. Conclusion 

In summruy, resorcinol seemed to act as a structure breaker in pure and 

aqueous 1,4-dioxane mixtures. Also these systems were characterized by the 

presence of strong solute-solvent and weak solute-solute interactions. 

However, more extensive studies are required to have a better say in this 

regard. 
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Table 1. 

Physical Properties of Pure 1,4-Dioxane and 1,4-Dioxane +Water Mixtures at Different Temperatures 

Composition· po /g.cm-3 .TJo /mPa.s 

of 303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K 

1 ,4-dioxane 
Expt. Lit. Expt. Lit. Ex pt. Lit. Expt. Lit. Expt. Lit. Expt. ~it. .... (Mass%) :;. 

~ 
+- 10 1.0058 - 1.0068 - 0.9973 - 1.0321 - 1.0014 - 0.6895 

20 1.0148 - 1.0100 - 1.0033 - 1.2014 - 1.0186 - 0.8787 

30 1.0202 - 1.0162 - 1.0103 - 1.3977 - 1.2493 - 1.0755 

100 (Pure) 1.0199 1.0222 30 1.0144 1.0143 31 1.0027 1.0032 31 1.0886 1.0937 30 0.9785 0.9783 31 . 0.8441 0.8443 31 

-tj._ 
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Table 2. 
Concentration (c), Density (p), Viscosity (17), Apparent Molar Volume (V¢), ~ 
and (17/770 -1)/ Fc of Resorcinol in Pure 1,4-Dioxane and 1,4-Dioxane +Water 
Mixture at Different Temperatures. 

c p /g.cm-3 17 /mPa.s v¢ /cm3 .mol-l (17 /11o -1)/ ..Jc /mol. dm-3 

10 mass% of 1,4-dioxane + Water 
T = 303.15 K 

0.00696 1.00769 1.03758 115.98421 -0.14432 
0.04872 1.00758 1.02551 112.58358 -0.10662 
0.09048 1.00824 1.03581 103.84121 -0.04564 
0.13224 1.00912 1.05069 98.94112 0.00123 

4--0.17400 1.01037 1.07889 94.29936 0.06542 
0.21575 1.01186 1.10903 90.34211 0.12054 

T = 313.15 K 
0.00694 1.00125 0.94077 123.54652 -1.00021 
0.04851 1.00093 0.83336 118.51121 -0.85342 
0.09014 1.00109 0.82462 112.78923 -0.65441 
0.13168 1.00186 0.83508 106.02315 -0.51338 
0.17331 1.00302 0.86198 100.31120 -0.38453 
0.21502 1.00501 0.92907 92.90543 -0.20423 

T = 323.15 K 
0.00689 0.99751 0.68339 130.02543 -0.72798 
0.04818 0.99706 0.69393 122.54321 -0.20922 
0.08946 0.99722 0.76091 115.12037 0.15437 
0.13074 0.99787 0.89312 108.67535 0.63042 
0.17242 0.99911 1.07930 101.87342 1.16540 ~ 20 mass% of 1,4-dioxane + Water 

T = 303.15 K 
I 0.00712 1.01637 1.22046 114.98541 -0.05432 

0.04981 1.01629 1.21797 110.88871 -0.02961 
0.09251 1.01647 1.22654 107.78321 0.00124 
0.13519 1.01717 1.23913 102.87120 0.02897 
0.17789 1.01868 1.25629 95.80971 0.05843 
0.22059 1.02075 1.26989 89.00087 0.07609 

T = 313.15 K 
0.00707 1.00995 0.94893 118.05435. 0.00113. 
0.04951 1.00981 0.96814 112.98431 0.09142 
0.09186 1.01005 0.99395 108.56321 0.15689 
0.13432 1.01065 1.02309 104.28711 0.21354 
0.17679 1.01185 1.06479 98.73584 0.29065 
0.21967 1.01416 1.11135 90.33200 0.36543 

T = 323.15 K ~ 
0.00703 1.00354 0.85946 121.00652 -0.51652 
0.04932 1.00342 0.81889 113.89012 -0.39836 
0.09122 1.00359 0.81979 109.99872 -0.28966 
0.13396 1.00412 . 0.85545 106.00067 -0.13055 
0.17589 1.00541 0.90459 99.57092 0.01651 
0.21793 1.00749 0.94864 91.99642 0.11985 

30 mass% of 1,4-dioxane +Water 
T = 303.15 K 

0.00702 1.02019 1.43758 103.65571 0.10065 
Contd ... 
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~ 0.04913 1.02078 1.46349 95.56437 0.12001 
0.91246 1.02177 1.48054 90.58478 0.12766 
0.13336 1.02291 1.49722 87.67532 0.13765 
0.17548 1.02415 1.51775. 85.62294 0.15437 
0.21758 1.02666 1.53258 78.65435 0.16094 

T = 313.15 K 
0.00698 1.01628 1.28547 105.09876 0.10154 
0.04895 1.01679 1.30914 97.68765 0.12226 
0.09097 1.01769 1.32596 92.89043 0.13343 
0.13284 1.01888 1.34016 88.98760 0.14098 
0.17481 1.02024 1.36022 85.94978 0.16054 
0.21672 1.02258 1.37875 79.65439 0.17542 

T = 323.15 K 
0.00693 1.01063 1.10758 106.51690 0.10171 
0.04859 1.01107 1.12788 99.60034 0.12224 
0.09025 1.011886 1.14450 95.00654 0.14007 
0.13184 1.013185 1.16071 89.65432 0.15654 
0.17359 1.01431 1.17628 87.89543 0.17045 
0.21493 1.01669 1.18991 80.99765 0.17995 

Pure 1,4-dioxane 
T = 303.15 K 

0.00694 1.02031 1.11085 47.45322 0.25399 
0.04850 1.02259 1.15145 53.00011 0.26554 
0.09025 1.02452 1.17821 57.55432 0.27654 
0.13189 1.02608 1.20005 61.87762 0.28405 
0.17356 1.02784 1.22222 62.98762 0.29654 
0.21521 1.02921 1.24614 65.44322 0.31369 

+-
T = 313.15 K 

0.00691 1.01468 0.99899 49.49872 0.25445 
0.04800 1.01689 1.03616 54.76542 0.26999 
0.08939 1.01863 1.05918 60.47652 0.27654 
0.13078 1.02019 1.08088 63.87651 0.28998 
0.17206 1.02187 1.10407 64.99980 0.30996 . 
0.21337 1.02334 1.12243 66.62787 0.31898 

T = 323.15 K 
0.00682 1.00365 0.86213 50.65425 0.25506 
0.04752 1.00581 0.89419 55.97865 0.27087 
0.08839 1.00749 0.91465 61.88796 0.28007 
0.12929 1.00908 0.93471 64.78313 0.29765 
0.17021 1.01075 0.95499 65.81603 0.31765 
0.21105 1.01219 0.97384 67.53009 0.33387 
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Table 3. 

Limiting Apparent Molar Volume (V<6°) and Experimental Slope ( S~) for Resorcinol in Different 1 ,4-Dioxane + Water Mixtures at 

Different Temperatures. Standard errors are given in parenthesis. 

Composition 
V¢0 I cm3 .mo1·1 s; I cm2.dm1t2.mol-3t2 

of 

.... 1,4-dioxane 
1\) 303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K 
~ (Mass%) 

124.5 133.5 140.5 -70.8 -79.6 -92.2 
10 

(± 0.05) (± 0.02) (± 0.04) (± 0.02) (± 0.01) (± 0.04) 

123.8 126.6 129.1 -64.8 -67.8 -71.2 
20 

(± 0.01) (± 0.03) (± 0.02) (± 0.04) (± 0.03). (± 0.02) 

109.1 111.3 113.0 -60.6 -63.4 -64.1 
30 

.(± 0.01) (± 0.05) (± 0.02) (± .0.03) (± 0.01) (± 0.02) 

43.1 45.5 46.8 48.5 47.5 46.7 
100 

(± 0.01) (± 0.02) (± 0.01) (± 0.02) (± 0.04) . (± 0.01) 
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Table 4. 

Values of Various Coefficients for Resorcinol in Different 1,4-Dioxane + 

Water mixtures. 

Composition 
of 

1,4-dioxane 
a1 I cma.mol-1, K-1 

(Mass%) 

10 -1123.39 7.23 -0.010 

20 -74.86 1.02 -0.001 

30 -216.27 1.89 -0.002 

100 -500.30 3.30 -0.005 

Table 5. 

Limiting Apparent Molar Expansibilities ( (/J~) for Resorcinol in Various 1,4-

Dioxane +Water Mixtures at Different Temperatures. 

Composition (/J~ I cma.mol-l,K-1 
of (o(fJ~joT)p 

1,4-dioxane (Mass%) 303.15 K 313.15 K 323.15 K 

10 1.004 0.798 0.593 Negative 

20 0.292 0.268 0.244 Negative 

30 0.248 0.194 0.140 Negative 

100( Pure) 0.287 0.187 0.088 Negative. 

128 



fl) 
0 -

Table 6. 
,::: .... 
(D 
I 

Values of A and B Parameters for Resorcinol in Different 1,4-dioxane +Water MiXtures at Different 
fl) 
0 

< 
Temperatures. Standard errors are given in parenthesis. (D 

= .... 
II) 

Composition A I cm3/2,mol-1/2 B I cm3 .mol-1 = 1=1< 

of fl) 
0 -1,4-dioxane ,::: 

303.15 K 313.15 K 323.15 K 303.15 .K 313.15 K 323.15 K .... 
(D 
I 

(Mass%) fl) 
0 -,::: .... 

10 -0.23 -1.24 -1.41 0.70 2.08 5.95 (D 

.... 
(± 0.01) (± 0.02) (± 0.01) (± 0.02) (± 0.02) 

~ 
(± 0.01) (D 

.... ... 
!!.) 

II) 
() 

10 .... 
-0.09 -0.10 -0.73 0.35 0.92 1.70 

... 
0 

20 = (IJ 

(± 0.01) (± 0.02) (± 0.02) (± 0.01) (± 0.02) (± 0.01) 
II) .... 

0.08 0.08 0.07 0.16 0.18 0.21 t:J -30 ~ 
(± 0.01) (±0.01) (± 0.02) (±0.01) (± 0.02) (± 0.02) ... 

(D 

= .... 
0.24 0.23 0.23 0.15 0.17 0.21 ~ 

(D 

100 a 
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'0 
(D 

~ 
~ 
(D 
(IJ 

-*) ~· -l.i ~ -+·. 



.... 
(,) 
0 

;; 

~ ~ ~ .¥ 

Table 7. 

Molality (m ), Density (p ), Sound Speed (u ), Adiabatic Compressibility (,B), Apparent Molal Adiabatic Compressibility ( <PK ), 

Limiting Apparent Adiabatic Compressibility ( cP~ ), and Experimental Slope ( s;) of Resorcinol in Different 1,4-Dioxane + Water 

Mixtures at 303.15 K. Standard errors are given in parenthesis. 

Composition 

of p X 10-3 j3 X 1010 c;pK X 1010 c;pO X 1010 s· x 1010 
m I mol.kg-1 u I m.s-1 K K 

1,4-dioxane I kg.m-3 I Pa·1 I m 3 .mol·1.Pa·1 I m 3 .mol-l.Pa·1 I m 3 .mol-3/2 .Pa-1.kgl/2 

(Mass%) 

0.00691 1.00769 1576.73 3.99168 1.050 

0.04861 1.00758 1572.70 4.01262 0.963 

0.09064 1.00824 1570.36 4.02194 0.794 1.31 -2.02 
10 

0.13296 1.00912 1573.30 4.00343 0.515 (± 0.02) (± 0.04) 

0.17555 1.01037 1573.09 3.99957 0.446 

0.21835 1.01186 1575.75 3.98003 0.327 
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20 0.00701 1.01637 1590.39 

0.04928 1.01629 1584.30 

0.09193 1.01647 1586.07 

0.13488 1.01717 1590.98 

0.17805 1.01868 1593.76 

0.22137 1.02075 1596.57 

... 0.00687 1.02019 1590.07 c.l ... 
0.04839 1.02078 1580.33 

0.09019 1.02178 1583.03 
30 

0.13227 1.02291 1584.14 

0.17463 1.02415 1595.59 

0.21699 1.02666 1605.11 
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CHAPTER VI 

Electrical Conductances of Some Ammonium and 

Tetraalkylammonium Halides in Aqueous Binary Mixtures 

of 1,4-Dioxane at 298.15 ~* 

6.1. Introduction 

Studies on ionic solvation of ammonium and tetraalkylammonium salts in 

solvents of low permitivity are very few. Such studies have major importance 

because of their applications in modern technology. 1 

1, 4-dioxane and its 1aqueous binruy mixtures are very important solvents 

widely used in various industries. It is a good industrial solvent and figures 

prominantly in the high-energy battery technology! and has also found its 

application in the organic syntheses as manifested from the physico

chemical studies in these media.2-s With a system of varying dielectric 

constant, in the mixed solvents there is scope of variation of solvent-solvent 

interaction since composition of the solvents in a binruy mixture is varied. 

Thus, studies in mixed solvents may provide information regarding both the .. 
specific and non-specific solvent effects on the ion-association phenomena. 

In the present chapter, an attempt has been made to ascertain the complete 

nature of ion-solvent, solvent-solvent interactions of ammonium and 

tetraalkylammonium halides measured in different mass% of 1,4-dioxane + 

water mixtures (20%, 40%, 60% and 80%) at 298.15 K. The limiting molar 

conductivity ( A 0 ), the association constant ( KA) and association distance 

( R) in the solvent mixtures have been evaluated using Fuoss conductance 

equation (1978). 

6.2. Experimental Section 

6.2.1. Chemicals 

1 ,4-dioxane (Merck, India) was kept several days over KOH, refluxed 

for 24 hours and distilled over LiA1H4, as described earlier.2 The purified 

solvent has a density of 1.03052 g.cm-3 and a co-efficient of viscosity of 

1.20011 cp at 298.15 K compared well with literature values.6 

*Published in Pakistan Journal of Scientific and Industrial Research 
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The salts Me4NCl, E4NBr, Pr4NBr, Bu4NBr and Bu4NI of A.R grade (Aldrich) 

were purified by dissolving in mixed alcohol medium and re-crystallized from 

solvent ether medium. After filtration, the salts were dried in an oven for few 

hours. The salts NH4F, NH4Br and NH4Cl were dried at about 80-1000C in a 

vacuum oven for 48 hours before use.7 

6.2.2. Measurements 

A stock solution for each salt was prepared by mass and the working 

solutions were obtained by mass dilution. The values of dielectric constant 

( & ) were taken from the literature6 and the densities ( p0 ) and viscosities ( 770 ) 

of the solvent mixtures were measured by an Ostwald-Sprengel type 

pycnometer and suspended-level Ubbelohde type yiscometer respectively, as 

described in detail earlier. 2 The conductance measurements were carried out 

in a systronic 306 conductivity bridge (accuracy ± 0.1 %) using a dip-type 

immersion conductivity cell, CD-10 having cell constant 1.0 ± 10%. 

Measurements were made in a water bath maintained within 298.15 ± 0.01 

K. 

6.3. Results and Discussion 

The solvent properties of the different aqueous binary mixtures of 1,4-

dioxane are given in Table 1, where & is the dielectric constant, p0 the 

density (g.cm-3), 770 the viscosity (cp), X1 the mole fraction of 1,4-dioxane. 

Molar co11.ductances (A) of the electrolyte solutions 13-s a function of molar 

concentration (c) are given in Table 2 for the different solvent mixtures at 

298.15 K. 

The analysis of conductance data in terms of limiting molar conductance, 

A 0 and ion-association constant, KA of the electrolytes have been carried out 

iteratively according to Shedlovsky equation using least square treatment for 

the reasons described earlier.s Shedlovsky method involves the linear 

extrapolation using equation,9 

1/ AS(z) = lj A0 + [K) A~]cAJ} S(z) (1) 

where A is the equivalent conductance at a concentration c (mol.lit- 1), 

A 0 is the limiting equivalent conductance and K A is the observed association 

constant. The other symbols are given by, 
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S(z) = [(z/2) +~(I+ (z/2)2
)]

2
, z = [(~A0 + fJ)/ A~12](cAY12 

a= 0.8204x 106/(eT) 312
; f3 = 82.0501/77(eTY

12 (2) 

where e is the dielectric constant and rJ is the viscosity of the medium. 

The degree of dissociation ( 1:) is related to S(z) by, 

r = AS(z)j A 0 

f±. the mean activity co-efficient of the free ions was calculated by the 

following equation-

-log/±= A(rc) 112 /[1 + BR(rc) 112
] (3) 

where A=1.8246x106/(eT) 312
; B=0.5029xl010/(eT) 112 and R=association 

distance. 

The initial A 0 values for the iteration procedure were, thus obtained from 

Shedlovsky extrapolation of the data. 10 

The conductance data was analyzed using Fuoss conductance ~quation, u 

which has been programmed in a computer.' So with a given set of 

conductivity values ( Cj, A1 ; j = 1, .... , n), three adjustable parameters, i.e. A1 , 

K A and R were derived from the Fuoss equation. Here R is the association 

distance, i.e. the maximum centre-to-centre distance between the ions in the 

solvent separated ion-pairs. There is no precise method for determining the 

R -value12 but in order to treat the data in our system, R -value is assumed 

to be, R =a+ d; where a is the sum of the crystallographic radii of ions, 

which varies from 2 to 7 A and d is the average distance corresponding to the 

side of a cell oc;cupied by a solvent molecule. The distanced(A) is given by,u 

d = 1.183(M/ PoY'3 (4) 

where M is the molecular weight and po is the density of the solvent. For 

mixed solvents, M is replaced by the mole fraction average molecular weight 

(MAv ), which is given by, 

(5) 

where w; is the weight fraction of the first component of molecular 

weight M 1 and W2 is the weight fraction of the second component of 

molecular weight M 2 • Though, this is an over simplification which ignores 
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possible selective solvation, it at least provides a self-consistent way to 

obtain an acceptable value for the parameters when a broad range of R

values fit the data. 

Thus, the Fuoss conductance equation may be represented as follows: 

A= p[A 0(1 + Rx) + E1J (6) 

p=l-a(l-y) (7) 

r = 1- KAcy2f2 (8) 

-lnf = f3K/2(1 + K 11 ) (9) 

f3 = e2/sK8 T (10) 

KA = K11 /(l- a)= K11 (l + Ks) (11) 

where Rx is the relaxation field effect, EL is the electrophoretic counter 

current constant, K-
1 is the radius of the ionic atmosphere, & is the relative 

permittivity of the solvent, e is the electric charge, K8 is the Boltzmann 

constant, yis the fraction of solute present as unpaired ion, cis the molarity 

of the solution, fis the activity coefficient, Tis the temperature in absolute 

scale, fJis twice the Bjerrum distance, K11 describes the formation and 

separation of solvent separated pairs by diffusion in and out of sphere of 

diameter R around cations and Ksis a constant describing the short-range 

process by which contact pairs forms and dissociates. 

We input for the program the number of data, n; followed by dielectric 

constant of the solvent mixture, & ; initial A 0 values, T, p, molecular weight 

of the solvents along with c1 , A1 values where j=l, 2, ..... , n and an 

instruction to cover pre-selected range of R -values. 

In practice calculations, were performed by finding the values of A 0 and cr, 

which minimized the standard deviation (a), 

a 2 = f [Ai(ca/c)- A;(obs)]
2 

J=l (n-2) 
(12) 

for a sequence of R -values and then plotting cr against R . 

The best-fit R corresponds to the minimum of the aversus R curve. First, 

approximate run over a fairly wide range of R -values were made to locate 

the minimum, and then a fine scan around the minimum was made. Thus, 
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the corresponding A 0 and K A values were noted. The A 0 • K A , R and Walden 

products (A o'T/o) for the ammonium and tetraalkylammonium halides in 

different aqueous binary mixtures of 1,4-dioxane were thus reported in Table 

3. 

The association constant, KA recorded in Table 3 indicates that all the 

electrolytes are highly associated in these solvent mixtures. This is quite 

expected due to the low dielectric constant (2.209) of 1,4-dioxane. The most 

outstanding feature is that the electrolytes containing smaller cations show 

almost considerable amount of association. Here, values of KA decrease as 

the size of the cation increases with the exception of Bu4N+ ion whereas A 0 

increases. The possible explanation may be due to the larger size of the 

cations, which are less solvated than the smaller one. Similar results were 

reported earlier by some workersi3 in the conductance study of 1-ethyl-4-

cyano pyridinium iodide in aqueous binary mixtures of 1,4-dioxane. 

TheKA values of various tetraalkylammonium halides in these solvent 

mixtures follow the or.der: 

Me4N + > Bu4N + > Et4N + > Pr4N + 

However, in case of ammonium halides the value of A 0 is enhanced by the 

order: 

F- < Cl- < Br-

This trend of variation indicates the relative actual sizes of these anions 

having common ammonium ion as they exist in the solution. Thus the sizes 

of these anions as they exist in these solutions follow the order: 

F- > Cl- > Br-

This shows that F- is the most solvated and Br - is the least solvated one in 

any mole fraction of 1,4-dioxane. Roy et ali4 found similar trends for many of 

the alkali metal halides in THF + H20 mixtures. In case of Bu4NI, the value 

of KA is grater than that of Bu4NBr. This may be expected owing to the larger 

size of I- as compared to Br -. 

From Table 3 it is observed that KA values are found to increase whereas 

A 0 values are found to decrease in aqueous binary mixtures of 1 ,4-dioxane 

with the increase of the mole fraction of 1,4-dioxane. 
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This indicates that association of ions increase with the addition of 1,4-

dioxane to the mixture rendering to the decrease of the mobility of ions in 

the mixture. The significantly large values of KA and exothermic ion-pair 

formation in the solvent mixtures indicates the presence of specific short

range interaction within the ion-pair. 

The variation of Walden product, A 07]0 with x1, the mole fraction of 1,4-

dioxane for the electrolytes studied at 298.15 K are shown in figure 1. The 

values of Walden_ product pass through a maximum at about X1 = 0.11996 
~~ . 

mole fraction of 1,4-dioxan·e whereas the maximum viscosity of the aqueous 

binary mixtures at 298.15 K is observed at about XI= 0.23472 mole fraction 

of 1,4-dioxane. It is known that the variation of Walden prodt~ct indicates 

the change of solvation.I2 The increase of Walden products indicates weak 

solvation of ions, which attains a maximum value at a particular solvent 

composition (x1 = 0.11996). Such results have been interpreted in terms of 

microheterogeneityls in the mixtures. 

On water rich side, there exists a region where the water structure remains :~;~ 

more or less intact as the 1,4-dioxane molecules are added into the cavitied{~~.:' 
·::::;..: 

in this structure. The cluster of water molecule has lower ability to donate a 
hydrogen ato~_ to the solvation of ions. This may cause hydrophobic 

dehydration of cations 13 or may reduce the ability of hydrophobic ions to 

promote the structure in water rich region resulting in excess mobility, 

which in turn results an increase in Walden products to attain a maximum. 

As the percentage of 1,4-dioxane in the mixture increases the self-associated 

structure gradually breaks at an increased mole fraction of 1,4-dioxane and 

there is preferential solvation 16 due to specific ion-solvent interaction leading 

to a decrease of Walden product. ·However, this decrease in large part may. 

be due to the Zwanzig17 solvent relaxation effect also. 

6.4. Conclusion 

The study revealed that all the electrolytes under investigation are highly 

associated in these solvent mixtures. Smaller cations are relatively more 

solvated that the larger ones. The same trend was observed for the anions 

too. Also the variation of Walden product indicated preferential salvation at 

higher mole fraction of 1,4-dioxane justifying specific· ion-solvent interactions 

in these media. 
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Table 1. 

Physical properties of 1, 4-dioxane + water mixtures at 298.15 K. 

pojg.cm-3 1]o/ cp 

Xr e 
Expt. Lit. Expt. Lit. 

' 

0 78.3 0.99707 0.99716 0.89041 0.8903 6 

0.04863 63.5 1.01612 1.0143 6 1.29671 1.30 6 

0.11996 44.4 1.03127 1.0284 6 1.69701 1.74 6 

0.23472 27;5 1.04011 1.0360 6 1.98712 1.98 6 

0.44991 12.1 1.04053 1.0350 6 1.78589 1.73 6 

1 2.209 1.03052 1.0269 6 1.20011 1.196 6 
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Table 2. 
Molar Conductances (A) and Corresponding Molarities (c) of Some Tetraalkylammonium Halides and Ammonium Halides in 
Different Aqueous Binary Mixtures of 1,4-Dioxane at 298.15 K. 

ex 104 
I /S.cm~.mol-1 eX 104 

I /S.cm~.mol-1 ex 104 
I /S.em~.mol-1 ex 104 

I fS.cm~.mol-1 /mol.lit-1 /mol.lit-1 /mol.lit-1 /mol.lit-1 

X1 = 0.04863 
NH4F NH4Cl NH4Br Me4NCl 

42.7 49.26 48.1 71.93 48.5 81.44 46.2 55.63 
55.9 48.65 61.9 71.24 62.4 80.77 56.5 54.69 
68.6 48.00 74.8 70.59 75.4 80.24 65.2 54.45 
80.8 47.82 86.9 70.20 87.6 79.79 72.6 53.86 
92.6 47.55 98.2 69.55 99.0 79.19 79.0 53.67 
104.0 47.31 108.8 69.39 109.7 78.85 84.6 53;31 
125.7 46.61 118.8 69.02 119.8 78.71 89.6 53.01 
136.0 46.40 128.2 68.49 129.3 78.50 94.0 52.66 

E~NBr Pr4NBr Bu4NBr Bu4NI 
44.8 66.96 45.6 78.24 51.7 87.62 47.1 60.65 
57.6 65.97 54.2 77.47 67.8 86.92 61.6 59.64 
69.6 65.09 69.1 76.52 75.2 86.51 66.1 59.33 
80.8 64.36 75.6 74.04 82.1 86.25 74.7 58.78 
91.3 63.86 81.6 75.76 88.6 86.07 78.8 58.53 
101-.2 63.34 92.2 75.28 94.8 85.91 82.8 58.48 
110.5 62.81 96.9 74.99 97.8 85.82 97.6 57.62 
119.3 62.45 101.3 74.91 100.7 85.67 104.4 57.24 

X1 = 0.11996 
NH4F NH4Cl NH4Br Me4NCl 

25.6 45.31 22.5 59.11 20.2 72.65 17.8 47.49 
34.8 43.97 25.8 58.02 26.0 71.08 21.2 46.45 
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38.4 
43.7 
55.5 
71.4 
79.0 
93.4 

17.9 
21.1 
24.2 
30.1 
32.9 
35.6 
43.1 
47.8 

9.7 
11.4 
13.1 
16.3 
19.3 
24.7 
27.1 
34.6 

3.7 
6.1 

+) 

EtANBr 

NH4F 

EtANBr 

43.75 
43.25 
42.34 
41.18 
40.76 
39.83 

59.74 
59.58 
58.97 
57.76 
57.34 
56.91 
55.77 
55.29 

23.09 
22.81 
22.44 
21.90 
21.45 
20.69 
20.48 
19.94 

48.56 
47.62 

1~ 
A\' I 

33.8 57.24 29.8 
38.5 57.15 39.1 
48.9 55.51 48.1 
56.1 55.18 73.6 
69.7 53.68 89.3 
82.4 52.80 104.2 

Pr4NBr 
24.5 72.68 19.4 
29.6 71.86 23.2 
34.4 71.24 26.7 
36.7 70.76 28.4 
43.1 70.10 35.8 
50.8 69.63 37.1 
54.3 69.40 38.4 
57.6 69.06 40.8 

X1 = 0.23472 
NH4Cl 

3.7 35.07 5.4 
10.9 33.39 7.2 
14.5 32.76 9.0 
18.1 31.99 12.6 
23.3 31.33 I 16.2 
28.4 30.99 23.2 
31.8 30.50 28.3 
35.2 29.83 33.4 

Pr4NBr 
5.2 51.69 4.1 
6.7 51.49 5.9 
----- -

- -- ~';---- -

70.89 26.6 
69.84 37.0 
68.67 43.9 
65.31 48.7 
63.92 57.8 
62.66 66.4 

Bu4NBr 
82.62 16.8 
82.26 31.8 
81.66 36.5 
81.37 45.3 
80.75 49.5 
80.73 53.5 
80.49 61.2 
80.38 68.4 

NH4Br 
40.37 3.7 
39.58 6.1 
39.33 7.8 
37.62 9.4 
36.98 13.5 
35.78 16.4 
35.69 17.8 
34.73 19.2 

Bu4NBr 
56.76 4.3 
56.32 6;2 

~ 

45.63 
I 

44.35 
43.34 
42.69 
41.79 
41.04 

Bu4NI 
53.88 
52.06 
51.22 
50.24 
49.87 
49.36 
48.75 
48.18 

Me4NCl 
37.45 
36.52 
35.82 
35.55 
34.74 
34.34 
34.18 
33.94 

Bu4Nl 
43.88 
43.19 

---
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7.1 
8.8 
10.3 
11.8 
16.1 
21.3 

1.9 
3.2 
3.7 
4.9 
6.8 
7.9 
9.5 
9.9 

0.4 
0.6 
1.2 
1.5 
1.8 
2.3 
2.7 
3.1 

46.97 
46.14 
45.87 
45.59 
44.50 
43.74 

NH4F 
2.12 
1.85 
1.79 
1.65 
1.50 
1.46 
1.41 
1.39 

E14NBr 
33.40 
31.50 
27.83 
26.80 
25.44 
24.78 
23.80 
21.60 

~ 

10.3 
11.2 
13.9 
15.2 
18.8 
22.1 

0.3 
0.7 
1.4 
1.7 
2.1 
2.9 
3.3 
3.9 

0.7 
1.5 
1.7 
2.0 
2.2 
2.5 
3.2 
3.5 

·- -

+ 

51.08 6.4 
51.00 7.4 
50.81 8.4 
50.68 10.3 
50.56 11.1 
50.39 11.9 

Xl = 0.44991 
NH4Cl 

5.88 0.5 
5.51 0.7 
5.08 1.2 
4.78 1.7 
4.55 2.2 
4.51 2.5 
4.27 3.2 
4.36 3.5 

Pr4NBr 
39.71 1.2 
34.93 1.7 
34.53 2.0 
33.85 2.5 
33.68 2.8 
32.88 3.3 
32.13 3.6 
31.57 4.1 

- -

'*-

56.22 7.1 
56.02 10.5 
55.93 11.3 
55.45' 14.~ 
55.38 15.4 
55.24 16.6 

NH4Br 
5.98 0.6 
5.80 0.9 
5.51 1.0 
5.32 1.2 
5.07 1.9 
4.94 2.4 
4.69 2.7 
4.54 2.8 

Bu4NBr 
41.50 0.7 
40.32 0.9 
39.90 1.2 
39.12 1.4 
38.86 1.6 
38.24 1.9 
37.89 2.0 
37.37 2.2 

42.94 
41.76 
41.48 
41.13 
40.88 
40.75 

Me4NCl 
23.12 
22.30 
21.40 
20.90 
18.80 
17.33 
17.11 
16.82 

Bu4NI 
31.60 
31.22 
29.50 
28.50 
27.63 
26.32 
26.25 
25.68 

(* 

~ 
() 

'"" ::1. 
() 

e. 
n 
0 
::t 
~ 
() 

S" 
::t 
() 
c 
Cll 

0 ... 
en 
0 a 
(II 

~ a 
0 

~ a 

~ 
!>) 
10 
00 
.... 
(J1 

~ 



Electrical Conductances of Some Ammonium .... at 298.15 K 

Table 3. 
Values of A0 , KA, A0770 , R and o-for Some Ammonium and 

Tetraalkylammonium Halides in Different Aqueous Binary Mixtures of 
1, 4-Dioxane at 298.15 K. 

XI Ao KA R Ao77o 0" 

/S.cm2.mol-I /dmJ.mol-I /A 
NH4F 

0.04863 51.53 ± 0.12 8.42 6.18 66.82 0.12 
0.11996 49.36 ± 0.11 36.45 6.41 78.89 0.11 
0.23472 26.27 ± 0.08 149.62 6.71 52.20 0.08 
0.44991 3.14 ± 0.02 4535.07 7.21 5.61 0.02 

NH4Cl 
0.04863 75.58 ± 0.10 8.03 6.66 98.01 0.10 
0.11996 63.67 ± 0.26 32.92 6.88 108.05 0.26 
0.23472 37.76 ± 0.30 107.84 7.19 75.03 0.30 
0.44991 6.36 ± 0.11 2500.04 7.68 11.36 0.11 

NH4Br 
0.04863 84.87 ± 0.11 5.85 6.69 110.05 0.11 
0.11996 78.14 ± 0.28 33.76 7.02 132.60 0.28 
0.23472 42.96 ± 0.36 100.72 7.33 85.37 0.36 
0.44991 6.72 ± 0.06 2247.41 7.82 12.00 ' 0.06 

Me4NCl 
0.04863. 59.98 ± 0.12 16.78 8.65 77.78 0.12 
0.11996 52.12 ± 0.15 59.64 8.67 88.45 0.15 
0.23472 39.07 ± 0.16 90.51 9.17 77.64 0.16 
0.44991 29.94 ± 0.28 6215.89 9.67 53.47 0.28 

E~NBr 

0.04863 71.59 ± 0.07 14.79 9.32 92.83 0.07 
0.11996 65.19 ± 0.16 47.24 9.53 110.63 0.16 
0.23472 50.77 ± 0.24 94.19 9.85 100.89 0.24 
0.44991 39.69 ± 0.49 5682.46 10.34 70.88 0.49 

Pr4NBr 
0.04863 82.65 ± 0.11 11.19 9.84 107.17 0.11 
0.11996 77.21±0.19 22.65 10.06 131.03 0.19 
0.23472 53.10 ± 0.01 73.70 10.37 105.52 0.01 
0.44991 44.74 ± 0.59 2253.78 10.86 79.90 0.59 

Bu4NBr 
0.04863 91.13±0.06 5.56 10.26 118.17 0.06 
0.11996 86.37 ± 0.11 16.39 10.48 146.57 0.11 
0.23472 58.63 ± 0.01 30.94 10.79 116.50 0.01 
0.44991 45.68 ± 0.08 659.09 11.28 81.58 0.08 

Bu4NI 
0.04863 65.18 ± 0.01 15.63 10.47 84.52 0.01 
0.11996 57.80 ± 0.11 39.08 . 10.69 98.09 0.11 
0.23472 46.17 ± 0.16 91.24 11.01 91.75 0.16 
0.44991 40.57 ± 0.31 5107.55 11.49 72.45 0.31 
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Figure 1. Plots of mole fraction of 1,4-dioxane (x1) versus walden products 

(!1 0770 ) for NH4F ( • ), NH4Cl (o), NH4Br (.A), Me4NCl (x), E~NBr (0), Pr4NBr (•), 

Bu4NBr (•) and Bu4NI (~)at 298.15K 
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CHAPTER VII 

Investigation on Viscous Antagonism of Ternary Liquid 

Mixtures and Its Relation to Concentration* 

7.1. Introduction 

Rheology is the branch of science that studies material deformation and 

flow, and is increasingly applied to analyze the viscous behavior of many 

pharmaceutical productsl-9 and to establish their stability and even 

bioavailability- since it has been firmly established that viscosity influences 

drug absorption rate in the body.w. 11 

Tetrahydrofuran (THF) is a good industrial solvent. It figures prominently in 

the high energy battery industry and has found its application in organic 

syntheses as manifested from the physico-chemical studies in this 

medium.12,13 Alcohols are very widely used in industry, including the 

manufacture of pharmaceuticals and cosmetic products, in enology and as 

an energy source. A knowledge of the physico-chemical properties of mixed 

solvent systems are increasingly important for their wide applications such 

as in chromatography, solvent extraction,· in the elucidation of reaction 

mechanism, etc. 

The present chapter quantifies the viscous antagonism established in two 

ternary mixtures consisting of tetrahydrofuran + methanol + benzene and 

isopropanol+ benzene+ n-hexane at 303.15, 313.15 and 323.15 Kover the 

entire composition range. The experimental data have been analyzed using 

the equation developed by Kaletune-Gencer and Peleg. Since these systems 

exhibit volume contraction, an analysis has also been made of the density of 

the mixtures at various temperatures. 

7 .2. Experimental Section 

7 .2.1. Chemicals 

Tetrahydrofuran, methanol, isopropanol, n-hexane and benzene were 

purified as described earlier. 14 The values of densities and viscosities of these 

solvents at various temperatures are in good agreement with the literature 

data.lS-19 

*Published in Journal of Indian Chemical Society 
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Various mixtures of solutions with WJ W concentrations of 0%, 5%, 10%, 

15%, 20%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 

90%, 100% were prepared at 303.15, 313.15 and 323.15 K. Each solution 

thus prepared was distributed into three recipients to perform all the 

measurements in triplicate, with the aim of determining possible dispersion 

of the results obtained. The ternary liquid solutions were made by mass. 

7 .2.2. Measurements 

The densities ( p) were measured with an Ostwald-Sperngel type pycnometer 

having a bulb volume of 25 cm3 and an internal diameter of the capillary of . 

about 0.1cm. The pycnometer was calibrated at 303.15, 313.15 and 323.15 

K with doubly distilled water and benzene. The pycnometer with the test 

solution was equilibrated in a water bath maintained at ± 0.01 K of the 

desired temperatures by means of a mercury in glass thermoregulator and 

the temperature was determined with a calibrated thermometer and a Muller 

bridge. The pycnometer was then removed from the thermostatic bath, 

properly dried and weighed in an electronic balance. The balance used here 

is Mettler Toledo AG-285, made in Switzerland. The evaporation losses 

remained insignificant during the time of actual measurements. Averages of 

triplicate measurements were taken into account. The density values were 

reproducible to± 3 x 10-s g.cm-3. Details have been described earlier.2o 

The viscosity of these mixtures was determined by means of a suspended

level Ubbelohde21 viscometer at the desired temperatures (303.15, 313.15 

and 323.15 K). The precision of the viscosity measurements was 0.05%. 

Details have been described earlier.l4 

7 .3. Results and Discussion 

The study of the viscous behavior of pharmaceuticals, foodstuffs, cosmetics 

or industrial products, etc., is essential for confirming that their viscosity is 

appropriate for the contemplated use of the products. Viscous antagonism is 

defined as the interaction between the components of a system causing the 

net viscosity of the latter to be less than the sum of the viscosities of each 

component considered separately. 

In contraposition to viscous antagonism, viscous synergy is the term used in 

application to the interaction between the components of a system that 
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causes the total viscosity of the latter to be greater than the sum of the 

viscosities of each component considered separately. 

In turn, 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.22, 23 

The method most widely used to analyze the antagonic and synergic 

behaviour of various solvent-mixtures is that developed by Kaletunc-Gencer 

and Peleg24 allowing quantification of the antagonic interactions taking place 

in mixtures involving variable proportions of the constituent components. 

The method compares the viscosity of the system, determined 

experimentally, 1lexp, with the viscosity expected in the absence of 

interaction, 1lmtx, defined as2S: 

n 

1J mix = L X;1J; 
i=l 

(I) 

where Xi, and r;1 are the fraction by weight and viscosity measured 

experimentally, of the ith component respectively. 

This procedure is used when Newtonian fluids are involved, since in Non

Newtonian systems shear rate must be taken into account, and other 

antagonism indices are defined in consequence.26 

In order to secure more comparable viscous antagonism results, the so

called antagoriic index (II}), introduced by Howe11,21 is also taken into 

account: 

(2) 

The method used to analyze volume contraction and dilatation is similar to 

that applied to viscosity, i.e., density of the mixture is determined 

experimentally, Pexpand a calculation is made of its theoretical value, Pmtx in 

the supposition that volume contraction exists, based on the following 

expression 2s: 

n 

Pmix = LX;P; 
i=l 

(3) 

where p 1 denotes the density, measured experimentally of ith 

component. Accordingly, when Pexp > Pmtx, volume contraction occurs. 
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The physical properties of various pure solvents (tetrahydrofuran, 

isopropanol, methanol, benzene and n-hexane) along with their literature 

values at various temperatures are recorded in Table 1. 

The measurements made yielded the viscosity values determined 

experimentally, 77cxp and the viscosity values expected in the absence of 

interaction, Tlm;x along with antagonic interaction index (1
11

) of various 

ternary liquid mixtures studied here at different temperatures are recorded 

in Table 2. 

From Table 2 in case of mixture tetrahydrofuran + methanol + benzene it is 

observed that the antagonic interaction in the mixture is maximum where 

maximum amount of benzene (80 mass%) is present in the mixture whereas 

it is minimum where the mixture does not contain benzene for all 

temperatures studied here. 

The explanation of this behavior is based on the known phenomenon of 
' 

molecular dissociation, as a consequence of weakening the hydrogen bonds 

formed between the molecules of the components of the mixture due to 

presence of benzene - producing a decrease in size of the molecular package 

which logically implies an increase in antagonic interaction index (1
11 

). Some 

result was reported earlier25 in the density and viscosity measurements of 

the ternary mixtures. 

Further Table 2 in case of mixture isopropanol + n-hexane + benzene shows 

that the value of antagonic interaction index ( 1
11

) is maximum when 

maximum amount of isopropanol is present in the mixture and it is 

minimum when the mixture contains no isopropanol. The possible 

explanation of this behavior is that the maximum addition of isopropanol to 

the mixture either destroys or complicates the establishment of molecular 

interaction formed between the molecules of the components <?f the mixture 

resulting a maximum value of antagonic interaction index (/
11

). 

The density of the mixture is determined experimentally, Pexp and a 

calculation is made of theoretical value, Pmlx for two ternary liquid mixtures 

at 303.15, 313.15 and 323.15 K are presented in Table 3. 
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A perusal of Table 3 shows that the values of density determined 

experimentally, Pexpfor both mixtures for various mass % and various 

temperatures are higher than those of its theoretical values, Pmix in the 

supposition that volume contraction exists, based on the equation (3). This 

type of behavior can be explained on the basis of known phenomenon of 

electrostnction as a consequence solvent molecules are accommodated in 

the void space left in the packing of dispersed solvent molecules. Same 

results are reported for 2:2 electrolytes in aqueous mixtures of THF.2s 

7 .4. Conclusion 

In summary, benzene seemed to produce a decrease in the size of the 

molecular package for (tetrahydrofuran + methanol + benzene) mixture. 

Similar role was played by isopropanol for (isopropanol + n-hexane + 

benzene) mixture. However, more extensive studies are required to have a 

better say in this regard. 
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Table 1. 
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--T 

Physical properties of various pure solvents at different temperatures 

Po Jg.cm-3 

Tetrahydrofuran 
T/K Isopropanol Methanol 

(THF) 

Expt. Lit. Expt,· Lit. Expt. Lit. 

303.15 0.8757 0.873415 0.7854 0.776616 0.7846 0.784615 

313.15 0.8673 0.866115 0.7704 0.768116 0.7772 0.777215 

323.15 0.8583 0.858215 0.7651 - 0.7675 0.767515 

TJK 
1lofcp 

Expt. Lit. Expt. Lit. Expt. Lit. 

303.15 0.4452 0.445115 1.7686 1.79216 0.4086 0.408915 

313.15 0.4088 0.408815 1.3611 1.35216 0.3847 0.384815 

323.15 0.3716 0.374515 1.2713 - 0.3308 0.331115 

.. j.- ~ 

.... 
~ c 
Ul .... -a: 
tt. 
0 

= 0 . 

n-hexane = Benzene s 
Ul 
(') 

Expt. Lit. Expt. Lit. 0 = Ul 

0.8637 0.868217 0.6497 0.652919 ~ .... 
0.8604 0.857418 0.6428 0.643519 ~ 

(lq 
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Table 2. 

Viscosities of the ternary liquid mixtures without interaction (17mix) and with interaction (Tlexp) along with antagonic interaction 

index (I,) at various temperatures 

1. Tetrahydrofuran (THF) + Methanol (MeOH) + Benzene (C6H6) 

Mass% Mass% Mass% TJmix TJexpf cp In 
of of of 303.15 313.15 323.15 303.15 313.15 323.15 303.15 313.15 323.15 

THF MeOH C6H6 K K K K K K K K K 
10 10 80 0.5363 0.4817 0.4207 0.4190 0.3962 0.3710 0.2188 0.1774 0.1182 
20 15 65 0.5167 0.4663 0.4087 0.4517 0.4213 0.3748 0.1259 0.0966 0.0829 
30 30 40 0.4816 0.4392 0.3859 0.4060 0.3839 0.3674 0.1570 0.1259 0.0481 
35 35 30 0.4679 0.4286 0.3773 0.4629 0.3823 0.3713 0.0108 0.1080 0.0158 
40 40 20 0.4543 0.4180 0.3686 0.3981 0.3972 0.3659 0.1236 0.0497 0.0073 
45 45 10 0.4406 0.4074 0.3598 0.4337 0.3825 0.3618 0.0156 0.0610 -0.0053 
50 50 00 0.4269 0.3967 0.3512 0.4482 0.4075 0.4297 -0.0498 -0.0271 -0.2235 
55 40 05 0.4365 0.4039 0.3586 0.3897 0.3777 0.3801 0.1072 0.0648 -0.0599 
60 30 10 0.4461 . 0.4109 0.3660 0.4063 0.3719 0.4296 0.0892 0.0951 -0.1737 
65 20 15 0.4556 0.4181 0.3734 0.3882 0.3659 0.3685 0.1480 0.1248 0.0132 
70 10 20 0.4652 0.4252 0.3808 0.4456 0.3789 0.3713 0.0422 0.1089 0.0249 
75 00 25 0.4748 0.4323 0.3882 0.4050 0.3996 0.4009 0.1470 0.0757 -0.0326 
80 00 20 0.4689 0.4276 0.3849 0.3954 0.3811 0.4007 0.1567 0.1088 -0.0410 
90 00 10 0.4570 0.4182 0.3782 0.3948 0.3760 0.3863 0.1362 0.1009 -0.0213 
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Mass% 
of 

Me2CHOH 

00 
05 
10 
20 
30 
40 
50 
60 
70-
80 
90 

--

Mass% Mass% 
of of 

C6Hi4 C6H6 

65 35 
80 15 
10 80 
15 65 
25 45 
35 25 
45 05 
40 00 
20 10 
00 20 
05 05 

-

\~ -~ ·,j.-

2. Isopropanol (Me2CHOH) + n-Hexane (C6Hl4) +Benzene (C6H6) 

17mix .1'Jexpfcp 
303.15 313.15 323.15 303.15 313.15 323.15 303.15 

K K K K K K K 
0.3691 0.3377 0.3033 1.1240 0.4077 0.3936 -2.0453 
0.3844 0.3424 0.3138 0.3808 0.3207 0.2600 0.0094 
0.6542 0.5633 0.5007 0.4413 0.4126 0.4092 0.3255 
0.7598 0.6364 0.5736 0.4682 0.4354 0.4118 0.3838 
0.8503 0.6968 0.6362 ·o.5654 0.5082 0.4632 0.3351 
0.9409 0.7572 0.6988 0.6739 0.6475 0.5600 0.2837 
1.0314 0.8176 0.7614 0.7315 0.6858 0.6509 0.2908 
1.1669 0.9161 0.8551 0.9803 0.6940 0.6526 0.1599 
1.3472 1.0528 0.9799 0.9100 0.6983 0.6239 0.3245 
1.5276 1.1895 1.1046 1.0656 0.8413 0.7631 0.3024 
1.6331 1.2626 1.1776 0.9609 0.8137 0.7238 0.4116 
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Table 3. 

Densities of the ternary liquid mixtures calculated theoretically (Pmix) and determined experimentally (pexp) at various 

temperatures 

1: Tetrahydrofuran (THF) + Methanol (MeOH) + Benzene (C6H6) 

Mass% Mass% of Mass %of . cm-3 . cm-3 
ofTHF MeOH C6H6 303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K 

10 10 80 0.8569 0.8528 0.8439. 0.8599 0.8545 0.8496 
20 15 65 0.8542 0.8493 0.8404 0.8570 0.8523 0.8459 
30 30 40 0.8436 0.8375 0.8284 0.8452 0.8404 0.8349 
35 . 35 30 0.8402 0.8337 0.8245 0.8415 0.8361 0.8296 
40 40 20 0.8367 0.8299 0.8207 0.8390 0.8336 0.8257 
45 45 10 0.8335 0.8261 0.8168 0.8352 0.8310 0.8230 
50 50 00 0.8301 0.8222 0.8129 0.8306 0.8263 0.8166 
55 40 05 0.8387 0.8309 0.8216 0.8375 0.8353 0.8269 
60 30 10 0.8472 0.8396 0.8304 0.8491 0.8397 0.8345 
65 20 15 0.8557 0.8482 0.8391 0.8576 0.8504 0.8430 
70 10 20 0.8642 0.8569 0.8479 0.8658 0.8610 0.8527 
75 00 25 0.8727 0.8656 0.8566 0.8752- 0.8670 0.8634 
80 00 20 0.8733 0.8659 0.8569 0.8743 0.8667 0.8596 
90 00 10 0.8745 0.8666 0.8576 0.8743 0.8664 0.8607 
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2: Isopropanol (Me2CHOH) + n-Hexane (C6H14) + Benzene (C6H6) 

Mass% of . cm-3 
C6H6 303.15 K 313.15 K 323.15 K 303.15 K 
35 0.7246 0.7190 0.7097 0.8798 
15 0.6886 0.6818 0.6726 0.8950 
80 0.8345 0.8296 0.8212 0.8585 
65 0.8159 0.8098 0.8016 0.8517 
45 0.7867 0.7790 0.7711 0.8552 
25 0.7575 0.7482 0.7406 0.8637 
05 0.7282 0.7175 0.7101 0.8688 
00 0.7311 0.7194 0.7123 0.8565 
10 0.7661 0.7539 0.7474 0.8257 
20 0.8011 0.7884 0.7824 0.8128 
05 0.7825 0.7685 0.7628 0.7946 
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CHAPTER VIII 

Excess Molar Volumes, Viscosity Deviations and Isentropic 

Compressibility of Binary Mixtures Containing 1,3-

Dioxolane and Monoalcohols at 303.15 K* 

8.1. Introduction 

The increasing use of the cyclic diethers and monoalcohols in many 

industrial processes such as pharmaceutical and cosmetics have greatly 

stimulated the need for an extensive information on the thermodynamic, 

acoustic and transport properties of cyclic diethers, monoalcohols and their 

mixtures.l-6 Viscosity and density of binary liquid mixtures are extensively 

used to understand molecular interactions between the components of the 

mixture to develop new theoretical models and also for engineering 

applications. 7, a Thermodynamic properties of various alcohols have 

been studied in numerous solvents. In our systematic investigation of the 

properties, we have reported viscosities, densities, speeds of sound, 

isentropic compressibilities and excess molar volumes for many binary 

systems in earlier works.l-4 There has been a recent upsurge of interest9,lo in 

the study of thermodynamic properties of binary liquid mixtures. These have 

been extensively used to obtain information on intermolecular interactions 

and stereo chemical effects in these systems.a In this chapter we extend our 

studies to the binary mixtures formed from 1,3-dioxolane, represented as (1) 

with eight monoalcohols, represented as (2), including methanol (MeOH), 

ethanol (EtOH), 1-propanol (1-PrOH), 2-propanol (2-PrOH), 1-butanol (1-

BuOH), 2-butanol (2-BuOH), t-butanol (t-BuOH), i-amyl alcohol (i-AmOH). 

The variou~ thermodynamic properties such as excess molar volume ( VE) 

and viscosity deviations ( l17] ) obtained from experimental observations have 

been rationalized. 4 Besides this, speed of sound and calculated isentropic 

compressibility as well as deviation in isentropic compressibility ( LIK8 p.u of 

1,3-dioxolane (1) with the monoalchols (2) mixtures are presented at 303.15 

*Published in Journal of Solution Chemistry 
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K. The cyclic diether and the monoalcohols have both a proton donor and a 

proton acceptor group. It is expected that there will be a significant degree of 

H-bonding leading to self-association in pure state in addition to mutual 

association in their binaries. 12 In addition, this work also provides a test of 

various empirical equations to correlate viscosity and ultrasonic sound data 

of binary mixtures containing both polar components. 

8.2. Experimental Section· 

8.2.1. Apparatus and Procedures 

Densities (p) at 303.15 K were measured with an Ostwald-Sprengel type 

pycnometer having a bulb volume of about 25 cm3 and an internal diameter 

of the capillary of about 1 mm. The measurements were done in a 

thermostated bath controlled to ± 0.01 K. The viscosity was measured by 

means of a suspended Ubbelohde type viscometer. 13 Calibration was done at 

303.15 K with triply distilled water and purified methanol using density and 

viscosity values from the literature. Speeds of sound were determined by a 

multifrequency ultrasonic interferometer (M-81, Mittal enterprise, New Delhi) 

working at 2 MHz calibrated with purified water, methanol and benzene at 

303.15 K. The details of the methods and techniques had been described 

earlier.l4, 15 The mixtures were prepared by mixing known volume- of pure 

liquids in air-tight stoppered bottles. The weights were taken on a Mettler 

electronic analytical balance (Mettler, AG 285, Switzerland) accurate to 0.01 

mg. The precisions of the speed of sound, density and viscosity 

measurements are± 0.2 m s-1, ± 3 x 10-5 g cm-3 and± 2 x 10-5 cP respectively. 

8.2.2. Chemicals 

The source and purification of pure alcohols (Merck, India) methanol, 

ethanol, !-propanol, 2-propanol, !-butanol, 2-butanol, t-butanol, and i-amyl 

alcohol have been described in other papers.5,16,17 1,3-dioxolane (Merck, 

India) was purified by standard methods. It was refluxed with Pb02, then it 

was fractionally distilled after addition of xylene.1s The solvents finally 

obtained after purification were 99.9% pure as checked by gas 

chromatography. The purity of the liquids, as checked by measuring their 

densities and viscosities at 303.15 K, was in good agreement with the 

literature values6, 1s-21 and are listed in Table 1. 
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8.3. Results 

The measured density (p) and viscosity (77) data for mixtures of 1,3-dioxolane 

( 1) and monoalcohols (2) such as methanol, ethanol, 1-propanol, 2-propanol, 

1-butanol, 2-butanol, t-Butanol;,;iso-amyl alcohol were used to calculate the 

excess molar volume (VE), viscosity deviations (~17), Gibbs excess free 

energy of activation for viscous flow ( G*H) and Grunberg-Nissan interaction 

parameter ( d 1 
) and the results are presented in Table 2. 

The excess molar volume ( VE) was calculated using the equation, a, 22 

VE = (M1X1 + MzXz)/ Pmix- MixJ PI- Mzxz/ Pz (I) 

where, Pmix is the density of the mixture and MI. M2. XJ, x2 and PI, P2 

are the molecular weights, mole fractions and densities of pure components 

1 and 2 respectively. 

Quantitatively, as per the absolute reaction rates theory4·23 the deviation of 

viscosities, ~17 from the ideal mixture values and the Gibbs excess free 

energy of activation, o•E for viSCOUS flOW are calculated as,24 

(2) 

(3) 

where 11mix. vmix are the viscosity, molar volume of the mixture; 1/1 • 1]2 

and v; . v; are the viscosities and molar volumes of pure components (1) and 

(2) respectively. 

Isentropic compressibility, Ks and deviation in isentropic compressibility, 

L1Ks are calculated from experimental densities, p and speeds of sound, 

u using the following equations, 1, 11, 2s-21 

(4) 

(5) 

where K8 , K8 ,1 , K8 ,2 are the isentropic compressibility of the mixture, 

pure component 1 and pure component 2 respectively. 

Experimental speeds of sound and estimated isentropic compressibility as 

well as deviation in isentropic compressibility are compiled in Table 3. 
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The viscosity values were further used to determine the Grunberg-Nissan 

parameter ( d 1 )28 as: 

(6) 

where d 1 is proportional to the interchange energy. The d 1 values for 

the mixtures are reported in Table 2. 

Again, the VE' 111]' a·H and LJ.Ks values have been fitted to a Redlich

Kister29 equation by the method of least squares using the Marquardt 

algorithm3o to derive the binary coefficients, A1 , 

(7) 

Here, yE denotes VE, 117], a·"" and LJ.K8 • In each case, the optimum number 

of coefficients, A1 is ascertained from an examination of the variation of the 

standar:d deviation, o-, with 

a-= rc:r,;p- Y..!,)2 /Cn- m)]112 (8) 

where n represents the number of measurements and m the number 

of coefficients. The estimated values of A1 and o- for VE, !17], a•E and LJ.K8 

are summarized for all mixtures in Table 4. 

8.4. Discussion 

We have calculatedll'!]' VE and a·E at 303.15 K for the binary mixtures of 

1,3-dioxolane (1) with monoalcohols (2). The variation of the excess 

properties over the entire range of composition for the binary mixtures has 

been depicted in figures 1-3. 

The value of the excess molar volume (VI:') was found to be negative for 1, 3-

dioxolane and methanol mixture but the magnitude of negative value 

decreases and positive value increases with increasing chain length of the 

alcohols in the series (Figure 1). The trend it followed is: 

MeOH < EtOH< 1-PrOH < 2-PrOH < 1-BuOH < i-AmOH < 2-BuOH < t-BuOH 

The negative VE values indicate the presence of strong molecular interaction 

between the components of the x:nixture. 

159 

I 
~ 



Excess Molar Volumes, Viscosity Deviations .... at 303.15 K 

Several effects may contribute to the value of VE, such as, 31-33 a) dipolar 

interaction, b) interstitial accommodation of one component into the other, c) 

possible hydrogen bond interactions between unlike molecules. The actual 
I 

volume change, therefore, depends on the relative strength of these three 

effects. It is known fact that as the C-atoms of the alkyl group increases, the 

electron releasing ability (+I effect) increases, thereby decreasing the polarity 

of the 0---H bond of the monoalcohols. So MeOH with the highest polarity 

gains the most favorable intermolecular H-bonded, interactions with the 

cyclic diether molecules. Moreover, its simple structure and smaller size 

leads to interstitial accommodati.on with 1, 3-dioxolane molecules more 

easily compared to the higher monoalcohols which have greater complexity 

in struture. Similar results have been reported earlier.34, 35 

It is further observed that in the case of branched monoalcohols, the VE 

values are higher than the respective normal alcohols. This -may be 

attributed primarily due to the steric factors arising from a change in the 

proportion of different structural forms of the alcohol molecules with a 

change in its mole fraction. This also explains the expected behavior of i

AmOH in this chapter. Similar types of work have been reported in the 

literature. 36, 37 

Figure 2 shows that 6.7] values are positive for 1, 3-dioxolane and methanol 

systems but with the increase in the chain length in alcohols, the magnitude 

of positive deviation decreases. The order it followed is: 

MeOH > EtOH > 1-PrOH > 2-PrOH > i-AmOH > 1-BuOH > 2-BuOH > t-BuOH 

A correlation between signs of 6.7] and VE have been observed for a number 

of binary solvent systems38, 39 i.e. 6.7] is positive when VE is' negative and 

vice-versa. In general, for systems where dispersion and dipolar interactions 

are operating, 6.7] values are found to be negative, whereas, charge transfer 

and hydrogen bonding interactions lead to the formation of complex species 

between unlike molecules thereby resulting in positive 6.7] values.4o 

In figure 3, the value of Gibbs excess free energy for activation of viscous 

flow i.e. G*"is observed to be positive for (1) and methanol mixture and 
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negative for (1) and ethanol mixture onwards. G*Evalues for the systems 

under study suggested the following order: 

MeOH > AmOH > EtOH > PrOH > BuOH 

It have been reported41, 42 that G*" parameter may b~ considered as a reliable 

criterion to detect or exclude the presence of interactions between unlike 

molecules. The magnitude of the positive value is an excellent indication of 

the strength of specific interaction. 

Here it is observed that the magnitude of negative values increases with 

increasing chain length of alcohols. Alcohol molecules self associate43 very 

strongly (OH---OH interaction) while the cyclic diether; 1, 3-dioxolane 

molecules self associate rather marginally, this causes a dramatic influence 

on the thermo-physical properties studied. The positive value for (1) and 

MeOH mixture indicates favorable inter molecular complex through H

bonding, i.e. 0-0------H-0. This interaction may be considered as the H

bonded interaction between alcohols as a Lewis acid and the cyclic diether · 

as a Lewis base.31, 46 

Fort and Moore44 and Ramamoorthy4s reported in their works that for any 

binary liquid mixture, the positive value of d 1 indicates the presence of 

strong interactions and the negative value of d 1 indicates the presence of 

weak interactions between the components. On this basis, positive d 1 values 

for (1) and MeOH system confirm the presence of strong interactions 

between the component molecules, whereas for higher monoalcohols this 
' . 

affinity for bonding decreases. These conclusions are in excellent agreement 

with that reported by Subha et al.31, 46,47 

In Table 3, deviation in isentropic compressibility, L1Ks are reported for the 

.1,3-dioxolane + monoalcohol mixtures. From figure 4, it is evident that the 

t1Ks values are negative for lower monoalcohols but the magnitude of 

negative values diminishes and the positive values increases with the 

increasing chain length of the alcohols. The order it followed is: 

MeOH < EtOH < PrOH < BuOH < AmOH 
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These results can be explained in terms of molecular interactions and 

structural effects. Positive t1K8 values are due to the breaking of interactions 

and the corresponding disruption of molecular order in the pure 

components.4s Interactions between the molecules of cyclic diether or 

monoalcohols are broken in the mixing process; the breaking of strong 

dipole-dipole interactions in 1, 3-dioxolane, which can be considered as a 

polar fluid,49 leads to positive t1K8 values for the mixture containing greater 

chain length of alcohols as compared to the lower alcohols. The donor

acceptor interaction between the oxygen and hydrogen atom of the cyclic 

diether and the alcohols play an important part for the mixtures containing 

lower alcohols like MeOH, EtOH where there is strong specific interaction 

between the component molecules leading to negative value of t1K8 • 

Also it is observed that for isomeric monoalcohols, i.e. 1-PrOH and 2-PrOH, 

the t1K8 values are less negative for linear 1-PrOH as compared to branched 

2-PrOH. The same trend is observed between butanol isomers, whereby 

-1K8 values are positive for linear 1-BuOH, partially negative for 2-BuOH and 

totally negative for the branched isomer t-BuOH. 

This type of trend has been observed and reported earlier in the literature.7•25 

This type of behavior can be explained by the concept of interstitial 

accommodation and changes in free volume as described in the 

literature.26,3s The branched isomers fit into the structure of cyclic diether 

more easily compared to the linear isomers, thereby possessing more 

negative -1K.~ .. Thus, it can also be explained that due to extensive branching 

and chain length, iso-amyl ·alcohol have exhibited exceptional behavior in 

many cases. 

In the eight binary mixtures of the cyclic diether and the monoalcohols, it is 

really interesting to note that V 5
, !117, G"£ and -1K8 have maximum .iri the 

mole fraction range X1 = 0.3 to 0.5. This is a manifestation of strong specific 

interaction50 between the cyclic diether and monoalcohol molecules through 

by H-bonded interaction. The maximum points are clear indication of the 

highest point of interaction between the component molecules for the above

mentioned binary mixtures studied. 
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8.5. Conclusion 

In summary, the study provided us some idea about the type and nature of 

molecular interactions between the mixed components. The lower 

monoalcohols were found to associate more strongly with cyclic diethers as 

compared to the higher ones. However, the branched isomers differed from 

the linear ones in behavior toward the cyclic diethers. Sel~-association 

between the alcohol molecules was found to increase with an increase in 

chain length. The study of excess or deviation properties along with the 

speeds of sound has been found to be very useful in understanding the 

nature of interactions in the binaries, though more extensive studies are 

needed to have a better say in this regard. 
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~ Table 1. 

Physical Properties of Pure Components at 303.15 K. 

p ( g.cm-3) TJ ( cP) 

Components Obs. Lit. Obs. Lit. u ( m. s-1 ) 

1 ,3-Dioxolane 1.05184 1.04940 18 0.54866 0.5435518 1288.5 

Methanol 0.78242 0.78297 19 0.50409 0.51000 19 1088.5 

Ethanol 0.78435 0.78069 6 0.96749 0.99301 6 1144.3 

!-Propanol 0.79584 0.79581 6 1.66262 1.78433 6 1182.6 

2-Propanol 0.77731 0.77786 20 1.61419 1.77321 20 1126.6 

* !-Butanol 0.80207 0.80194 6 2.53963 2.28530 6 1196.6 

2-Butanol 0.79923 0.79589 18 2.33939 2.41700 18 1168.9 

t-Butanol 0.77506 0.77622 2! 3.09856 3.32109 21 1078.8 

iso-Amyl 
0.80319 3.11110 1197.0 

alcohol 

166 



Excess Molar Volumes, Viscosity Deviations .... at 303.15 K 

Table2. + Experimental results for the binary liquid mixtures of 1,3-dioxolane (1) + 
monoalcohols (2) at 303.15K. 

Mole fraction 
VEX 1Q3 

of pX lQ-3 17 X 103 /17J X 1Q3 G*E X 10-3 dl 
1 ,3-dioxolane (kg.m-3) (kg.m·I.s-1) (kg.m·1.s·1) 

(m3.mol-I) 
(J.mol-1). 

X! 

1,3-dioxolane +methanol 
0.00000 0.78242 0.50409 0~00000 0.00000 0.00000 
0.04585 0.80385 0.50565 -0.00048 -0.04543 0.01448 -0.01817 
0.09758 0.82641 0.50884 0.00040 -0.09238 0.03523 0.01262 
0.15637 0.85072 0.51595 0.00489 -0.16997 0.07095 0.07586 
0.22381 0.87556 0.52719 0.01312 -0.20763 0.12473 0.14877 
0.30192 0.90216 0.53818 0.02063 -0.26618 0.17006 0.18911 j( 
0.39348 0.92962 0.55157 0.02994 -0.28935 0.21978 0.23749 
0.50228 0.95845 0.56418 0.03770 -0.29641 0.25465 0.28026 
0.63370 0.98828 0.54544 0.01311 -0.25413 0.13379 0.10834 
0.79561 1.01936 0.54465 0.00509 -0.16004 0.07283 0.06138 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1 ,3-dioxolane + ethanol 
0.00000 0.78435 0.96749 0.00000 0.00000 0.00000 
0.06463 0.80501 0.89803 -0.04239 -0.01432 -0.09335 -0.62597 
0.13455 0.82672 0.83803 -0.07311 -0.02483 -0.16571 -0.57821 
0.21044 0.84953 0.76911 -0.11024 -0.02875 -0.27159 -0.66266 
0.29308 0.87359 0.68516 -0.15958 -0.03001 -0.44315 -0.86305 
0.38344 0.89912 0.63329 -0.17360 -0.03570 -0.51148 -0.87254 

' 
0.48263 0.92601 0.61205 -0.15330 -0.02995 -0.45496 -0.73741 I 0.59202 0.95457 0.59099 -0.12854 -0.02422 -0.38705 -0.65042 r·-
0.71327 0.98493 0.58855 -0.08020 -0.01712 -0.22544 -0.45208 f'" 
0.84842 1.01723 0.56902 -0.04313 -0.00503 -0.11996 -0.38524 

I 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-dioxolane + 1- propanol 
0.00000 0.79584 1.66262 0.00000 0.00000 0.00000 
0.08269 0.81516 1.25778 -0.31273 0.04909 -0.47023 -2.47020 
0.16862 0.83574 1.06683 -0.40795 0.07303 -0.64392 -1.83154 
0.25799 0.85742 0.93446 -0.44077 0:09519 -0.72703 -1.51572 
0.35101 0.88035 0.82076 -0.45085 0.11086 -0.79334 -1.39053 
0.44791 0.90452 0.73389 -0.42978 0.12845 -0.80375 -1.29892 
0.54893 0.93008 0.64538 -0.40575 0.14471 -0.84483 -1.36397 
0.65434 0.95773 0.59197 -0.34174 0.11624 -0.76907 -1.35842 
0.76444 0.98721 0.56844 -0.24262 0.07633 -0.56526 -1.25362 
0.87954 1.01856 0.55642 -0.12643 0.03507 -0.29936 -1.12795 
1.00000 

1.05184 0.54866 0.00000 0.00000 0.00000 
~ 

1 ,3-dioxolane + 2-propanol 
0.00000 0.77731 1.61419 0.00000 0.00000 0.00000 
0.08269 0.79735 1.21247 -0.31361 0.07625 -0.49315 -2.59639 
0.16862 0.81849 0.97764 -0.45688 0.15165 -0.79886 -2.27901 
0.25799 0.84127 0.83857 -0.50072 0.18617 -0.94080 -1.96672 
0.35101 0.86537 0.74771 -0.49247 0.22121 -0.97525 -1.71550 
0.44791 0.89113 0.66451 -0.47242 0.23696 -1.00817 -1.63452 

. 0.54893 0.91900 0.60823 -0.42106 0.21107 -0.95724 -1.54956 
0.65434 0.94875 0.60327 -0.31370 0.1781"2 -0.69243 -1.22964 
0.76444 0.98069 0.58560 -0.21406 0.12895 -0.47001 -1.04979 

Contd ... 
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~ 0.87954 1.01482 0.56368 -0.11333 0.08009 -0.25558 -0.97199 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-dioxolane + 1-butanol 
0.00000 0.80207 2.53963 0.00000 0.00000 0.00000 
0.10005 0.82064 1.73995 -0.60048 0.10328 -0.55615 -2.49729 
0.20009 0.84032 1.37339 -0.76787 0.18245 -0.75747 -1.92522 
0.30011 0.86111 1.11332 -0.82880 0.24712 -0.89359 -1.73685 
0.40013 0.88368 0.95874 -0.78424 0.24314 -0.88094 -1.50416 
0.50013 0.90754 0.84187 -0.70202 0.23225 -0.82118 -1.35121 
0.60013 0.93281 0.73054. -0.61425 0.21418 -0.79337 -1.36020 
0.70011 0.95972 0.65818 -0.48755 0.18020 -0.67348 -1.32180 
0.80009 0.98832 0.61924 -0.32743 0.14009 -0.44671 -1.15856 
0.90005 1.01882 0.58733 -0.16033 0.08933 -0;20229 -0.94536 

~· 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-dioxolane + 2-butanol 
0.00000 0.79923 2.33939 0.00000 0.00000 0.00000 
0.10005 0.81699 1.51615 -0.64408 0.21125 -0.71372 -3.20554 
0.20009 0.83605 1.18133 -0.79975 0.37022 -0.96592 -2.45596 
0.30011 0.85714 0.93545 -0.86652 0.41589 -1.18211 -2.29194 
0.40013 0.87988 0.81197 -0.81089 0.40842 -1.17009 -1.99115 
0.50013 0.90408 0.70718 -0.73661 0.38031 -1.15202 -1.88435 
0.60013 0.92976 0.65889 -0.60583 0.34322 -0.96612 -1.65351 
0.70011 0.95708 0.61199 -0.47369 0.29514 -0.79056 -1.55106 
0.80009 0.98619 0.58939 -0.31725 0.23646 -0.52623 -1.36480 
0.90005 1.01762 0.55877 -0.16887 0.14236 -0.30518 -1.40824 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-dioxolane + t-butanol 
0.00000 0.77506 3.09856 0.00000 0.00000 0.00000 

~ 0.10005 0.79409 1.96702 -0.87642 0.22469 -0.69302 -3.12317 
0.20009 0.81487 1.46803 -1.12032 0.36090 -0.98214 -2.50302 
0.30011 0.83733 1.10228 -1.23103 0.43729 -1.25951 -2.44712 
0.40013 0.86138 0.87929 -1.19898 0.48229 -1.38717 -2.36169 
0.50013 0.88759 0.76572 -1.05756 0.45732 -1.29797 -2.12818 
0.60013 0.91549 0.67551 -0.89278 0.42926 -1.17859 . -2~01802 
0.70011 0.94566 0.60671 -0.70664 0.36261 -1.01782 -1.99376 
0.80009 0.97824 0.57312 -0.48529 0.26885 -0.73349 -1.89108 
0.90005 1.01327 0;56596 -0.23756 0.16555 -0.34069 -1.57837 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1 ,3-dioxolane + iso-amyl alcohol 
0.00000 0.80319 3.11110 0.00000 0.00000 0.00000 
0.11678 0.82142 2.29991 -0.51195 0.15588 -0.22415 -0.96433 
0.22928 0.84113 1.80646 -0.71712 0.22984 -0.32135 -0.82479 
0.33774 0.86196 1.45757 -0.78809 0.28423 -0.37398 -0.76962 
0.44236 0.88396 1.16673 -0.81085 0.32478 -0.46884 -0.86414 

~ 0.54336 0.90791 0.99491 -0.72386 0.28621 -0.42717 -0.79483 
0.64092 0.93313 0.88176 -0.58702 0.25432 -0.30807 -0.64592 
0.73520 0.95989 0.78122 -0.44597 0.21604 -0.20933 -0.54508 
0.82638 0.98836 0.71042 -0.28313 0.16819 -0.06358 -0.29898 
0.91459 1.01899 0.62119 -0.14633 0.09110 -0.03559 -0.30788 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 
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Table3. 
Speeds of sound ( u ), Isentropic Compressibility ( K8 ) and Deviation in Isentropic Compressibility 

( AK8 ) of binary mixtures of various compositions (in inole fraction) at 303.15 K. 
~ n 

Mole fraction Mole fraction n 
fll 

Ks x 1012 ,tjK
8 

X 1012 K
8 

x 1012 AK8 X 1012 tiJ 
of u of u a= 

1,3-dioxolane /m.s-1 /Pa-1 (Pa-1) 1 ,3-dioxolane fm.s -1 /Pa-1 /Pa-1 0 -(XI) ~ (XI) '1 

1,3-dioxolane +methanol 1,3-dioxolane + ethanol < 0 
0.00000 1088.5 1078.7 0.0 0.00000 1144.3 973.7 0.0 -s:: 
0.04585 1122.2 987.9 -67.6 0.06463 1159.1 924.7 -23.1 a 

n 
0.09758 1135.7 938.~ -91.2 0.13455 1171.1 881.9 -37.8 YJ 
0.15637 1145.7 895.5 -104.1 0.21044 1183.4 840.6 -48.7 < .... 

tiJ 
0.22381 1157.9 851.9 -113.5 0.29308 1197.8 797.8 -58.3 n 

0 
0.30192 1174.8 803.2 -122.7 0.38344 1215.0 753.4 -66.5 fll 

1-' 0.39348 1198.8 748.5 -131.1 0.48263 1225.3 719.3 -60.8 ~ 
0\ 
10 0.50228 1230.7 688.8 -135.7 0.59202 1238.7 682.7 -53.5 0 

0.63370 1255.6 641.8 -116.2 0.71327 1255.9 643.6 -44.0 a 
~ 

0.79561 1281.4 597.5 -78.5 0.84842 1275.5 604.3 -29.1 t+ .... 
0 

1.00000 1288.5 572.6 0.0 1.00000 1288.5 572.6 0.0 ::s 
fll 

1,3-dioxolane + !-propanol 1,3-dioxolane + 2-propanol 
0.00000 1182.6 898.5 0.0 0.00000 1126.6 1013.6 0.0 

~ 

0.08269 1185.5 872.9 1.3 .0.08269 1136.9 970.2 -6.9 t+ 
c.l 

0.16862 1195.3 837.5 -6.0 0.16862 1151.2 921.9 -17.3 0 

0.25799 1208.8 798.1 -16.3 0.25799 1166.3 873.8 -26.0 ~ 
1-' 

0.35101 1211.1 : 774.4 -9.7 0.35101 1182.5 826.4 -32.4 en· 

0.44791 1215.2 748.7 -3.8 0.44791 1199.2 780.3 -35.8 ~ 

0.54893 1218.6 724.0 4.4 0.54893 1208.4 745.1 -26.4 
Contd ... 
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1.1 .. ~-. 

0.65434 1236.8 682.6 -2.7 
0.76444 1255.7 642.5 -6.9 
0.87954 1271.4 607.4 -4.5 
1.00000 1288.5 572.6 0.0 

1,3-dioxolane + !-butanol 
0.00000 1196.6 870.7 0.0 
0.10005 1200.8 845.1 4.2 
0.20009 1205.3 819.1 8.0 
0.30011 1208.4 795.3 14.1 
0.40013 1218.8 761.8 10.4 
0.50013 1229.6 728.8 7.2 
0.60013 1240.9 696.1 4.3 
0.70011 1251.9 664.8 2.8 
0.80009 1263.1 634.2 2.0 
0.90005 1275.2 603.6 1.2 

.... 1.00000 1288.5 572.6 0.0 

~ 1,3-dioxolane + t-butanol 
0.00000 1078.8 1108.6 0.0 
0.10005 1098.7 1042.9 -12.0 
0.20009 1121.1 976.4 -24.9 
0.30011 1144.7 911.4 -36.3 
0.40013 1169.0 849.5 -44.6 
0.50013 1184.7 802.7 -37.8 
0.60013 1201.2 757.0 -29.9 
0.70011 1221.4 708.8 -24.5 
0.80009 1243.2 661.5 -18.3 
0.90005 1266.5 615.3 -10.9 
1.00000 1288.5 572.6 0.0 

• ,;~ 

0.65434 1221.8 706.1 
0.76444 1239.9 663.2 
0.87954 1260.9 619.7 
1.00000 1288.5 572.6 

1,3-dioxolane + 2-butanol 
0.00000 1168.9 915.7 
0.10005 1173.1 889.4 
0.20009 1177.5 862.6 
0.30011 1182.8 833.9 
0.40013 1193.2 798.3 
0.50013 1212.5 752.4 
0.60013 1234.4 705.9 
0.70011 1253.6 664.9 
0.80009 1267.5 631.2 
0.90005 1274.8 604.7 
1.0000 1288.5 572.6 

1 ,3-dioxolane + iso-amyl alcohol 
0.00000 1197.0 868.9 
0.11678 1199.8 845.7 
0.22928 1203.8 820.4 
0.33774 1208.5 794.3 
0.44236 1215.8 765.3 
0.54336 1230.3 727.7 
0.64092 1242.7 693.9 
0.73520 1255.7 660.7 
0.82638 1266.1 631.2 
0.91459 1276.6 602.2 
1.00000 1288.5 572.6 

-18.9 
-13.3 
-6.0 
0.0 

0.0 
8.0 
15.6 
21.2 
19.9 
8.3 
-3.9 

-10.6 
-9.9 
-2.2 
0.0 

0.0 
11.4 
19.4 
25.5 
27.5 
19.8 
14.9 
9.6 
7.2 
4.3 
0.0 

+ 

~ n 
t'D 
rll 
rll 

a= 
0 

~ 
< 
2. 
§ 
t'D 
Y' 

~ 
n 
0 
rll 

4 
t::l ;, 
a 
0 ; 

~ 
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0 
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Excess Molar Volumes, Viscosity Deviations .... at 303.15 K 

Table 4. ~ 
Estimated parameters of equation (7) for excess or deviation properties for 
the binary mixtures of 1,3-dioxolane (1) + monoalcohols (2) at 303.15K. 

Excess function Ao AI A2 (j 

1 ,3-dioxolane + methanol 
VEX 103 

-1.18037 0.29341 0.21420 0.00648 
fm3.mol-l 

f).ry X 103 
0.12407 -0.05029 -0.24601 0.00411 

/kg.m-l.s-1 
a·ex 10-3 

0.90054 -0.28662 -1.11756 0.01869 
fJ.mol-1 :it 

fjKs x 1012 
-542.5 -65.4 -355.9 0.1 

Pa-l 
1,3-dioxolane +ethanol 

VEX 103 -0.11914 0.10135 0.00179 
fm3.mol-1 

f).ry X 103 
-0.59825 

/kg.m-l.s-1 
0.42012 -0.86330 0.00029 

G*Ex 10-3 
-1.77518 1.23789 -3.14322 0.01421 

fJ.mol-1 
fjKs X 1012 

-242.8 146.7 -44.9 1.1 
Pa-l I 

1,3-dioxolane + !-propanol -J. 
VEX 103 0.55476 0.16595 -0.55390 0.00357 

fm3.mol- 1 
f).ry X 103 

-1.67833 0.61688 -0.86578 0.00313 
fkg.m- 1.s-l 
G·E X 10-3 

-3.35532 -0.22204 -0.29213 0.01290 
fJ.mol- 1 

fjKs x 10 12 
3.6 85.6 -373.2 1.9 

Pa-I 
1,3-dioxolane + 2-:ero:eanol 

VEX 103 
0.88575 -0.25715 0.00628 

fm3.mol-l 
f).ry X 103 ! 

-1.81023 1.00486 0.88281 0.00265 ~ jkg_m-I.s-1 
G·E X 10-3 

-4.02077 0.91517 5.47182 0.01367 
/J.mol-1 

fjKs x 1012 
-123.4 105.4 72.8 1.5 

Pa-l 
1,3-dioxolane + 1-butanol 

VEx 103 
0.93948 -0.42461 0.40040 0.00583 

Lm3.mol-1 
Contd ... 

·~ 
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Excess Molar Volumes, Viscosity Deviations .... at 303.15 K 

_.. 
1177 X 103 

-2.80851 1.64517 -2.91633 0.00201 
jkg.m-l.s-1 
G*H X 10-3 

-3.41517 0.83967 -1.24054 0.02121 
fJ.mol-1 

L1Ks X 1012 
32.9 -42.8 1.7 

Pa-l 
1,3-dioxolane + 2-butanol 

VEX 103 
1.52385 -0.65650 0.96778 0.00052 

jm3.mol-l 
l177 X 103 

-2.94697 2.02543 0.74317 0.00035 
~ jkg.m-l.s-1 

G*HX 10-3 
-4.55415 

fJ.mol-1 
2.05980 0.49414 0.02744 

L1K8 x 1012 
28.8 -147.2 4.1 

Pa-l 
1,3-dioxolane + t-butanol 

VEX 103 
1.85435 

jm3.mol-1 -0.46020 0.39839 0.00639 

l177 X 103 
-4.23108 

fkg.m-l.s-1 
3.23501 -3.59752 0.00123 

G*EX 10-3 
-5.28143 1.27430 -0.54361 0.03782 

fJ.mol-1 
~ L1K8 X 1012 

-154.1 111.2 48.3 1.7 
Pa-l 

1 ,3-dioxolane + iso- amyl alcohol 
VEX 103 

1.19788 -0.22010 0.15846 0.01055 
fm3.mol-l 
l177 X 103 

-3.06573 1.53808 0.46358 0.00804 
fkg.m-1.s-1 
G*E X 10-3 

-1.79697 0.58402 2.77346 0.01795 
fJ.mol-1 

L1K8 x 1012 
95.2 -118.3 -88.9 0.8 

Pa-l .. 
·_y 
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Figure 1. 

Plots of excess molar volume ( V E) versus mole fraction of I ,3-dioxolane (x1) at 

303.15K for binary mixtures of 1 ,3-dioxolane with methanol ( • ), ethanol (o), 1-

propanol (.A), 2-propanol (x), !-butanol (0), 2-butanol (•), t-butanol (•) and i-amyl 

alcohol(~). 
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Figure 2. 

Plots of viscosity deviations ( Llry ) versus mole fraction of 1,3-dioxolane (x1) at 

303.15K for binary mixtures of 1,3-dioxolane with methanol ( • ), ethanol (o), 1-

propanol (.&), 2-propanol (X), 1-butanol (0), 2-butanol (•), t-butanol (•) and i-amyl 

alcohol (~). 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Mole fraction of 1 ,3-dioxolane (x
1
) 

Plots of Gibbs excess free energy of activation for viscous flow ( o*E) versus mole 

fraction of 1,3-dioxolane (x1) at 303.15K for binary mixtures of 1,3-dioxolane with 

methanol ( • ), ethanol (o), 1-propanol (_.), 2-propanol (X), 1-butanol (0), 2-butanol 

(•), t-butanol (•) and i-amyl alcohol (M. 
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Figure 4. 

Plots of Excess Isentropic compressibility ( LlK.\.) versus mole fraction of 1,3-

dioxolane (x1) at 303.15K for binary mixtures of 1,3-dioxolane with methanol ( • ), 

ethanol (o), 1-propanol (A), 2-propanol (X), 1-butanol (0), 2-butanol (•), t-butanol 

(•) and i-amyl alcohol (~). 
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+ CHAPTER IX 

Ion-Solvent and Ion-Ion interactions of Sodium Molybdate in 
Aqueous Binary Mixtures of 1,4-Dioxane at Different 

Temperatures* 

9.1. Introduction 

Partial molar volumes of electrolytes at infinite dilution· provide valuable 

information about ion-ion, ion-solvent and solvent-solvent interactions,l-3 

This information is of fundamental importance for a proper understanding of 

the behaviour of electrolytes in solution. Measurement of ultrasonic speeds 

of the solutions also helps in this regard. Recently, we have undertaken a 

comprehensive program to study the solvation and association behaviour of 

some electrolytes3, 4 in different aqueous and non-aqueous solvent media 

from the measurement of vario';ls transport and thermodynamic properties. 

Aqueous 1,4-dioxane is an important mixed solvent for a number of 

separation processes and solution studies,s because of its wide-ranging 

relative permittivity (2.2 to 78.3 at 298.15 K). In this chapter, an attempt has 

been made to reveal the nature of various types of interactions prevailing in 

solutions of sodium molybdate in aqueous 1,4-dioxane mixtures from 

volumetric, viscometric and acoustic measurements at 303.15, 313.15 and 

323.15 K and at various electrolyte concentrations. Partial molar volumes 

(LlV
10
2l and viscosity B-coefficients (LIB) of transfer from water to aqueous 

1,4-dioxane mixtures were determined and are discussed in terms of ion

solvent interactions. Partial molar volumes at infinite dilution have been 

fitted to a second order polynomial equation in terms of temperature and the 

structure-making or breaking capacity of the electrolyte has been inferred 

from the sign of (o2Vq,0 I oT2
) p. Also, adiabatic compressibility of different 

solutions has been determined from the measurement of ultrasonic speeds 

of sound at 303.15 K. 

*Accepted for publication in Physics and Chemistry of liquids 
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Ion-Solvent and Ion-Ion Interactions ... at Different Temperatures 

9.2. Experimental Section 

9.2.1 Materials 

1, 4-dioxane (Merck, India) was held for several days over potassium 

hydroxide (KOH), refluxed for 24 h, and distilled over lithium aluminium 

hydride (LiAlH4). Details have been described earlier.s Dou~ly distilled, 

degassed and deionised water with a specific conductance of 1x10-6 ohm-1 

cm-1 was used. Sodium molybdate (Na2Mo04.2H20), NICE, India was purified 

by recrystallizing twice from conductivity water and was dried in a vacuum 

desiccator over P20s for 24 hours before use. Experimental density (p0 ) and 

viscosity (170 ) values of pure 1,4-dioxane and different aqueous 1,4-dioxane 

mixtures ;:tt 303.15 K, 313.15 K and 323.15 K are reported in Table 1 and 

are compared with earlier literature values. a. s. 6 

9.2.2 Apparatus and procedures 

Densities were measured using an Ostwald-Sprengel type pycnometer having 

a bulb volume of 25 cm3 and an internal capillary diameter of ca. 0.1 em. 

The pycnometer was calibrated at 303.15 K, 313.15 K and 323.15 K with 
• 

doubly distilled water and benzene. The pycnometer with the test solution 

was equilibrated in a water bath maintained at ± 0.01 K of the desired 

temperatures. The pycnometer was then removed from the thermostatic 

bath, properly dried, and weighed. Adequate precautions were taken to avoid 

evaporation losses during the time .of actual measurements. An average of 

triplicate measurements was taken into account. Mass measurements 

accurate to ± 0.01 mg were made on a digital electronic analytical balance 

(Mettler, AG 285, Switzerland). The total uncertainty of density is ± 0.0001 g 

cm-3 and that of the temperature is± 0.01 K. 

Viscosity was measured by means of a suspended Ubbelohde type 

viscometer, which was calibrated at 303.15 K, 313.15 K and 323.15 K with 

triply-distilled water and purified methanol using density and viscosity 

values from the literature. Flow times were accurate to ± 0.1s, and the 

uncertainty in the viscosity measurements, based on our work on several 

pure liquids, was within± 0.03% of the reported value. Ultrasonic speeds of 

sound for the solutions were determined at 298.15 K by a multi-frequency 

ultrasonic interferometer working at 2 MHz with an uncertainty of.± 0.2 
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Ion-Solvent and Ion-Ion Interactions ... at Different Temperatures 

m s-1, as described earlier.9 Details of the methods and techniques of density 

and viscosity measurements have been described earlier.s. 9 

The electrolyte solutions studied here were prepared by mass and the 

conversion of molality to molarity was accomplished3 using experimental 

density values. Experimental values of concentrations (c), densities ( p ), 

viscosities ( 77), and derived parameters at various temperatures are reported 

in Table 2. 

9.3. Results and discussion 

Apparent molar volumes ( V¢) were determined from solution densities 

using the following equation:3 

V = M _ 1000 .( p - p 0 ) 

¢ Po cpo 
(1) 

where M is the molar mass of the solute, · c the molarity of the 

solution, p0 and p the densities of the solvent and solution, respectively. The 

limiting apparent molar volumes or partial molar volumes ( V¢0
) at infinite 

dilution were calculated using a least-squares treatment of plots of 

V¢ versus..[; together with the Masson equation:6 

(2) 

where 'V,p0 is the partial molar volume at infinite dilution and s; the 

experimental slope. Values of 'V,p0 and s; along with their standard errors are 

reported in Table 3. Table 3 shows that 'V,p0 values are generally positive and 

increase with a rise in both temperature and amount of 1,4-dioxane in the 

ternary mixtures. This indicates the presence of strong ion-solvent 

interactions and these interactions are further strengthened at higher 

temperatures and higher mass% of 1,4-dioxane in the mixtures, suggesting 

larger electrostriction at higher temperatures and increased amount of cyclic 

diether. However, in the case of water, V¢0 values are positive and decrease 

with increase in temperature. This may be attributed to a slow 

desolvation7•1o and thermal agitation at higher temperature. A perusal of 

Table 3 also reveals that s; values are negative for all the solutions and at 
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all experimental temperatures and s; values decrease as the temperature of 

the solutions and amount ~f 1,4-dioxane in the mixtures increases. Since s; 
is a measure of ion-ion interactions, the results indicate the presence of 

weak ion-ion interactions in the solutions at all experimental temperatures 

and these interactions further decrease with a rise in temperature and 

mass% of 1,4-dioxane in the solutions. This is probably due to more violent 

thermal agitation at higher temperatures and lower dielectric constants of 

the aqueous 1,4-dioxane mixtures, resulting in a diminishing force of ion-ion 

interactions (ionic dissociation).ll However, these interactions increase in 

water at higher temperatures, which results in a decrease in hydration of 

ions, i.e. more and more solute in accommodated in the void space left in the 

packing of water molecules. 11 

Partial molar volumes ( V¢0
) at infinite dilution were fitted to a second order 

polynomial in terms of absolute temperature ( T}: 

V;o ·= ao +arT + a2T2 (3) 

Values of the coefficients a0 , a 1 , and a2 for different sodium molybdate 

solutions along with their standard errors (a) are reported in table 4. From 

the values of coefficients the following equations were obtained: 

For 10 mass% 1,4-dioxane + 90% water solutions 

~o =-30891.740/cm3 mor1 +194.809T/cm 3 mor1 -0.305T2/cm 3 mor1 (4) 

For 20 mass% 1,4-dioxane + 80% water solutions 

V¢0 = -13694.068/cm3 mol-1 +86.613T/cm3 mor1 + 0.134T2/cm 3 mol-1 (5) 

For 30 mass% 1,4-dioxane + 70% water solutions 

V¢0 = 6943.536/cm3 mor1 
- 46.374T/cm3 mor1 + 0.080T2 /cm3 mor1 (6) 

For 100 mass% water solutions 

(7) 
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The partial molar expansibilities ( ¢~) at infinite dilution can be obtained by 

differentiating equation (3) with respect to temperature: 

¢~ = (oV¢0 fort= a1 + 2a2T (8) 

Values of ¢~ for different solutions of the studied electrolyte at 303.15 K, 

313.15 K and 323.15 K are reported in Table 5. It is found from Table 5 that 

the values of ¢~decrease with a rise in temperature as well as an increase in 

the amount of 1,4-dioxane in the mixtures up to 20 mass% of 1,4-dioxane, 

however, for 30 mass% of 1,4-dioxane mixtures, the solutions behave in an 

opposite manner. For aqueous solutions of sodium molybdate, the same 

trend as observed for the 10 mass% and 20 mass% of 1,4-dioxane solutions 

was observed. This can be ascribed to the absence of caging or packing 

effect.u,12 According to Hepler,I3 the sign of (c5 2V',p0 I c5T2 )p is a better criterion 

than s; in characterizing the long-range structure-making and breaking 

capacity of electrolytes in solution. The general thermodynamic expression 

used is: 

(9) 

If the sign of(o2V;0 1 oT2
) pis positive, the electrolyte is a structure-maker and 

when the sign of(o2V;0 /oT 2 ))s negative, it is a structure-breaker. As is 

evident from Table 5, the electrolyte under investigation ·is a structure

breaker in all the experimental solvent mixtures except 30 mass% 1,4-

dioxane solutions. 

Viscosity data of solutions of sodium molybdate in 10 mass%, 20 mass% 

and 30 mass% 1,4-dioxane + water mixtures as well as pure water have 

been analyzed using the Jones-Dolel4 equation; 

(10) 

(II) 

where 170 and 17 are the viscosities of solvent,/ solvent mixtures and 

solution, respectively. The coefficients A and B were estimated by a least

squares method and are reported in Table 6. A perusal of Table 6 shows that 
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value of the A -coefficients are negative for all the solutions under 

investigation at all temperatures. These results indicate the presence of weak 

ion-ion interactions, and these interactions decrease with an increase in the 

amount of 1, 4-dioxane to the mixture. 

The B -coefficientls reflects the effects of ion-solvent interactions on solution 

viscosity. The viscosity B -coefficient is a valuable tool to provide information 

concerning the solvation of solutes and their effects on the structure of the 

solvent in the near environment of solute molecules or ions. Table 6 

indicates that values of the B ~coefficient of sodium molybdate in the studied 

solvent systems are positive thereby suggesting the presence of strong ion

solvent interactions, and these types of interactions are strengthened with a 
rise in both temperature and mass% of 1,4-dioxane in the solutions. Similar 

results were reported earlier by us for resorcinol in aqueous 1, 4-dioxane 

mixtures3 as described in chapter V. 

A number of studiesl6, 17 report that dB/dTis a better criterion for 

determining the structure-making/ breaking nature of any solute rather 

than the B -coefficient. Table 6 indicates that values of the B -coefficients 

increase with a rise in temperature (positivedB/dT ), suggesting the 

structure-breaking tendency of sodium molybdate in the studied solvent 

systems. A similar result has been reported in a studyia of the viscosity of 

various salts in propionic acid + ethanol mixtures. 

The adiabatic compressibility (,8) was evaluated from the following equation: 

fJ -2 -1 =u p (12) 

where pis the solution density and u is the sound speed in the solution. 

The apparent molal adiabatic compressibility ( ¢K) of the solutions was 

determined from the relation, 

M,B J000(,8p 0- floP) 
¢K = -- + -----'--

Po mppo 
(13) 

where f3o . f3 are the adiabatic compressibility of the solvent and 

solution, respectively and m is the molality of the solution. Limiting partial 

molal adiabatic compressibilities ( ¢~) and experimental slopes ( s;) were 
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obtained by fitting ¢K against the square root of molality of the electrolyte 

( rm ) using the method of least squares. 

¢K = ¢~ +s;rm (14) 

Values of m, u, f3, ¢K, ¢~and s; are presented in Table 7. A perusal of 

Table 7 shows that ¢~values are positive and s; values are negative for all 

the ternary solutions. Since the values of ¢~ and S~ are measures of ion

solvent and ion-ion interactions, respectively, the results. are in good 

agreement with those drawn from the values of V¢0 and s; discussed earlier. 

Partial molar volumes ( .JV¢0
) and viscosity B -coefficients (LiB) of transfer 

from water to aqueous 1,4-dioxane solutions have been determined using 

the relationsi9, 2o. 

.JV¢0 = V¢0 (Aqueous 1,4- dioxane solution)- V¢0 (Water) 

L1B = B (Aqueous 1,4- dioxane solution)- B (Water) 

(15) 

(16) 

The value of .JV¢0 is by definition free from ion-ion interactions and therefore 

provides information regarding ion-solvent interactions.I9 As can be seen 

from figure 1, the value of .JV¢0 is negative at 303.15 K for 10 mass% of 1,4-

dioxane solution but becomes positive at higher temperatures. L1 V¢0 is positive 

and increases monotonically with mass% of 1,4-dioxane in the remaining 

mixtures. These results further confirm the presence strong ion-solvent 

interactions in the chosen solvent mixtures for sodium molybdate. 

LiB values2o shown in Table 8 and figure 1 also support the results obtained 

from .JV¢0 values. 

9.4. Conclusion 

In summary, the values of ~0 and viscosity B- coefficients obtained for the 

solutions indicate the presence of strong ion-solvent and weak ion-ion 

interactions. Furthermore, sodium molybdate was found to be a structure 

breaker in all the aqueous 1 ,4-dioxane mixtures except aqueous 30 mass% 

1,4-dioxane mixture. 
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Table 1. 

Physical properties of pure 1, 4-dioxane and 1, 4-dioxane + water mixtures at 

different temperatures. 

Temperature P fg.cm-3 77 /mPa.s 

(K) This work Literature This work Literature 

10 mass% of 1,4-dioxane +water 
303.15 1.0058 1.0058 3 1.0320 1.0321 3 

313.15 1.0041 1.0048 3 1.0015 1.0014 3 

323.15 0.9973 0.9973 3 0.6895 0.6895 3 

20 mass% of 1,4-dioxane +water 
303.15 1.0148 1.0148 3 1.2014 1.2014 3 

313.15 1.0100 1.0100 3 1.0,186 1.0186 3 

323.15 1.0033 1.0033 3 0.8787 0.8787 3 

30 mass% of 1,4-dioxane +water 
303.15 1.0202 1.0202 3 1.3977 1.3977 3 

313.15 1.0162 1.0162 3 1.2493 1.249~ 3 

323.15 1.0103 1.0103 3 1.0755 1.0755 3 

Pure 1, 4-dioxane 
303.15 1.0199 1.0222 5 1.0886 1.0937 5 

313.15 1.0144 1.0143 6 0.9785 0.9783 6 
323.15 1.0027 1.0032 6 0.8441 0.84436 
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Table 2. 
~ Concentration (c), density (p), viscosity (17), apparent molar volume (V¢), 

and (17 I 17o -1)/ Fc of sodium molybdate in water and aqueous 1, 4-dioxane 

mixture at different temperatures. 

c p 17 v¢ (17 /170 -1) 
/mol .dm-3 fg .cm-3 /mPa.s fcm3 .mol-l Fc 

10 mass% of 1,4-dioxane +Water 

T= 303.15 K 
0.0241 1.0086 1.0336 125.042 0.0103 
0.0321 1.0099 1.0356 113.565 0.0195 

* 0.0561 1.0140 1.0433 95.230 0.0464 
0.0723 1.0170 1.0491 86.538 0.0617 
0.0883 1.0197 1.0555 84.045 0.0767 
0.1003 1.0218 1.0606 81.953 0.0875 

T= 313.15 K 
0.0240 1.0057 1.0041· 174.568 0.0168 
0.0319 1.0066 1.0073 162.912 0.0325 
0.0559 1.0096 1.0172 142.974 0.0664 
0.0719 1.0123 1.0244 127.380 0.0854 
0.0878 1.0148 1.0320 119.592 0.1029 
0.0998 1.017 1.0382 112.231 0.1159 

T= 323.15 K i 
I 
I 

0.0238 0.9990 0.6986 170.983 0.0856 I 
0.0318 1.0000 0.7036 157.469 0.1144 ~-

' 
0.0556 1.0035 0.7193 . 130.792 0.1836 
0.0716 1.0065 0.7301 113.765 0.2201 
0.0874 1.0094 0.7413 103.786 0.2544 
0.0993 1.0119 0.7498 95.178 0.2774 

20 mass% of 1 ,4-dioxane + Water 
T= 303.15 K 

0.0244 1.0168 1.2032 157.650 0.0096 
0.0326 1.0177 1.2090 150.762 0.0349 
0.0570 1.0212 1.2257 127.778 0.0846 
0.0733 1.0238 1.2379 117.429 0.1123 
0.0896 1.0268 1.2523 106.446 0.1416 
0.1018 1.0293 i.2625 98.062 0.1595 

T=313.15K 
0.0243 1.0115 1.0226 178.437 0.0250 ~ 
0.0325 1.0125 1.0282 163.393 0.0521 
0.0567 1.0160 1.0440 134.782 0.1046 
0.0729 1.0187 1.0553 121.394 0.1333 
0.0891 1.0219 1.0679 107.319 0.1621 
0.1013 1.0247 1.0778 95.878 0.1825 

T= 323.15 K 
0.0242 1.0047 0.8831 183.493 0.0321 
0.0323 1.0057 0.8881 167.095 0.0595 
0.0564 1.0094 0.9064 133.354 0.1326 

Contd ... 

·:t· 
186 



~~h •. _: :•. ~ ;· 'i 
··~:' 

Ion-Solvent and Ion-Ion Interactions ... at Different Temperatures 

+ 0.0724 1.0122 0.9189 118.630 0.1698 
0.0886 1.0156 0.9325 102.785 0.2056 
0.1006 1.0179 0.9435 96.502 0.2324 

30 mass% of 1,4-dioxane + Water 
T= 303.15 K 

0.0228 1.0222 h4013 151.177 0.0172 
0.0304 1.0233 1.4079 137.205 0.0419 
0.0532 1.0271 1.4304 110.028 0.1015 
0.0684 1.0306 1.4465 88.123 0.1334 
0.0835 1.0340 1.4639 75.162 0.1640 
0.0950 1.0366 1.4781 67.946 0.1866 

T= 313.15 K 

~ 0.0227 1.0176 1.2553 177.402 0.0321 
0.0303 1.0184 1.2622 166.643 0.0595 
0.0530 1.0217 1.2874 135.974 0.1326 
0.0680 1.0246 1.3046 116.533 0.1698 
0.0830 1.0276 1.3233 102.933 0.2056 
0.0944 1.0301 1.3385 93.194 0.2324 

T= 323.15 K 
0.0225 1.0113 1.0790 195.492 0.0220 
0.0301 1.0122 1.0859 177.004 0.0559 
0.0527 1.0158 1.1087 136.183 0.1346 
0 .. 0677 1.0190 1.1254 112.285 0.1783 
0.0826 1.0227 1.1421 90.893· 0.2154 
0.0939 1.0253 1.1582 81.367 0.2510 

* 
Pure water 

·; T= 303.15 K 
0.0241 0.9990 0.8028 105.474 0.0444 
0.0322 1.0006 0.8083 90.164 0.0769 
0.0563 1.0063 0.8262 53.905 0.1530 
0.0723 1.0105 0.8395 37.408 0.1967 
0.0884 1.0150 0.8542 23.726 0.2401 
0.1004 1.0189 0.8654 10.921 0.2695 

T= 313.15 K 
0.0240 0.9956 0.6577 101.072 0.0465 
0.0321 0.9970 0.6625 93.144 0.0815 
0.0561 1.0014 0.6781 78.570 0.1625 
0.0720 1.0044 0.6878 73.075 0.1986 
0.0879 1.0078 0.6988 64.982 0.2368 

~-
0.0963 1.0096 0.7059 61.746 0.2613 

T= 323.15 K 
0.0239 0.9923 0.5547 67.015 0.0931 
0.0319 0.9937 0.5586 67.201 0.1209 
0.0558 0.9980 0.5704 65.308 0.1829 
0.0717 1.0009 0.5793 64.192 0.2222 
0.0876 1.0038 0.5873 63.482 0.2500 
0.0959 1.0053 0.5920 63.350 0.2667 
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Table 3. Jf ' 

Limiting apparent molar volumes ( V~0 ) and experimental slopes (S;) for 

sodium molybdate in different aqueous1,4-dioxane mixtures at different 

temperatures. Standard errors are given in parenthesis. 

Mass% vo 
~ 

s· v 

of Lcm3.mol-I fcm2.dmi/2.mol-3/2 

1 ,4-dioxane 303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K 

193.96 138.28 71.53 -578.82 -246.92 -26.77 ~-
0 (Water) 

(± 0.013) (± 0.013) (± 0.011) (± 0.022) (± 0.015) (± 0.013) 

162.66 232.88 242.16 -267.93 -384.50 -470.70 
10 

(± 0.014) (± 0.012) (± 0.013) (± 0.011) (± 0.021) (± 0.014) 

215.91 254.04 265.30 -366.91 -498.57 -542.25 
20 

(± 0.012) (± 0.013) (± 0.012) (± 0.014) (± 0.013) (± 0.011) 

231.96 260.93 305.89 -538.69 -547.73 -740.63 
30 

(± 0.011) (± 0.015) (± 0.012) (± 0.013) (± 0.014) (± 0.012) 

~ 

Table 4. 

Values of the coefficients of equation (3) for sodium molybdate in different 

aqueous 1,4-dioxane mixtures. 

Mass% of ao al a2 

1,4-dioxane fcm3.mol-I fcm3.mol-l fcm3.mol-l 

0 (water) -3372.559 28.544 -0.055 

10 -30891.740 194.809 -0.305. "•j' 

20 -13694.068 86.613 -0.134 

30 6943.536 -46.374 0.080 
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Table 5. 

Limiting partial molar expansibilities ( ¢~) for sodium molybdate in various 

aqueous 1,4-dioxane mixtures at different temperatures. 

Mass% ¢~I cm3.mol-l.K-I (i;), of 
1,4-dioxane 303.15 K 313.15 K 323.15 K 

0 (Water) -4.802 -5.902 -7.002 Negative 

10 9.887 3.787 -2.312 Negative 

20 5.187 2.501 -0.185 Negative 

30 2.069 3.667 5.265 Positive 

Table 6. 

Values of A and B coefficients for sodium molybdate in different aqueous 

1,4-dioxane mixtures at different temperatures. Standard errors are given in 

parenthesis. 

Mass% A 1 cm3/2 .mol-1/2 B lcm3 .mol-l 
of 

1 ,4-dioxane 303.15 K 313.15K 323.15 K 303.15 K 313.15K 323.15 K 

0 (Water) -0.172 -0.162 -0.079 1.384 1.356 1.116 

(± 0.011) (± 0.012) (± 0.021) (± 0.012) (± 0.013) (± 0.011) 

10 -0.065 -0.077 -0.098 0.478 0.608 1.192 

(± 0.011) (± 0.013) (± 0.012) (± 0.011) (± 0.012) (± 0.014) 

20 -0.132 ~0.122 -0.0161 0.909 0.953 1.236 

(± 0.011) (± 0.023) (± 0.012) (± 0.011) (± 0.012) (± 0.021) 

30 -0.145 -0.162 -0.195 1.071 1.278 1.439 

(± 0.011) (± 0.014) (± 0.013) (± 0.015) (± 0.022) (± 0.011) 

189 



Ion-Solvent and Ion-Ion Interactions ... at Different Temperatures 

Table 7. 

Molality (m), density (p), sound speed (u), adiabatic compressibility (,B), partial 

molal adiabatic compressibility UPK ), Limiting partial adiabati~ compressibility 

(¢~),and experimental slope (S~) of sodium molybdate in different ~queous 1,4-

dioxane mixtures at 303.15 K. Standard errors are given in parenthesis. 
~ 

m u {J X 1010 ¢K X 1010 ¢~X 1010 s~ x 1oio 
(mol kg- (m s- 1) (Pa-1) (m3 mol-l Pa-l) (m3 mol-l Pa-l) (m3 mol-3/2 Pa-l 

1) k 1/2 
10 mass% of 1 ,4-dioxane + Water 

0.0240 1530.1 4.2349 -1.134 
0.0320 1532.5 . 4.2160 -1.353 
0.0561 1541.5 4.1504 -1.807 0.051 -7.770 
0.0724 1548.5 4.1006 -2.034 (± 0.012) (± 0.024) 
0.0884 1557.2 4.0442 -2.224 
0.1005 1564.9 3.9963 -2.416 ~· 

20 mass% of 1,4-dioxane +Water 
0.0242 1572.2 3.979 0.390 

. 0.0323 1573.2 3.970 1.650 
0.0567 1577.0 3.977 -3.080 1.599 -7.901 
0.0729 1580.3 3.911 -5.240 (± 0.011) (± 0.013) 
0.0891 1584.5 3.879 -7.450 
0.1013 1588.6 3.850 -9.200 

30 mass% of 1, 4-dioxane + Water 
0.0224 1579.9 3.919 0.400 
0.0299 1580.4 3.913 0.182 t 

0.0524 1584.1 3.880 -0.380 1.756 -9.159 
0.0674 1586.4 3.855 -0.640 (± 0.024) (± 0.011) 
0.0824 1590.0 3.826 -0.864 
0.0937 1593.4 3.799 -1.030 ~' 

Pure Water 
0.0243 1510.2 4.389 -2.960 
0.0324 1515.0 4.354 -3.250 
0.0567 1529.9 4.246 -3.770 -1.454 -9.829 
0.0729 1542.7 4.158 -4.150 (± 0.012) (± 0.011) 
0.0891 1555.8 4.070 -4.410 
0.1012 1564.9 4.008 -4.540 
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,-' 

J Table 8. 

Partial molar volumes ( LIV
111
°) and viscosity B -coefficients ( LJB) of transfer from 

water to different aqueous 1,4-dioxane mixtures for sodium molybdate at 
different temperatures. 

A 
Mass% 

of vo L1Vo B LJB ¢ ¢ 

1 ,4-dioxane 

303.15 K 

0 (Water) 193.96 (± .0.013) 0.00 1.384 (± 0.012) 0.00 

10 162.66 (± 0.014) -31.30 0.4 78 (± 0.0 11) -0.906 

20 215.91 (± 0.012) 21.95 0. 909 (± 0.0 11) -0.475 

30 231.96 (± 0.011) 38.00 1.071 (±0.015) -0.313 

·* 313.15K 

0 (Water) 138.28 (± 0.013) 0.00 1.356 (± 0.0 13) 0.00 

10 232.88 (± 0.0 12) 94.60 0.608 (± 0.0 12) -0.748 

20 254.04 (± 0.013) 115.76 0.953 (± 0.012) -0.403 

30 260.93 (± 0.015) 122.65 1.278 (± 0.022) -0.078 

323.15 K 

0 (Water) 71.53 (± 0.011) 0.00 1.116 (± 0.011) 0.00 

-- 10 242.16 (± 0.0 13) 170.63 1.192 (± 0.014) 0.076 

20 265.30 (± 0.0 12)· 193.77 1.236 (± 0.021) 0.120 

30 305.89 (± 0.0 12) 234.36 1.439 (± 0.0 11) 0.323 
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CHAPTER X 

Studies on Excess Molar Volumes and Viscosity 

Deviations of Binary Mixtures of Butylamine and N, N

dimethylformamide with Some Alkyl Acetates at 298.15 K* 

1 0.1. Introduction 

Studies on thermodynamic and transport properties are "important in 

understanding the nature of molecular interactions in binary liquid 

mixtures. These properties are extremely useful for designing many types of 

transport and process equipment in chemical industries. There has been a 

recent upsurge of interest1• 2 in the study of thermodynamic properties of 

binary liquid mixtures. These have been extensively used to obtain 

information on intermolecular interactions and stereo chemical effects in 

these systems. BA and DMF are versatile solvents used in the separation of 

saturated and unsaturated hydrocarbons and in pharmaceutical synthesis, 

and serve as solvents for many polymers.3 In this chapter we report 

experimental data for density ( p) and viscosity ( 17) of the following mixtures 
I 

at 298.15 K: butylamine (BA) or N, N- dimethylformamide (DMF) + methyl 

acetate (MA), ethyl acetate (EA), butyl acetate (BUA), and iso-amyl acetate 

(AA). Using these data, excess molar volume (VE), viscosity deviation (Ll77), 

Grunberg- Nissan (d12 ), Tamura- Kurata (~2 ), and Hind (H12 ) interaction 

parameters have been calculated. These results have been fitted to Redlich

Kister type polynomial equations to estimate the binary coefficients and 

standard errors between the experimental and calculated values. 

1 0.2. Experimental Section 

1 0.2.1 Mater:ials 

Butylamine (S. D. Fine Chern, minimum assay GLC, 98%) was stored 

over sodium hydroxide pellets for several days and fractionally distilled 

twice.4 N, N- dimethylformamide (S. D. Fine Chemicals, AR, purity>99%) 

was purified by the method described by Y. Zhao et al.s Methyl, ethyl, butyl 

and iso-amyl acetates (S. D. Fine Chemicals, AR, purity>99%) were used. 

Methyl acetate was washed with· saturated solution of NaCl, dried with 

*Published in Indian Journal of Chemistry, Sec-A 
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anhydrous MgCb, and then distilled. Ethyl acetate was dried over K2C03, 

filtered, and distilled, and the first and the last portions of the distillate were 

discarded. The entire middle fraction was then distilled over P20s. Butyl 

acetate and iso-amyl acetate were purified by drying over CaCOJ overnight, 

filtered, and freshly distilled. The densities and viscosities of the solvents at 

298.15 K were in good agreement with the literature values s-s as given in 

Table 1 and the purity of the solvents used in the present study is expected 

to be about 99.5%. 

1 0.2.2 Apparatus and procedures 

Densities (p) at 298.15 K were measured with an Ostwald -Sprengel 

type pycnometer having a bulb volume of about 25 cm3 and the capillary of 

internal diameter of about 1 mm. The measurements were done in a 

thermostated bath controlled to ± 0.1 K. The viscosity was measured by 

means of a suspended Ubbelohde type viscometer, calibrated at 298.15 K 

with triply distilled water and purified methanol using density and viscosity 

values from the literature. The flow times were accurate to ± 0.1s, and the 

uncertainty in the viscosity measurements, based on our work on several 

pure liquids, was ± 2 x 10-4 mPa.s. The details of the methods and 

techniques have been described earlier.9-u The mixtures were prepared by 

mixing known volumes of pure liquids in airtight-stoppered bottles. The 

reproducibility in mole fraction was within ± 0.0002 units. The mass 

measurements accurate to ± O.Olmg were made on a digital electronic 

analytical balance (Mettler, AG 285, Switzerland). The precision of density 

measurements was± 3 x 10-4 g cm-3. 

1 0.3. Results and discussion 

1 0.3.1. Excess Molar Volume 

The experimental viscosities, densities, ~xcess volumes (VE), viscosity 

deviations (Llry) for the binary mixtures studied at 298.15 K are presented in 

Table 2. The excess molar volumes ( VE) were calculated using the equation, 

j 

VE = "'Lx1M 1(l/ p-I/ p;) (I) 
i=l 

where pis the density of the mixture and M 1 , x1 and p1 are the 

molecular weight, mole fraction and density of ith component in the mixture, 
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respectively. The estimated uncertainty for excess molar volumes ( VE) is ± 

0.005 cm3.mol- 1• From Table 2, it is observed that excess molar volumes (VE) 

for all the BA systems, except for that involving MA, are positive over the 

entire range of composition. The positive values of excess volumes (VE) for 

the three systems follow the order: 

BA + AA > BA + BUA > BA + EA 

The excess molar volumes ( V") for all the DMF systems are negative and 

their negative values follow the order: 

DMF + MA > DMF + EA> DMF + BUA > DMF + AA 

The negative values of excess molar volume ( VE) suggest specific 

interactions12, 13 between the unlike molecules in the systems while its 

positive values suggest dominance of dispersion forces12, 13 between them. 

Treszczanowicz et al.14 suggested that VE is the result of contributions from 

several opposing effects. These may be divided arbitrary into three types, 

namely, physical, chemical, and structural. Physical contributions 

contribute a positive term to VE. The chemical or specific intermolecular 

interactions result in a volume decrease and contribute negative values to 

VE. The structural contributions are mostly negative and arise from several 

effects, especially from interstitial accommodation and changes in the free 

volume. The actual volume change, therefore, depends on the relative 

strength of these effects. The negative values of excess molar volume ( VE) for 

all the mixtures studied may be attributed to dipole-induced dipole 

interactions between the unlike molecules in the binary mixtures through 

hydrogen bonding. The plots of excess molar volume ( VE) versus mole 

fraction ( x1 ) of BA or DMF for the binary mixtures are presented in figures 1 

and 2. It is evident from the values of VE that for both the binary systems, 

the degree of specific intermolecular interactions between unlike molecules 

in the binary mixtures decreases as the chain length of the alkyl acetate 

increases. The excess enthalpy values determined by Venkatesu et al.1s for 

DMF + EA and DMF + BUA mixtures also report similar results. 

1 0.3.2. Viscosity Deviation 

The deviation in viscosities ( t1ry) can be computed using the relationship, 

195 



Studies on Excess Molar Volumes and Viscosity Deviations ... at 298.15 K 

1 

il77 = 17- ~)X117;)' (2) 
1=1 

·· •.. ·here 17 is the dynamic viscosities of the mixture' and x1 , 771 are the 

mole fraction and viscosity of ith component in the mixture, respectively. The 

estimated uncertainty for viscosity deviation (Ll77) is ± 0.004 mPa.s. A 

perusal of Table 2 shows that the values of viscosity deviation ( Ll77) are 

negative over the entire composition range for all the binary mixtures 

studied and the negative values increase as the chain length of the alkyl 

acetates increases. It is observed in many systems that there is no simple 

correlation between the strength of the interactions and the observed 

properties. Rastogi et al.l6 th_erefore, suggested that the observed excess 

property is a combination of an interaction and a non-interaction part. The 

non-interaction part in the form of size effect can be comparable to the 

interaction part and may be sufficient to reverse the trend set by the latter. 

In general, the negative values imply the presence of dispersion forcesl7 in 

these mixtures; while positive values may be attributed to the presence of 

specific interactions. 17 The plots of viscosity deviation ( Ll77) versus mole 

fraction ( x1) for the different binary mixtures of BA and DMF have been 

presented in figures 3 and 4, respectively. The Ll77 values for all the binary 

mixtures studied supported the results obtained from the values of 

V 8 discussed earlier. 

;1 0.3.3. Correlation Equations 

Several semiempirical models have been proposed to estimate the 

dynamic viscosity ( 17 ) of the binCJIY liquid mixtures in terms of pure-

component data. 1a. 19 Some of these that we examined are as follows: 

Grunberg and Nissan2o have suggested the following logarithmic relation 

i 

I 
-.~ -.+· 

between the viscosity of the binary mixtures and the pure components: ~ 

j j 

17 = exp[_l)x1 ln771) + d12fl x1] (3) 
1=1 1=1 

where d12 is a constant proportional to the interchange energy. It may 

be regarded as an approximate measure of the strength of molecular 

interactions between the mixing components. 
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Tamura-Kurata21 put f01ward the following equation for the viscosity of the 

binary liquid mixtures: 

j j 

77 = "'Lx;r/J;711 + 21;2fl[x1¢1]
112 (4) 

i=l 1=1 

where 7'..2 is the interaction parameter and ¢1 is the volume fraction of 

ith pure component in the mixture. 

Molecular interactions may also be interpreted by the following viscosity 

model of Hind et al:22 

j j 

77 = LX,277, + 2Ht2IT X; (5) 
i=I i=I 

where H 12 is Hind interaction parameter, which may be attributed to 

unlike pair interaction.2s The values of Grunberg-Nissan interaction 

parameter ( d12 ), the values of interaction parameters 7'.. 2 and H 12 have been 

calculated as a function of the composition of the binary mixtures of BA and 

DMF with MA, EA, BUA and AA, and were presented in Table 3. 

From Table 3, it is- seen that the values of d12 are negative for all the binary 

systems studied, except for the mixtures of DMF + MA. The negative values 

of d12 indicate the presence of dispersion forces17 or weak specific interaction 

while its positive values indicate the presence of strong specific interactions17 

between the unlike molecules in the binary mixtures. Also for a given binary 

mixture, it has been observed that the values of 7'.. 2 and H 12 do not differ 

appreciably from each other. This is in agreement with the view put forward 

by Fort and Moore17 in regard to the nature of parameter 7'.. 2 and H 12 • 

The excess properties ( V E and Ll7J ) were fitted to the Redlich-Kister 

polynomial equation, 

k 

yt: =xtx2"'La;(xt -x2); (6) 
i=l 

where yE refers to excess properties and x1 and x2 are the mole fraction 

BA or DMF and other component, respectively. The coefficients, a,, were 

obtained by fitting equation (6) to experimental results using a least-squares 

regression method. In each case, the optimal number of coefficients was 

ascertained from an approximation of the variation in the standard deviation 
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(a). The calculated values of a; along with the tabulated standard deviations 

(a) are listed in Table 4. The standard deviation (a) was calculated using, 

(7) 

where n is the number of data points and m is the number of coefficients. 

From Table 4, it is observed that the fits were good as presented by the small 

values of standard deviation (a ) . 

In the eight binary mixtures studied, it is really interesting to note that 

VEand Li77have maXima/minima in the mole fraction range x1= 0.5 to 0.7 

(Table 2). This indicates that specific interaction between the component 

molecules is predominated by hydrogen bonding. The maximum/minimum 

points are clear indication of the highest point of interaction between the 

component molecules in the binary·mixtures. 

1 0.4. Conclusion 

In summary, the VE and Li77 values for the eight binary mixtures studied 

indicate that the degree of specific interactions between the mixing 

components decreases as the chain length of the alkyl acetates increases. 

This is in line with the concept of +!-effect of the alkyl groups of the alkyl 

acetates. 
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Table 1. 
Comparison of experimental density and viscosity of pure liquids with 
literature values at 298.15 K. 

Pure liquids 
p x 10-3 (kg.m-3) 1] (mPa.s) 

Exp. Lit. Exp. Lit. 

Butylamine 0.7319 0.7331 6 0.4934 0.496 7 

N, N- Dimethylfonnamide 0.9442 0.9440 5 0.8016 0.802 5 

Methyl Acetate 0.9261 0.9268 8 0.3798 0.384 8 

Ethyl Acetate 0.8941 0.894 8 0.4233 0.428 8 

Butyl Acetate 0.8744 0.8762 8 0.6684 0.674 8 

Iso- amyl Acetate 0.8660 0.8662 8 0.7822 0.781 8 
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-t- Table2. 
Values of density ( p), viscosity ( 17), excess molar volume ( V E), viscosity 
deviation ( ~17) for the binary mixtures of BA or DMF ( 1) with some alkyl 
acetates (2) at 298.15 K. 

Mole 
p X 10-3 VIi x 106 

~17 fraction 17 
(m3. mol-l) 

(xd 
(kg. m-3) (mPa.s) (mPa.s) 

BA (1) + MA (2) 
0 0.9261 0.3798 0 0 

0.1011 0.9032 0.3847 -0.090 -0.007 

-~ 
0.2020 0.8827 0.3889 -0.308 -0.014 
0.3027 0.8653 0.3942 -0.740 -0.020 ·-' 
0.4031 0.8501 0.4024 -1.330 -0.023 
0.5032 0.8352 0.4109 -1.894 -0.026 
0.6031 0.8191 0.4211 -2.270 -0.027 
0.7027 0.7998 0.4359 -2.200 -0.024 
0.8020 0.7776 0.4516 -1.685 -0.019 
0.9011 0.7535 0.4701 -0.770 -0.012 

1 0.7319 0.4934 0 0 
BA (1) + EA (2) 

0 0.8941 0.4233 0 0 
0.1180 0.8741 0.4059 0.070 -0.026 
0.2315 0.8546 0.3973 0.181 -0.042 
0.3405 0.8364 0.3923 0.240 -0.055 __, 0.4454 0.8188 0.3929 0.300 -0.062 
0.5464 0.8015 0.3967 0.431 -0.065 
0.6437 0.7860 0.4071 0.403 -0.061 
0.7376 0.7720 0.4192 0.259 -0.056 
0.8281 0.7588 0.4353 0.091 -0.046 
0.9156 0.7454 0.4591 0.010 -0.028 

1 0.7319 0.4934 0 0 
BA (1) + BUA (2) 

0 0.8744 0.6684 0 0 
0.1500 0.8570 0.6056 0.101 -0.036 
0.2842 0.8398 0.5618 0.269 -0.057 
0.4050 0.8235 0.5299 0.389 -0.068 
0.5143 0.8080 0.5081 0.469 -0.070 
0.6136 0.7931 0.4887 0.530 -0.072 

~ 
0.7043 0.7802 0.4786 0.391 -0.066 
0.7875 0.7680 0.4715 0.211 -0.059 
0.8640 0.7558 0.4714 0.100 -0.046 
0.9346 0.7439 0.4753 0.020 -0.029 

1 0.7319 0.4934 0 0 
BA (1) + AA (2) 

0 0.8660 0.7822 0 0 
0.1651 0.8493 0.6901 0.181 -0.044 
0.3080 0.8329 0.6290 0.400 -0.064 
0.4327 0.8171 0.5855 0.590 -0.072 
0.5427 0.8024 0.5512 0.680 -0.074 

Contd ... 
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0.6403 0.7885 0.5200 0.730 -0.077 ·4 
0.7275 0.7766 0.5003 0.539 -0.072 
0.8059 0.7650 0.4865 0.371 -0.063 
0.8768 0.7538 0.4778 0.210 -0.051. 
0.9412 0.7428 0.4780 0.090 -0.032 

1 0.7319 0.4934 0 0 
DMF (1) + MA (2) 

0 0.9261 0.3798 0 0 
0.1012 0.9292 0.4148 -0.112 -0.008 
0.2022 0.9320 0.4504 -0.193 -0.015 
0.3028 0.9347 0.4858 -0.275 -0.022 
0.4032 0.9372 0.5236 -0.331 -0.026 
0.5034 0.9393 0.5636 -0.349 -0.028 ~ 
0.6032 0.9412 0.6045 -0.357 -0.030 
0.7028 0.9425 0.6504 -0.312 -0.026 
0.8021 0.9435 0.6976 -0.242 -0.020 
0.9012 0.9438 0.7482 -0.117 -0.012 

1 0.9442 0.8016 0 0 
DMF (1) + EA (2) 

0 0.8941 0.4233 0 ' 0 
0.1181 0.8998 0.4567 -0.100 -0.011 
0.2316 0.9056 0.4896 -0.198 -0.021 
0.3406 0.9113 0.5232 -0.267 -0.029 
0.4456 0.9168 0.5591 -0.315 -0.033 
0.5466 0.9220 0.5955 -0.330 -0.035 
0.6439 0.9269 0.6339 -0.308 -0.033 

4 0.7377 0.9316 0.6737 -0.264 -0.029 
0.8282 0.9359 0.7153 -0.183 -0.021 
0.9156 0.9400 0.7573 -0.086 -0.012 

1 0.9442 0.8016 0 0 
DMF ( 1)+ BUA (2) 

0 0.8744 0.6684 0 0 
0.1501 0.8816 0.6705 -0.091 -0.018 
0.2843 0.8891 0.6761 -0.206 -0.030 
0.4051 0.8963 0.6849 -0.258 -0.037 
0.5144 0.9035 0.6955 -0.282 -0.041 
0.6138 0.9107 0.7082 -0.296 -0.042 
0.7045 0.9177 0.7247 -0.272 -0.037 
0.7876 0.9243 0.7431 -0.213 -0.030 
0.8641 0.9311 0.7612 -0.156 -0.022 
0.9346 0.9375 0.7797 -0.070 -0.013 -~ 

1 0.9442 0.8016 0 0 
DMF (1)+ BUA (2) 

0 0.8660 0.7822 0 0 
0.1652 0.8738 0.7649. -0.086 -0.020 
0.3081 0.8819 0.7531 -0.192 -0.035 
0.4329 0.8898 0.7483 -0.233 -0.042 
0.5429 0.8977 0.7469 -0.247 -0.046 
0.6404 0.9054 0.7481 -0.228 -0.046 

Contd ... 
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+ 0.7277 0.9133 0.7548 -0.213 -0.041 
0.8061 0.9210 0.7648 -0.172 -0.033 
0.8769 0.9287 0.7750 -0.118 -0.024 
0.9413 0.9363 0.7869 -0.046 -0.014 

1 0.9442 0.8016 0 0 

Table 3. 
Grunberg-Nissan interaction parameter (d12 ), Tamura- Kurata parameter 

(~2 ), and Hind parameter (H12 ) for the binary mixtures of BA or DMF (1) 
with some alkyl acetates (2) at 298.15 K. 

-j- XI dl2 ~2 H1z -
BA {1) + MA {2) 

0.1011 -0.1503 0.3997 0.4003 
0.2020 -0.1803 0.3927 0.3938 
0.3027 -0.1992 0.3874 0.3892 
0.4031 -0.1983 0.3855 0.3884 
0.5032 -0.2113 0.3806 0.3846 
0.6031 -0.2274 0.3746 0.3799 
0.7027 -0.2204 0.3733 0.3799 
0.8020 -0.2311 0.3677 0.3758 
0.9011 -0.2511 0.3591 0.3692 

BA (1) + EA {2} 

~ 
0.1180 -0.5774 0.3354 0.3349 
0.2315 -0.5554 0.3399 0.3397 . 
0.3405 -0.5715 0.3361 0.3361 
0.4454 -0.5778 0.3335 0.3336 
0.5464 -0.5996 0.3271 0.3274 
0.6437 -0.6001 0.3242 0.3247 
0.7376 -0.6343 0.3135 0.3142 
0.8281 -0.6945 0.2957 0.2967 
0.9156 -0.7623 0.2740 0.2753 

BA {1) + BUA (2) 
0.1500 -0.4148 0.4158 0.4381 
0.2842 -0.4302 0.4244 0.4410 
0.4050 -0.4532 0.4288 0.4406 
0.5143 -0.4726 0.4327 0.4402 
0.6136 -0.5349 0.4252 0.4284 

-~ 0.7043 -0.5768 0.4223 0.4212 
"• 0.7875 -0.6569 0.4104 0.4043 

0.8640 -0.7395 0.3977 0.3860 
0.9346 -0.9348 0.3605 0.3396 

BA {1) + AA {2) 
0.1651 -0.3566 0.4349 0.4768 
0.3080 -0.3572 0.4555 0.4869 
0.4327 -0.3674 0.4683 0.4918 
0.5427 -0.4026 0.4713 0.4882 
0.6403 -0.4918 0.4598 0.4700 

Contd ... 
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0.7275 -0.5633 0.4535 0.4567 4 
0.8059 -0.6612 0.4414 0.4367 
0.8768 -0.8218 0.4165 0.4012 
0.9412 -1.0605 0.3763 0.3457 

DMF (1) + MA (2) 
0.1012 0.1379 0.5514 0.5484 
0.2022 0.1204 0.5482 0.5451 
0.3028 0.0949 0.5425 0.5393 
0.4032 0.0825 0.5394 0.5361 
0.5034 0.0749 0.5372 0.5337 
0.6032 0.0595 0.5324 0.5286 
0.7028 0.0617 0.5327 0.5287 
0.8021 0.0560 0.5303 0.5261 
0.9012 0.0551 0.5294 0.5250 ~ 

DMF (1) + EA (2) 
0.1181 0.0046 0.5802 0.5582 
0.2316. -0.0133 0.5756 0.5526 
0.3406 -0.0254 0.5723 0.5479 
0.4456 -0.0257 0.5721 6.5461 
0.5466 -0.0313 0.5703 0.5427 
0.6439 -0.0321 0.5698 0.5405 
0.7377 -0.0330 0.5694 0.5383 
0.8282 -0.0295 0.5704 0.5376 
0.9156 -0.0388 0.5671 0.5322 

DMF (1) + BUA (2) 
0.1501 -0.1893 0.6940 0.6648 

-4· 0.2843 -0.1978 0.6945 0.6608 
0.4051 -0.2045 0.6955 0.6572 
0.5144 -0.2150 0.6949 0.6521 
0.6138 -0.2268 0.6938 0.6464 
0.7045 -0.2262 0.6969 0.6449 
0.7876 -0.2222 0.7008 0.6447 
0.8641 -0.2300 0.7007 0.6401 
0.9346 -0.2591 0.6938 0.6270 

DMF (1) + AA (2) 
0.1652 -0.1914 0.7440 0.7176 
0.3081 -0.2134 0.7416 0.7096 
0.4329 -0.2237 0.7444 0.7058. 
0.5429 -0.2395 0.7445 0.6996 
0.6404 -0.2616 0.7422 0.6909 .. 
0.7277 -0.2697 0.7448 0.6872 ~ 
0.8061 -0.2699 0.7496 0.6864 
0.8769 -0.2846 0.7494 0.6798 
0.9413 -0.3097 0.7460 0.6689 
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Table 4. 
·-t- Values of coefficients a, of equation (6) and their standard deviations (a) for 

the excess properties ( V": and /117) of the binary mixtures of BA or DMF (1) + 
some alkyl acetates (2) at 298.15 K. 

Binary Excess ' " 
mixture ErOEerty ao a I a2 a3 a 

V" X 106 -7.536 -10.229 2.901 8.387 0.011 
BA+MA 

11ry 
-0.104 -0.031 0.000 

i V" X 106 
1.535 1.144 -1.694 -2.644 0.034 

BA+EA 
11ry 

-0.255 -0.041 -0.017 -0.043 0.001 

vr; x 106 
1.940 1.047 -2.131 -1.934 0.030 

BA + BUA 
11ry 

-0.283 -0.035 -0.109 -0.084 0.001 

VEx 106 
2.685 1.678 -1.981 -2.086 0.029 

BA+AA 
!J.7] -0.297 -0.044 -0.184 -0.095 0.002 

-+. VEX 106 -1.425 -0.335 0.199 0.355 0.007 
DMF+MA 

117] 
-0.116 -0.030 -0.014 0.000 

V" X 106 -1.301 -0.275 0.163 0.203 0.002 
DMF+EA 

117] 
-0.136 -0.027 -0.263 0.000 

V"x 106 
-1.162 -0.376 0.264 0.009 

DMF + BUA 
11ry 

-0.164 -0.037 -0.069 -0.081 0.001 

~ 
V'' X 106 -0.984 -0.268 0.245 0.009 

DMF +AA 
11ry 

-0.182 -0.054 0.001 
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Figure 1. 

Plots of excess molar volume ( VE) versus mole fraction of BA ( x1) at 298.15K 

for binary mixtures of BA with MA (~). EA (.1.), BUA (o), AA (•). 
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Figure 2. 

Plots of excess molar volume (VE) versus mole fraction of DMF (xd at 

298.15K for binary mixtures of DMF with MA (A), EA (~), BUA (o), AA (•). 
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Figure 3. 

Plots of viscosity deviation (~77) versus mole fraction of BA (xJl at 298.15 K 

for binary mixtures of BA with MA (•), EA (~), BUA (o), AA (•). 
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Figure 4. Plots of viscosity deviation ( 1'177) versus mole fraction of DMF ( x1 ) at 

298.15K for binary mixtures of DMF with 1, MA (•), 2, EA (~), 3, BUA (o), 

4, AA (•). 
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CHAPTER XI 

Excess Molar Volume and Viscosity Deviations of Binary 
Liquid Mixtures of 1,3-Dioxolane and 1,4-Dioxane with 

Butyl acetate, Butyric Acid, Butylamine and 2-Butanol at 
298.15 K* 

11.1. Introduction 

Studies on thermodynamic and transport properties are important in 

understanding the nature of molecular interactions in binary liquid 

mixtures. Properties of the mixtures are useful for the designing many types 

of transport and process equipment in chemical industries. 1-5 1,4-dioxane, 

1,3-dioxolane and their binary liquid mixtures are important soJvents widely 

used in various industries. 1,4-dioxane and 1,3-dioxolane are cyclic diethers 

differing in one methylene group, thus they differs in quadrupolar and 

dipolar order.6 

In this chapter we report density and viscosity for {1,4-dioxane or 1,3-

dioxolane + butyl acetate, butyric acid, butylamine, 2-butanone} mixtures at 

298.15 K. From density and viscosity data, the values of excess molar 

volume ( VE) and viscosity deviation ( t177) have been determined. These 

results were fitted to Redlich-Kister type polynomial equations. The density 

and viscosity data have been analyzed for in term of some semi empirical 

viscosity models. 

11.2. Experimental Section 

11.2.1. Materials 

1,4-dioxane (Merck, India) was kept several days over potassium 

hydroxide (KOH), refluxed for 24 h, and distilled over lithium aluminium 

hydride (LiAlH4). Details have been described earlier.l 1,3-dioxolane (Merck, 

India) was purified by standard methods.7 It was refluxed with Pb02, 

fractionally distilled after addition of xylene. Butyl acetate, butyric acid, 

butylamine, 2-butanone (SD Fine Chemicals, Analytical Reagent, Purity > 

99%) were used without further purification. The purity of the solvents was 

ascertained by GLC and also by comparing experimental values of densities 

and viscosities with those reported in the literature s-13 as listed in Tablel. 

*Published in Journal of Chemical Engineering & Data 
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11.2.2. Apparatus and procedures 

The densities ( p) were measured with an Ostwald-Sprengel type 

pycnometer having a bulb volume of 25 cm3 and an internal diameter of the 

capillary of about 0.1 em. The pycnometer was calibrated at 298.15 K with 

doubly distilled water and benzene. The pycnometer with the test solution 

was equilibrated in a water bath maintained at ± 0.01 K of the desired 

temperature by means of a mercury in glass thermoregulator, and the 

absolute temperature was determined by a calibrated platinum resistant 

thermometer and Muller bridge. The pycnometer was then removed from the 

thermostatic bath, properly dried, and weighed. The evaporation losses 

remained insignificant during the time of actual measurements. An average 

of triplicate measurements was taken into account. The mixtures were 

prepared by mixing known volume of pure liquids in airtight-stoppered 

bottles. The reproducibility in mole fraction was within ± 0.0002 units.· The 

mass measurements accurate to± 0.01mg were made on a digital electronic 

analytical balance (Mettler, AG 285, Switzerland). The total uncertainty of 

density is± 0.0001 g.cm-3 and that of the temperature is± 0.01 K. 

The viscosity was measured by means of a suspended Ubbelohde type 

viscometer, which was calibrated at 298.15 K with triply distilled water and 

purified methanol using density and viscositY values from the literature. The 

flow times were accurate to ± 0.1s, and the uncertainty in the viscosity 

measurements, based on our work on several pure liquids, was within ± 

0.03% of the reported value. Details of the methods and techniques of 

density and viscosity measurements have been described earlier.4, 14 

11.3. Results and Discussion 

The experimental viscosities, densities, excess volumes ( VE) and viscosity 

deviations ( L.l17) for the binary mixtures studied at 298.15 K are listed in 

Table 2. 

11.3.1. Excess molar volume (VE) 

The excess molar volumes ( VE) were calculated using the equation, 

j 

VE = 'Ix;M;(l/ p -1/ p;) (1) 
i=l 
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where pis the density of the mixture and Mi, Xi and Pi are the 

molecular weight, mole fraction and density of ith component in the mixture, 

respectively. The values of excess molar volume ( VE) have been presented in 

Table 2. The estimated uncertainty for excess molar volumes ( VE) is ± 0.005 

cmJ.mol-1. 

The excess molar volumes (VE) for all the 1,3-dioxolane systems, 

except for the system involving butylamine, are negative over the entire 

range of composition. The negative values of excess volumes· ( VE) for the 

three systems are in the order: 

1,3-dioxolane +Butyric acid> 1,3-dioxolane + 2-Butanone > 1,3-dioxolane + 

Butyl acetate 

The excess molar volumes (VE) for the two 1,4-dioxane systems 

involving butylamine and butyl acetate are positive, while for the other two 

1,4-dioxane systems involving 2-butanone and butyric acid are negative. The 

order VE values for the 1,4-dioxane systems irrespective of their sign is as 

follows: 

1,4-dioxane + Butylamine > 1,4-dioxane + Butyl acetate > 1,4-dioxane + 2-

butabnone > 1,4-dioxane +Butyric acid 

The negative values of excess molar volume (VE) suggest specific 

interactionsls between the mixing components in the mixtures while its 

positive values suggest dominance of dispersion forces 16,13 between them. 

The negative VE values indicate the specific interactions such as 

intermolecular hydrogen bonding between the mixing components and also 

the interstitial accommodation of the mixing components because of the 

difference in molar volume. The negative VE values may also be due to the 

difference in the dielectric constants of the liquid components of the binary 

mixture.1s The negative VE values for all the systems studied may be 

attributed to dipole-induced dipole interactions between the components 

liquids of the mixtures resulting in the formation of electron donor-acceptor 

complexes. 17 The plots of excess molar volume ( VE) versus mole fraction (x1) 

of 1,3-dioxolane or 1,4-dioxane are presented in Figures 1 and 2. 
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11.3.2. Viscosity deviation ( LJ77) 

The deviation in viscosities . ( LJ77) was computed using the 

relationship, 1s 

j 

LJ17 = 17- ~)xt17t) (2) 
j;\ 

where 17 is the dynamic viscosities of the mixture and x1 , 171 are the 

mole fraction and viscosity of ith component in the mixture, respectively. 

A perusal of Table 2 shows that the values of viscosity deviation ( LJ77) are 

negative over the entire composition range for all the binary liquid mixtures 

studied except for the mixtures involving butyric acid. The estimated 

uncertainty for viscosity deviation ( LJ77) is ± 0.004 mPa.s. The negative 

values imply the presence of dispersion forcesiB between the mixing 

components in these mixtures, while positive values may be attributed to the 

presence of specific interactionsiB between them. The plots of viscosity 

deviation ( LJ77) versus mole fraction (x1) for the different binary mixtures 

have been presented in Figures 3 and 4. 

11.3.3. Viscosity models and Interaction parameters 

Several semi-empirical models have been proposed to estimate the 

dynamic viscosity ( 17) of the binary liquid mixtures in terms of pure-

component data.I9, 2o Some of them we examined are as follows: 

a) Grunberg and Nissan2 1 have suggested the following logarithmic relation 

between the viscosity of the binary mixtures and the pure components: 

j j 

17 = exp[~)x,In77) + d12 T1 x,] (3) 
1=1 i=l 

where d12 is a constant proportional to the interchange energy. It may be 

regarded as an approximate measure of the strength of molecular 

interactions between the mixing components. The values of the interchange 

parameter ( d12 ) have been calculated as a function of the composition of the 

binary liquid mixtures of 1,3-dioxolane and 1,4-dioxane with butyl acetate, 

butyric acid, butylamine and 2-butanone were listed in Table 2. 

It has been found that the values of d12 are negative for all the binary 

systems studied, except the systems involving butyric acid. The negative 
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values of d12 indicate the presence of dispersion forcests between the mixing 

components in the mixtures while its positive values indicate the presence of 

specific interactionsts between them. 

b) Tamura-Kurata 22 put forward the following equation for the viscosity of 

the binary liquid mixtures: 

(4) 
i=l i=l 

where ~2 is the interaction parameter and rAis the volume fraction of ith 

pure component in the mixture. 

c) Molecular interactions may also be interpreted by the following viscosity 

model of Hind et al:23 

(5) 
i=l i=l 

where H 12 is Hind interaction parameter, which may be attributed to 

unlike pair interaction.24 In the present study, the values of interaction 

parameter ~2 and H 12 have been calculated from equation (4) and (5), 

respectively and were listed in Table 2. It has been observed that for a given 

binary mixture ~2 and H 12 do not differ appreciably from each other, this is 

in agreement with the view put forward by Fort and Mooreis in regard to the 

nature of parameter 7;2 and H12 • It is also significant to note that the values 

of ~2 and H 12 are larger for the binary mixtures of butyric acid with both the 

cyclic ethers, which involve specific molecular interactions as revealed by the 

positive values of LJry and d12 .2s 

11.3.4. Redlich-Kister polynomial equation 

The excess properties ( V" and iJry) were fitted to the Redlich-Kister 

polynomial equation,26 

k 

yE = x1x2 Ia,(x1 -x2)' 

1"1 

(6) 

where Y" refers to excess properties and x1 and x2 are the mole fraction 

1,3-dioxolane or 1,4-dioxane and other component, respectively. The 

coefficients a, were obtained by fitting equation (6) to experimental results 

using a least-squares regression method. In each case, the optimal number 
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of coefficients was ascertained from an approximation of the variation in the 

standard deviation (a-}. The calculated values of ai along with the tabulated 

standard deviations (a-} are listed iJ;! Table 3. The standard deviation (a-) 

was calculated using, 

= [(YJ' _ yH )2/(n _ m)]"2 0" exp cal (7) 

where n is the number of data points and m is the number of 

coefficients. The a- values lie between 0.013 m3.moP and 0.001 m3.mol-1 for 

VE and between 0.006 mPa.s and 0.001 mPa.s for L177, respectively. The 

largest a values corresponds to the 1,3-dioxolane + 2-butanone system for 

VE and the 1,4-dioxane + butyric acid for L177, respectively. In the present 

study both VE and L177 are quite systematic and functions of the composition 

of the binary mixtures. 

11.4. Conclusion 

In general, for both the cyclic diether binary systems the order of 

specific or chemical interaction has been found to be: Butyric acid > 2-

Butanone > Butyl acetate > Butylamine. More extensive studies are, 

however, required to arrive at a concrete conclusion about the above order 

and nature of solvent-solvent interactions. 
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Table 1. 

Comparison of density ( p), viscosity ( 77) of the Pure Liquids with 

Literature Data at 298.15 K. 

p /(g.cm-3) 77 /(mPa.s) 
Pure Liquid 

Expt. Lit. Expt. Lit. 

1,4-Dioxane 1.0265 1.0278 8 1.1956 1.196 8 

1 ,3-Dioxolane 1.0571 1.0587 9 0.5307 -4 
Butyl acetate 0.8744 0.8761 10 0.6684 0.674 10 

Butyric acid 0.9528 1.3962 

Butylamine 0.7319 0.7331 11 0.4934 0.496 12 

2-Butanone 0.7981 0.7996 13 0.3728 0.378 13 
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Table 2. 
-t- Values of density ( p ), viscosity (77 ), excess molar volume ( VE ), viscosity 

deviation ( LJry) and· different interaction parameters for the binary mixtures 
of 1,4-dioxane or 1,3-dioxolane at 298.15 K. 

x, 
p 17 VEX 106 Llry 

d12 T12 H12 /(g.cm·3
) /(mPa.s) /(m3.mol'I2 /(mPa.s) 

1,3-dioxolane (1} + 2-Butanone (2} 
0 0.7981 0.3728 0 0 

0.0976 0.8189 0.3843 -0.084 -0.004 -0.0479 0.4405 0.4293 
0.1957 0.8405 0.3972 -0.133 -0.006 -0.0368 0.4430 0.4311 
0.2944 0.8631 0.4113 -0.164 -0.008 -0.0276 0.4451 0.4325 
0.3935 0.8868 0.4258 -0.185 -0.009 -0.0260 0.4455 0.4325 
0.4933 0.9118 0.4408 -0.201 -0.010 -0.0273 0.4454 0.4319 

-t- 0.5935 0.9381 0.4564 -0.207 -0.010 -0.0311 0.4447 0.4306 ,__. 

0.6943 0.9655 0.4731 -0.173 -0.009 -0.0330 0.4444 0.4297 
0.7956 0.9942 0.4910 -0.113 . -0.007 -0.0352 0.4440 0.4298 
0.8975 1.0245 0.5102 -0.045 -0.004 -0.0366 0.4438 0.4279 

1 1.0571 0.5307 0 0 
1,3-dioxolane (1} + Butyric acid (2} 

0 0.9528 1.3962 0 0 
0.1167 0.9631 1.2966 -0.067 0.001 0.3771 0.9201 0.9703 
0.2292 0.9737 1.2017 -0.150 0.004 0.4054 0.9243 0.9743 
0.3376 0.9843 1.1107 -0.209 0.007 0.4372 0.9283 0.9784 
0.4422 0.9953 1.0231 -0.276 0.010 0.4735 0.9325 0.9829 
0.5432 1.0061 0.9379 -0.302 0.012 0.5140 0.9363 0.9873 
0.6408 1.0169 0.8541 -0.317 0.012 0.5576 0.9389 0.9906 

+ 0.7351 1.0272 0.7702 -0.270 0.010 0.5965 0.9373 0.9897 
0.8263 1.0374 0.6882 -0.206 0.007 0.6393 0.9353 0.9882 
0.9146 1.0473 0.6077 -0.113 0.003 0.6751 0.9297 0.9827 

. 1 1.0571 0.5307 0 0 
1,3-dioxolane (1} + But~l acetate (2} 

0 0.8744 0.6684 0 0 
0.1484 0.8907 0.6213 -0.128 -0.027 -0.3078 0.4728 0.4939 
0.2816 0.9069 0.5986 -0.149 -0.031 -0.2239 0.5167 0.5230 
0.4019 0.9233 0.5876 -0.129 -0.025 -0.1506 0.5490 0.5465 
0.5111 0.9403 0.5828 -0.103 -0.015 -0.0771 0.5761 0.5690 
0.6106 0.9578 0.5774 -0.072 -0.007 -0.0230 0.5939 0.5851 
0.7017 0.9761 0.5712 -0.050 -0.001 0.0224 0.6068 0.5981 
0.7853 0.9952 0.5651 -0.034 0.005 0.0783 0.6204 0.6138 
0.8625 1.0150 0.5558 -0.023 0.006 0.1211 0.6291 0.6253 
0.9338 1.0356 0.5442 -0.012 0.004 0.1568 0.6349 0.6344 

1 1.0571 0.5307 0 0 
1,3-dioxolane (1 }+ Butylamine (2} 

0 0.7319 0.4934 0 0 
0.1001 0.7551 0.4767 0.013 -0.020 =0.4626 0.3922 0.3988 
0.2001 0.7796 0.4629 0.038 -0.038 -0.0489 0.3907 0.3937 
0.3002 0.8058 0.4576 0.065 -0.047 -0.4628 0.4022 0.4001 
0.4002 0.8338 0.4546 0.082 -0.054 -0.4630 0.4062 0.4002 
0.5002 0.8641 0.4561 0.085 -0.056 -0.4606 0.4103 0.4003 
0.6002 0.8968 0.464 0.077 -0.052 -0.4384 0.4185 0.4041 
0.7002 0.9321 0.4784 0.058 -0.041 -0.3899 0.4319 0.4142 
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4 -0.8001 0.9703 0.4963 0.039 -0.027 -0.3285 0.4478 0.4277 
0.9001 1.0118 0.5135 0.021 -0.013 -0.2860 0.4590 0.4370 

1 1.0571 0.5307 0 0 

0 0.7981 
1 ,4-Dioxane {1} +2-Butanone {2} 

0.3728 0 0 
0.0833 0.8170 0.3915 -0.077 -0.050 -0.632 0.4613 0.4576 
0.1698 0.8365 0.4109 -0.124 -0.102 -0.7139 0.4283 0.4237 
0.2597 0.8568 0.4364 -0.160 -0.150 -0.7555 0.3997 0.3938 
0.35-30 0.8779 0.4636 -0.186 -0.200 -0.8467 0.3545 0.3472 
0.4501 0.9001 0.5124 -0.202 -0.231 -0.8346 0.3275 0.3180 
0.5511 0,9233 0.5763 -0.205 -0.250 -0.8356 0.2909 0.2789 
0.6563 0.9472 0.6497 . -0.167 -0.263 -0.9285 0.2162 0.2009 
0.7660 0.9722 0.7514 -0.111 -0.252 -1.0713 0.1022 0.0821 ~ 0.8805 0.9985 0.9006 -0.044 -0.197 -1.3692 -0.1215 -0.1502 

1 1.0265 1.1956 0 0 
1 ,4-Dioxane {1) + But~ric acid {2) 

0 0.9528 1.3962 0 0 
0.1000 0.9617 1.5042 -0.183 0.128 0.9998 2.0259 2.0071 
0.2000 0.9703 1.5.699 -0.332 0.214 0.9268 1.9767 1.9642 
0.3000 0.9784 1.5872 -0.420 0.251 0.8320 1.9004 1.8939 
0.4000 0.9861 1.5722 -0.467 0.256 0.7531 1.8312 1.8297 
0.5000 0.9934 1.5073 -0.456 0.211 0.6163 1.7161 1.7186 
0.6000 1.0002 1.4428 -0.395 0.167 0.5245 1.6385 1.6437 
0.7000 1.0068 1.3617 -0.307 0.106 0.3978 1.5416 1.5481 
0.8000 1.0131 1.2926 -0.184 0.057 0.2938 1.4670 1.4737 
0.9000 1.0194 1.2415 -0.065 0.026 0.2459 1.4322 1.4392 ! 

.lo 
1 1.0265 1.1956 0 0 ~~· 

1,4-Dioxane {1) + Butyl acetate {2) 
0 0.8744 0.6684 0 0 

0.1278 0.8875 0.6821 . 0.005 -0.054 -0.4852 0.7261 . 0.6911 
0.2479 0.9010 0.6918 0.014 -0.107 -0.5890 0.6856 0.6441 
0.3610 0.9149 0.7076 0.023 -0.151 -0.6628 0.6570 0.6045 
0.4678 0.9292 0.7394 0.032 -0.176 -0.6871 0.6462 0.5794 
0.5687 0.9441 0.7788 0.036 -0.189 -0.7249 0.6287 0.5459 
0.6641 0.9594 0.8222 0.036 -0.196 -0.8028 0.5936 0.4920 
0.7547 0.9753 0.8657 0.032 -0.201 -0.9734 0.5184 0.3903 
0.8406 0.9918 0.9394 0.022 -0.172 -1.1077 0.4510 0.2898 
0.9223 1.0089 1.0355 0.011 -0.119 -1.3746 0.3162 0.1013 

1 1.0265 1.1956 0 0 -
1,4-Dioxane {1) + Butylamine {2) 

0 0.7319 0.4933 0 0 ·~ 
0.0855 0.7534 0.5087 0.020 -0.045 -0.5766 0.5699 0.5586 
0.1738 0.7761 0.5242 0.052 -0.091 -0.6484 0.5408 0.5271 
0.2650 0.8001 0.5408 0.089 -0.139 -0.7327 0.5055 0.4886 
0.3594 0.8258 0.5601 0.117 -0.186 -0.8304 0.4626 0.4414 
0.4569 0.8533 0.5901 0.141 -0.224 -0.9088 0.4199 0.3927 
0.5579 0.8828 0.6369 0.147 -0.248 -0.9672 0.3762 0.3411 
0.6625 0.9147 0.6994 0.127 -0.259 -1.0620 0.3105 0.2648 
0.7709 0.9492 0.7919 0.080 -0.243 -1.1845 0.2176 0.1570 
0.8834 0.9864 0.9412 0.039 -0.172 -1.3201 0.0898 0.0074 

1 1.0265 1.1956 0 0 

y 
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Table 3. 
Values of coefficients. a; of equation 6 and standard deviations a for excess 
properties of the binary mixtures of 1,3-dioxolane (1) or 1,4-dioxane (1) 
studied at 298.15 K. 

Binary Excess 
ao a2 a3 a mixture ErOEerty al a4 

1 ,3-dioxolane 
VEX 106 

-0.798 0.084 0.013 -+ + 2- /(m3.mol-l) 

Butanone !J17 -0.040 -0.009 -0.009 0.129 0.001 
L(mPa.s} 

1,3-dioxolane 
VEX 106 

-1.184 -0.640 0.215 0.253 0.006 
+Butyric /(m3.mol-l) 

acid IJ77 0.044 0.040 -0.027 -0.037 0.001 
L(mPa.s) 

1 ,3-dioxolane 
VI:' X 106 

-0.414 0.580 -0.371 0.001 
+Butyl /(m3.mol-l) 

acetate IJ77 -0.068 0.183 -0.029 0.001 
L(mPa.s} 
VEX 106 

0.342 -0.070 -0.321 0.200 0.123 0.001 
-:1,- 1 ,3-dioxolane /(m3.mol- 1 ) 

+Butylamine IJ77 -0.222 0.031 0.056 0.040 0.001 
L(mPa.s} 
VEX 106 

-0.824 0.063 0.442 0.486 -0.337 0.003 
1,4-Dioxane /(m3.mol-l) 
+2-Butanone IJ77 

L{mPa.s) 
-0.972 -0.422 -0.315 -0.623 -0.353 0.002 

1,4-Dioxane 
VH X 106 

-1.816 0.673 0.454 0.234 0.343 0.004 
+Butyric /(m3.mol-l) 

acid IJ77 0.859 -0.819 0.006 
L(mPa.s} 

1,4-Dioxane 
VE X 106 

0.135 0.112 -0.055 -0.063 0.001 
+Butyl /(m3.mol-l) 

--1' acetate !JT! -0.720 -0.319 -0.408 -0.582 0.003 
L(mPa.s) 
VI:' X 106 

0.579 0.093 -0.443 -0.105 0.003 
1,4-Dioxane /(m3.mol-l) 

·+Butylamine !Jil -0.944 -0.527 -0.247 -0.469 -0.122 0.001 
L{mPa.s) 
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Figure 1. Excess molar volumes (VE) at 298.15 K for binary mixtures of 1,3-

dioxolane (1) with Butyric acid (o), 2-Butanone( • ), butyl acetate (A) and 
butylamine (0). 
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Figure 2. 
Excess molar volumes (VE) at 298.15 K for binary mixtures of 1,4-dioxane 

(1) with Butyric acid (o), 2-Butanone( • ), butyl acetate {A) and butylamine 
(0). 
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Viscosity deviations ( L177) at 298.15 K for binary mixtures of 1,3-dioxolane 

(1•) with Butyric acid (o), 2-Butanone( •), butyl acetate (.A') and butylamine 
(0). 
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Excess Molar Volume and Viscosity Deviations ......... at 298.15 K 
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Figure 4. Viscosity deviations (Ltry) at 298.15 K for binary mixtures of 1,4-

dioxane (1) with Butyric acid (o), 2-Butanone( • ), butyl acetate (£) and 
butylamine (0). 
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CHAPTER XII 

Concluding Remarks 

The aim of the works embodied in this thesis 'was to investigate the 

viscous synergy and antagonism of some liquid mixtures along with the 

physico-chemical properties of some solute-solvent and solvent-solvent 

systems. 

The study of synergy and isentropic compressibility in the aqueous 

mixtures of 1,4-dioxane (DO) and tetrahydrofuran (THF) with some 

monoalkanols lead to the conclusion that lower monoalkanols have greater 

affinity for 1,4-dioxane (DO) or tertahydrofuran (THF) and a,mong the 

isomers, the monoalkanols with hydroxyl group positioned at the second 

carbon atom accept more 1,4-dioxane (DO) and tetrahydrofuran (THF) than 

those with the terminal hydroxyl group. 

Also, monoalkanols containing up to three carbon atoms mix with water in 

any proportion and the higher monoalkanols mix with water in limited 

proportion. The monoalkanols with the hydroxyl group positioned at the 

second carbon atom accept more water than those wi,th the terminal 

hydroxyl group and their 11max, 1
11

, and E, values are, therefore, considerably 

higher. 

The behavior of resorcinol in different mass% of aqueous 1,4-dioxane 

mixtures and pure 1,4-dioxane was observed at different temperatures. The 

study indicates the presence of strong solute~solvent interactions that 

strengthens further with a rise in temperature and weakens with an increase 

in the amount of 1,4-dioxane in the mixed solvents. However, the mixtures 

are characterized by the presence of weak solute-solute interactior;ts that 

decreases with a rise in temperature and increased amount of 1,4-dioxane. 

Further; resorcinol acts as a structure breaker in these solvent media. The 

compressibilities obtained from the data supplemented with the ultrasonic 

speeds indicate electrostriction of the solvent molecules around resorcinol 

molecules. 

The conductance study of some ammonium and tetrarukylammori.ium 

halides in aqueous binary mixtures of 1,4-dioxane (DO) at 298.15 reveals 

225 



Concluding Remarks 

that all the electrolytes mentioned above are highly associated in these 

media. Also for an electrolyte, the association constant ( K A) increases. with. 

an increase in the amount of 1,4-dioxane (DO) in the solvent mixtures due· to 

preferential salvation and thus leading to a decrease in Walden product. It 

is, however, interesting to note that electrolytes with smaller cation/anion 

are more solvated than those with smaller cation/ anion and this is in 

accordance with the electrostatic theory of the simple dependence upon ionic 

sizes. 

The volumetric and viscometric study of liquid mixtures

tetrahydrofuran + methanol, tetrahydrofuran + benzene, n-hexane + 

benzene, i-propanol + n-hexane, i-propanol + benzene, t~trahydrofuran + 

methanol + benzene, i-propanol + benzene + n-hexane at 303.15, 313.15 

and 323.15 K reveals that the mixtures are characterized by the presence of 

viscous antagonism and volume contraction due to molecular dissociation 

and electrostriction. Also a decrease in the antagonic interaction index (!A) 

with a rise in temperature implies a gradual increase in molecular package. 

The studies of excess properties of the binary mixtures of 1,3-

dioxolane with a series of monoalcohols lead to some interesting 

conclusions. For. example, MeOH having the highest polarity achieve~ the 

most favorable intermolecular H-bonded interactions with the cyclic diether 

molecules. Moreover, its simple structure and smaller size leads to 

interstitial accommodation with 1,3-dioxolane molecules more easily 

. compared to the higher monoalcohols with greater structural complexity. 

We have studied the ion-ion and ion-solvent interactions of sodium 

molybdate in aqueous binary mixtures of 1,4-dioxane at different 

temperatures. The study reveals the presence of strong ion-solvent and weak 

ion-ion interactions. Also, the ion-solvent interactions are further 

strengthened at higher temperature and increased amount of the cyclic 

diether, suggesting larger electrostriction and absence of 'caging/packing' 

effect. Sodium molybdate behaves as a structure breaker in lower mass% of 

1,4-dioxane but behaves as a structure maker at 30 mass% of the same. 

The study of the molecular interactions between butylamine and N, N

dimethyformamide (DMF) with some alkyl acetates indicated that the specific 

interaction between the unlike molecules is predominated by hydrogen 
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bonding and the degree of specific intermolecull;lT interactions decreases as 

the chai:r;1 length of the alkyl group increases. 

The excess properties of the binary mixtures of 1,3-dioxolane and 1,4-

dioxane with butyl acetate, butyric acid, butylamine and 2-butanone studied 

at 298.15 K reveals that the cyclic diethers behave differently towards the 

other mixing component. This may be due to their structural difference (One 

methylene group short in 1,3-dioxolane) and dipolar and quadrupolar order 

subject to the difference in the position of the -0- groups in their respective 

structures. 

The selection of 1,4-dioxane as one of the primary solvents stems out 

from the fact that it is a non-hydrogen bonded cyclic diether, miscible with 

water in all propqrtion and has a boiling point (101.30C) close to that of 

water. Moreover, its dipole moment is close to zero (0.45D) and has a 

dielectric constant of 2.209. Thus the aqueous 1,4-dioxane mixtures enabled 

us to study the effects of wide variation of dielectric constants and solvent 

characteristics on the salvation, dissociation, specific solute-solvent 

interactions and other structural effects associated with solution chemistry. 

1,4-dioxane has been found to differ from the alcohols in their behavior 

towards water. While alcohols are usually structure makers, 1,4-dioxane is a 

net structure breaker. 1,4-dioxane can be considered as a non-polar fluid in 

contrast with 1,3-dioxolane, considered as a polar fluid. Also 1,3-dioxolane 

has more structure making character than 1 ,4-dioxane. The reason is 

probably the lower quadrupolar order and smaller electron donor strength of 

1,3-dioxolane with respect to those of 1,4-dioxane. 

Most of the present day knowledge on non-aqueous solutions have 

come from studies on various thermodynamic properties, e.g., density, 

transport properties, e.g., viscosity, conductance as well as acoustic 

properties, e.g., ultrasonic speed. It, however, is necessary to remember that 

molecular interactions are very complex in nature and quite difficult to 

explore and interpret. Numerous forces may operate between the molecules 

in a solvent mixture and it is really hard to separate and assign them all. 

Nevertheless, if careful experimental technique and methodology is used, 

valid conclusions may be drawn related to nature of structure and order of 

the systems in solution phase. 
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To .conclude it may be stated that extensive studies of the different 

physico-chemical, biological or pharmaceutical activity between different 

components of a given mixture will be of immense help in understanding the 

nature of the different interactions prevailing in mixed systems. The proper 

understanding of the ion-ion arid ion-solvent interactions may form the basis 

of explaining quantitatively the influence of the solvents and ions in solution 

and thus pave the way for real understanding of different phenomena 

associated with solution chemistry. 
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The densities and ·~ls.cosities of ternary mix.tures of tetrahydrofuran + methanol + benzene and isopropanol + benzene 
+ n-hexan.e have been· ~eas~red at ·303~15, 313:15 a~d 323.15 K over the entire composition range. The data have 
been analyzed using the equation developed by Kaletune-Gencer and Peleg. The experimental results have been dis
cussed and explained in terms of molecular package and electrostriction. 

Tetrahydrofuran (THF) is a good industrial solvent: It 
figures prominently in the high energy battery industry 
and has found its application in organic syntheses as mani
fested from the physico-chemical studies in this medium1•2 . 

Alcohols are very widely used in industry, including the 
manufacture of pharmaceuticals and cosmetic products, 
in enology and as an energy source. Rheology is the 
branch of science that studies material deformation and 
flow, and is increasingly applied to analyze the viscous 
behaviour of many pharmaceutical products_3-l-l and to 
establish their stability and even bioavailaqility - since it 
has been firmly established that ~i~co#tY. intiuenc~~ ctrUg 
absorption ra~e in the bodyl2,_13. · ·. · 

The present i~vestigation quantifies the viscous an
tagonism established in two ternary mixtures studied here 
at different temperatures. Since these systems exhibit vol
ume contraction, an analysis has also been made of the 
density of the mixtures at various temperatures. 

Results and discussion 

The study of the viscous behavior of pharmaceuticals, 
foodstuffs, cosmetics or industrial products, etc., is es
sential for confirming that their viscosity is appropriate 
for the contemplated use of the products. Viscous antago
nism is detined as the interaction between the compo
nents of a system causing the net viscosity of the latter to 
be less than the sum of the viscosities of each component 
considered separately. In contraposition to viscous an
tagonism, viscous synergy is the term used in application 
to the interaction between the components of a system 
that causes the total viscosity of the latter to be greater 
than the sum of the viscosities of each component consid
ered separately. In turn, if the total viscosity of the sys-

814 

tem is equ~l to the sum of the viscosities of each compo
nent considered separately, the system is said to lack 
interaction 14• 15 . 

The method most widely used to analyze the antagonic 
and synergic behaviour of various solvent-mixtures is that 

· developed by Kaletune-Gencer and Peleg16 allowing quan
tification of the antagonic interactions taking place in 
mixtures involving variable proportions of the constitu
ent components: The method compares the viscosity;· of 
the system, determined experimentally, 'llexp• with 'the 
viscosity expected in the absence of interaction, T\mix• 
defined as 17, · · ' ... "l; · · · 

. n 

-n . = .""' X iT\i 
'IIDIX ~ (1) 

i 

where Xi, and 'lli are the fraction by weight and viscosity 
measured experimentally, of the i-th component respec
tively. 

This procedure is used when Newtonian fluids are 
involved, since in non-Newtonian systems shear rate must 
be taken into account, and other antagonism indices are 
defined in consequence18 . 

In order to secure more comparable viscous antago
nism results, the so-called antagonic index (ln.), intro
duced by Howell19 , is also taken into account, 

(2) 

The method used to analyze volume contraction and dila
tation is similar to that applied to viscosity. i.e. density 
of the mixture is determined experimentally, Pexp and a 
calculation is made of its theoretical value Pmix• in the 
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supposition that volume contraction exists, based on the 
following expression 17, 

The measurements made yielded the viscosity values 
determined experimentally, Pexp and the viscosity values 
expected in the absence of interaction, l'\mix along with 
antagonic interaction index (ITJ) of various ternary liquid 
mixtures studied here at different temperatures are re
corded in Table 2. From Table 2 in case of mixture tet
rahydrofuran + methanol + benzene it is observed that 
the antagonic interaction in the mixture is maximum where 
maximum amount of benzerie (80 mass%) is present in 
t~e mixture whereas it is . minimum where the mixture 
does not contain benzene for all temperatures studied here. 
The expla~ation of this-behaviour is based on the known 
phenomenon of molecular dissociation, as a consequence 
of ·weakening the hydrogen bonds formed between the 

n 

Pmix = LXi~i (3) 

where Pi denotes the density, measured experimentally of 
i-th component. Accordingly, when Pexp > Pmix• volume 
contraction occurs. 

The physical properties of various pure solvents (tet
rahydrofuran, isopropanol, methanol, benzene and n-hex
ane) along with their literature values at various tempera
tures are recorded in Table 1. . 

. . . . ,' 

Table 1. Physical properties of various pure solvents ·at different temperatures 

T/K Tetrahydrofuran (THF) Isopropanol Methanol Benzene n-Hexane 

This work : Lit. This work . Lit. This work Lit. This work Lit. This work Lit. . ' ;, 

'pofg cm-3 :, 
•'. . 

':·· >]oi ' ~ ; j ~·.' :I: .. -t:' '•, • ' i ~ ! 
' 303.15 0.8757 0.8734a 0.7854 0.7766b 0.7846 0.7846~; .. · .. 0.8637 0.8682c 0.6497. 0.6529e 

I ... 0.768lb ~ 
• ~ ' 1 •• 

313.15 0.8673 0.8661a 0.7704 0.7772 0.7772° . .9.8604 0.8574d 0.6428 0.6435e 

323.15 ···o:85B3 0.8582° 0.7651 
. ' ~ . '; '0.7675 0.7675° . 0.8517 . 0,8466C 0.6332 . 0,6341~ _, 

' TJofcp 
303.15 . 0.4452 0.4451° 1.7686 1.'79ib 0.4086 0.4089° 0.5637 ':I 0.5612c 0.2643 0.2774e 

313.15 0.4088. 0.4088° 1.3611 1.352b .. 0.3847 0.3848° 0.5029 0.5oood . 0.2487 0.2504e 

323.15 0.3716 0.3745a 1.2713 0.3308 0.3311° 0.4381 '0.4362c 0.2307 0.2333e 

"Ref. = 24, bRef. = 25, ~ef. = 26, dRef. = 27, eRef. = 28·. ' 

... ~ . . . ·,.: ' ,;, . ~ • • . \ : j . . J;i . ·.) i•.r · ... ;.'·.·: .. 

Tab1e·2. Viscosities ofthe:teroary liquid mixtures: without inter~ction (TJ~ix) and with interaction (TJe~p) ·with-~tag~~ic in.ter~cti~m i~dex (/TJ)' 

. . : ... , _ ; :--: . ··"- .:·;:, .:>: ,.;·-::~~.,u: .~:;;!;:;!~l~~~~~~ ~~~~~~~~~~~~:;.·,~~,.-,.~::~~;.;~-.~~ '", !_.;:1.· ., -~ ;: , .,:~. ::· ~:- [~ •. ;;,;-:;.;,;~;(,- :;. ,~;k;;~ 

Mass% 

ofTHF 

10 

20 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

90 

;: ·. (1) Tetrahydrofuran q::_I!F) :;.r;me~anol (¥.e9~ + beJl?:en~ '(C6H~ · · · · · · 
· ! i~.' Jt~l";.•··~·~l, ~ t:·l\:};,:h'-i)·h\~H~1)~H·l ; .. ~. ~t-!:..-,:liTi•'I}·;·)\J~f'r':!';.J_. ... • :·-), 

Mass%~.-. Mass% '· ·: ,~ · ·TJ· . ,.,, . l''·",,-. · '· · ' ··TJ ··-tcp -· · · l_.., . 
. ·.-.. , .. ·. _ I · ·· DllX •· .J ·"·

1
•• f... exp- . ·1 ;:=-:,.....,..-,::-;;----::c:-:::-"'':!-::-:'~=:-:-'=-= 

. ofMeOH~: of.C6H6 . 30~.p K 313.15;1{;~;?N·~5 K .- 303.15 K 313.l~l~r··~~3.15 K 303.15 K 313.15 K 323.15 K 
10·•·':80 '·o:5363 0.4817·:·,c'(J;4207 o:419o· 0.396~, ·0.3710 ... 0.2188 0.1774 0.1182 

0.4663 .:.;·. ·o.4087 •·· 0.0966 0.0829 15 . 65 0.5167 0.3748 0.1259 

30 40 . 0.4816 0.4392 . 0.3859 0.3674 0.1570 0.1259 0.0481 

35 :30 0.4679 0.4286 •. <:: 0.3773 0.3713 . 0.0108 0.1080 0.0158 

40 20 0.4543 0.4180 0.3686 0.3659 0.1236 0.0497 0.0073 

45 1 10 o:4406 
,-_.•. 

0.4074 0.3598 0.3618 0.0156 0._0610. -0.0053 

50 00 0.4269 0.3967 0.3512 0.4297. -0.0498 -0.0271 -0.2235 

40 05 0.4365 0.4039 0.3586 0.3801 0.1072 0.0648 -0.0599 

30 10 0.4461 0.4109 0.3660 0.4296 0.0892 0.0951 -0.1737 

20 15 0.4556 0.4181 0.3734 0.3685 0.1480 0.1248 0.0132 

10 20 0.4652 0.4252 0.3808 0.3713 0.0422 0.1089 0.0249 

00 25 0.4748 0.4323 0.3882. 0.4009 0.1470 0.0757 -0.0326 

00 20 0.4689 0.4276 0.3849 0.4007 0.1567 0.1088 -0.0410 

00 10 0.4570 0.4182 0.3782 0.3863 0.1362 0.1009 -0.0213 
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~- \: 
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Table-2 (contd.) 

(2) Isopropanol (Me2CHOH) + n-hexane (C6H 14) + benzene (C6H6) 

Mass% of Mass% of Mass% 
M~CHOH C6H14 ofC6H6 

00 65 35 0.3691 0.3377 0.3033 1.1240 0.4077 0.3936 -2.0453 -0.2074 -0.2978 

05 80 15 0.3844 0.3424 0.3138 0.3808 0.3207 0.2600 0.0094 0.0635 0.1715 

10 10 80 0.6542 0.5633 0.5007 0.4413 '0.4126 0.4092 0.3255 0.2675 0.1827 

20 15 65 0.7598 0.6364 0.5736 0.4682 0.4354 0.4118 0.3838 0.3158 0.2821 

30 25 45 0.8503 0.6968 0.6362 0.5654 0.5082 0.4632 0.3351 0.2707 0.2719 

40 35 25 0.9409 0.7572 0.6988 0.6739 0.6475 0.5600 0.2837 0.1449 0.1986 

50 45 OS 1.0314 0.8176 0.7614 0.7315 0.6858 0.6509 0.2908 0.1612 0.1451 

60 40 00 1.1669 0.9161 0.8551 0.9803 0.6940 0.6526 0.1599 0.2425 0.2368 

70 20 10 i.3472 1.0528 0.9799 0.9100 0.6983 0.6239 0.3245 0.3367 0.3633 

80 00 20 1.5276 1.1895 1.1046 1.0656 0.8413 0.7631 0.3024 0.2927 0.3092 

90 05 05 1.6331 1.2626 1.1776 0.9609 0.8137 0.7238 0.4116 0.3555 0.3854 

molecules of the components of the mixture due to pres- interaction formed between the molecules of the compo-
ence of benzene - producing a decrease in size of the nents of the mixture resulting a maximum value of 
molecular package .which logically implies an increase in antagonic interaction index (/TJ). 

antagonic interaction index (/11). Some result Was reporte~ . TIJ,e density of.. the mixture is. determin~q experimen-

earlier17 in·the den~ity and viscosity measurements of the· :tally, Pexp ~d a :~a.lcHlation is made of t:qeoretical value, 
ternary mixtures. Further Table -2· in case of· mixture' 

Pmix for two ternary liquid mixtures at 303.15, 313.15. 
isopropanol + n-hexane + benzene shows that the value 

and 323.15 K are presented in Table 3. A perusal of 
of antagonic interaction index (111) is maximum when maxi- . 
mum amount of isopropanol is present in the mixture and ... Table 3 shows th;tt. the values of density determine~ e~-
_it is minimum when the mixture contains no isopropanoL perimentally' Pexp for both mixtures for various m,ass% 
The possible explanation of this behaviour is that the and variou~ temperatures are higher than those of its. th~o~ 
maximum addition of isopropanol to the mixture either retical values, Pmix in the supposition that volume con-
destroys or complicates the establishmeJ?.t of moJecular traction exists, based on the eq. (3). This type"ofbehavio~r 

~ ' ' . ~~ 

Table 3. Densities of the ternary liquid mixtures calculated theoretically (Pmix) and deter~ined experimentally (p0xp) at various temperatures 

(1) Tetrahydrofur~ (THF) + methanol (MeOH) + benzene (C6H6) 

Mass% Mass% Mass% Pmix/g cm-3 Pexp/g cm-3 

ofTHF ofMeOH ofC6H6 303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K 

10 10 80 0.8569 0.8528 0.8439 0.8599 0.8545 0.8496 

20 15 65 0.8542 0.8493 0.8404 0.8570 0.8523 0.8459 

30 30 40 0.8436 0.8375 0.8284 . 0.8452 0.8404 0.8349 
35 35 30 0.8402 0.8337 0.8245 0.8415 0.8361 0.8296 
40 40 20 0.8367 0.8299 0.8207 0.8390 0.8336 0.8257 
45 45 10 0.8335 0.8261 0.8168 0.8352 0.8310 0.8230 
50 50 00 0.8301 0.8222 0.8129 0.8306 0.8263 0.8166 
55 40 OS 0.8387 0.8309 0.8216 0.8375 0.8353 0.8269 
60 30 10 0.8472 0.8396 0.8304 0.8491 0.8397 0.8345 
65 to 15 0.8557 0.84.82 0.839~ 0.8576 0.8504 0.8430 
70 10 20 0.8642 0.8569 0.8479 0.8658 0.8610 0.8527 
75 .00 25 0.8727 . 0.8656 0.8566 0.8752 0.8670 0.8634 
80 00 20 0.8733 0.8659 0.8569 0.8743 0.8667 0.8596 
!X) 00 10 0.8745 0.8666 0.8576 0.8743 0.8664 0.8607 
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. Table-3 (contd.) 

(2) Isopropanol (M~CHOH) + n-hexane (C6H14) + b_enzene (C6H~ 
Mass% of Mass% of Mass % 
M~CHOH C6Hl4 ofC6H6 

()() 65 35 0.7246 .. : 0.7190 
05 80 15 0.6886 . 0.6818 
10 10 80 0.8345 0.8296 
20 15 65 0.8159 . 0.8098 
30 25 45 0.7867 0.7790 
40 35 25 0.7575 0.7482 
50 45 OS 0.7282 0.7175 
60 40 00 0.7311 0.7194 
70 20 10 0.7661 0.7539 
80 00 20 0.8011 0.7884 
90 05 05 0.7825 0.7685 

can be explained on the basis of known phenomenon of 
electrostriction as a consequence solvent molecules are 
accommodated in the void_ space left in the packing of 
dispersed solvent molecules. Same results are reported 
for 2 : 2 electrolytes in aqueous mixtures of THF2°. 

Experimental 

Tetrahydrofuran, methanol, isopropanol, n-hexane and 
benzene were purified as described earlier21 . The values 
of densities and viscosities of these solvents at various 
temperatures are in good agreement with the literature 
data24-28. 

Various mixtures of solutions with w/w concentra
tions of 0, 5, 10, 15·, 20, 30, 35, 40, 45, 50, 55, 60, 65, 
70, 75, 80, 90and 100% werepreparedat303.15, 313.15 
and 323.15 K. Each solution thus prepared was distrib
uted into three recipients to perform all the measure
ments in triplicate, with the aim of determining possible 
dispersion of the results obtained. The ternary liquid so
lutions were made by mass. 

The densities (p) were measured with an Ostwald
Sperngel type pycnometer having a bulb volume of 25 
cm3 and an internal diameter of the capillary of about 0.1 
em. The pycnometer was calibrated at 303.15, 313.15 
and 323.1~ K with doubly distilled water and benzene. 
The pycnometer with the test solution was equilibrated in 
a water bath maintained at ±0.01 K of the desired tem
peratures by means of a mercury in glass thermoregula
tor and the temperature was determined with a calibrated 
thermometer and a Muller bridge. The pycnometer was 
th~n removed from the thermostatic bath, properly dried 
and weighed in an electronic balance. The balance used 

0.7097 0.8798 0.8715 0.8686 

0.6?26 0.8950 0.8843 0.8813 
0.8212 0.8585 0.8494 0.8430 
0.8016 0.8517 0.8437 . 0.8390 
0.7711 0.8552 0.8488 . 0.8427 

0.7406 0.8637 0.8543 0.8496 
0.7101 0.8688 0.8584 0.8556 
0.7123 0.8565 0.8460 0.8397 
0.7474 0.8257 0.8164 0.8114 
0.7824 0.8128 0.8029 0.7988 
0.7628 0.7946 0.7847 0.7408 

here is Mettler Toledo AG-285, made in Switzerland. 
The evaporation losses remained insignificant during the 
time of actual measurements. Averages of triplicate mea
surements were taken into account. The density values 
were. reproducible to ±3 x 10-s g cm-3. Details have 
been described earlier22. · 

The viscosity of these mixtures was determined by 
means of a suspended-level Ubbelohde23 viscometer at 
the desired temperatures (303.15, 313.15 and·323.15 K). 
The precision of the viscosity measurements were 0. 05%. 
Details have been described earlier21 . 

Acknowledgement 

The authors are grateful to the Departmental Special 
Assistance Scheme under the University Grants Commis
sion, New Delhi (No. ·540/6/DRS/2002, SAP-I) for fi
nancial suppp_rt. 

References 

l. C. G. Jauz and R. P. T. Tomkins, "Non-aqueous Electrolytes 
Handbook", Academic Press, New York, 1973, Vol. 2. 

2. R. Jasinki, "High Energy Batteries", Plenum Press, New York, 
1967. 

3. J. Ferguson and Z. Kemblonski, "Applied Fluid Rheology", 
Elsevier Science Publishers Ltd~, University Press, Cambridge, 
1991. 

4. H. A. Barnes, J. F. Hutton and K. Walters, "An Introduction 
to Rheology", Elsevier Science Publishers BV, Amsterdam, 
1993. 

5. C. W. Macosko, "Rheology. Px:inciples, Measurements and 
Applications", VCH Publishers Inc, New York, 1994. 

6. R. Shukla and M. Cheryan, J. Membrane Science, 2002, 198, 
104. 

817 

---+ 

. ·-·~ 

-~-



.. ,., J. Indian CheQJ.;;Soc., Vol. 82,-September 2005 

. : 7 .. J. M. Resa, C. Gonzalez and J. Lanz, J. Food Engineering, 18. D. D. Christianson, "Hydrocolloid Interactions :~ith 
2002,51,113. ._. ..: __ . . ... _St~rch~s", in: 'Foqd Carbohydrates', eds. D .. R. 

't :.•.~Jt.r·:~: . ..<>- "- _;, ·"t}'·...,·~··;:~,.f~·~-~- :'!'1;-l,. l.·ii';,ij'.j!' .. I'"F•t:. 1 '.J . 
8. M. J. Assael, N. KDalaout(ind.I. Meuiia~FiuidPhase Equi:'· ., __ .. ~Linebak and -G. 'E: Inglett, A vi. Pub. Wesport. Conn, 

libria 2002 199 '237. · · 1982, 399. .;·: ,_,_r:. 'ic ?,::,;.-: ,., ·,'l?,;;;>N[ 

9. A. D~s;·i"-;ee~~l~gia Farmaceutica"~ ed. S. A. Acribia, 19. N. K. Howell, Proceedi~gs'~t'th~ 7th;i~i~rnat;~~ii)~~~-
. Zaragoza.'-1979'/ · ,y;;:,_,_:. · · · D.'lr; .il. · · ·.. <; ·' · ;• ferenc·e;··Wale's.'i993. G. 0. Phillips. ri.'·A.. Williain's:;'D. 

10. R. Voight; "Tratado de T~cnologia Farmacl;uii~a .. ·• ed. -· J. Wdlock; Oxford University P-ress, New York,"l 994, 
S. A. Actibia, Zaragoza, 1982. 77 · 

C. K. Zeberg-Mikkelsen, Fluid Phase Equilibria, 2002, · 20. S. Roy Choudhury, A. Jha and M. N. Roy, J. Indian 
194, 1191. · 1 .-- 1, Chern. Soc., 2002, 79·, 623. 

11. 

12. C. Fauli-Trillo, "Tratado de Farmacia Galenica"; ed. S. 
A. Lujan, Madrid, 1993. · 

13. J. Swarbrik and J. C Boyland, "Encyclopaedia of Phar
maceutical Technology", Marcel Dekker Inc., New 
Y01;k. 1993. . . 

14. J. Pellicer, "Sinergia viscosa. Fundarnentos de reologia. 
Los rnateriales viscoelasticos. Aplicaciones a las 
indus trias alirnentarias y quirnico-farrnaceuticas", 
Universidad Internacional Menendez Pelayo, Valencia 
(Spai~). October 1997. 

15. G.·Copetti,.R; Lapasin, E. R. Morris et al., Proceeding 
of the 4th European Rheology Conference, Seville 
(Spain), 1994, 215. 

16. G. Kalentunc~Gencer and M. Peleg, J: Texture Studies, 
1986, 17, 61. ,, 

17. J. V. Herraez and R. Beida, J. Solution. Chern., 2004, 
33, 117 .. 

818 

21. M. N. Roy and D. K. Hazra, Indian J. Chern. Techno/., 
1994, 1, 93. 

22. P. S. Nikarn and M. Hosan, J. Chern. Eng. Data, 1988, 
33, 165. 

23. J. R. Suindells and T. B. Godfray, J. Res. Natd. Bur. 
Stand., 1952, 48, 1. 

24. A. Jha, S. R. Choudhury, A. Choudhury and 
M. N. Roy, i. T. R. Chern., 2003, 10, I. 

25. S. Martin. Contreras, J. Chern. Eng. Data, 2001, 46, 
1149. 

26 .. ~hangsheng Yang, Piesheng Ma and Qing Zhou, J. 
Chern. Ef!g. Data, 2004, 49, 881. 

27. · P. S. Nikam a~d J. K. Sanjeevan, J. Chern. Eng. D~ta; 
2003, 48, .1202.. . . . ' . . 

28. Changsheng Yang, W.ei Xu and Piesheng Ma, J. Cheni. 
Eng. Data, 2004, 49, 1802. 

.. .. 



International Journal of Thermophysics, Vol. 26, No. 5, September 2005 (© 2005) 
DOI: 10.1007/s 10765-005-8103-8 

Solute-Solvent and Solute-Solute Interactions 
of Resorcinol in Mixed 1,4-Dioxane-Water Systems 
at Different Temperatures 

M. Nath Roy, 1 •2 B. Sinha,1 R. Dey,1 and A. Sinha1 

Recei1•ed October 7, 2004 

The densities, viscosities, and ultrasonic speeds of resorcinol in I ,4-diox
ane +water mixtures and in pure I ,4-dioxane have been measured at 
303.15, 313. I 5, and 323.15 K. Apparent molar volumes (Yep) and viscosity 
B-coefficients are obtained from these data supplemented with densities and 
viscosities, respectively. The limiting apparent molar volumes CV2) and exper
imental slopes (S~) derived from the Masson equation have been interpreted 
in terms of solute-solvent and solute-solute interactions, respectively. The 
viscosity data have been analyzed using the Jones-Dole equation, ·and the 
derived parameters B and A have also been interpreted in terms of sol
ute-solvent and solute-solute interactions, respectively. The structure mak
ing/breaking capacities of resorcinol in the studied solvent systems have been 
discussed. The compressibilities obtained from the data supplemented with 
their ultrasonic speeds indicate the electrostriction of the solve'nt molecules 
around the ions. 

KEY WORDS: density; electrostriction; mixed aqueous mixtures;· resorcinol; 
soluie-solvent and solute-solute interactions; structure maker and breaker; 
ultrasonic speed; viscosity. 

1. INTRODUCTION 

Studies on densities, viscosities, and ultrasonic speeds of electrolyte solutions 
are of great use in characterizing the structure and properties of solutions. 
Various types of interactions exist between the solutes in solutions, and these 
solute-solute and solute-solvent interactions are of current int~rest in all 
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branches of chemistry. These interactions provide a better understanding 
of the nature of the solute and solvent, i.e., whether the solute modifies or 
distorts the structure of the solvent. 

1 ,4-dioxane and its aqueous mixtures are very important solvents that 
are widely used in various industries. They figure prominently in the high
energy battery technology and have also found application in organic syn
thesis as manifesteci from the physicochemical studies in these media [1-8]. 
In the present work, an attempt has been made to provide an interpretation 
of solute-solvent and solute-solute interactions prevailing in the studied 
electrolyte solutions. Several workers have reported volumetric, viscometric, 
and ultrasonic studies of this compound in aqueous solutions [9-13], but 
such studies in pure I ,4-dioxane and its aqueous mixtures are still scarce. 

2. EXPERIMENTAL 

1,4-dioxane (Merck, India) was kept several days over potassium 
hydroxide (KOH), refluxed for 24 h, and distilled over lithium aluminium 
hydride (LiAlH4) as described earlier [1]. Resorcinol (A.R.) was purified 
by a reported procedure [14], and the compound was dried and stored in 
a vacuum desiccator. Freshly distilled conductivity water was used. 

The densities (p) were measured with an Ostwald-Sprengel type pyc- · 
nometer having a bulb volume of 25 cm3 and an internal diameter of the 
capillary of about 0.1 em. The pycnometer was calibrated at 303, 313, 
and 323 K with doubly distilled water and benzene. The pycnometer with 
the test solution was equilibrated in a water bath maintained at ±0.01 K 
of the desired temperature by means of a mercury-in-glass thermoregula
tor, and the absolute temperature was determined by a calibrated plati
num resistant thermometer and Muller bridge. The pycnometer was then 
removed from the thermostatic bath, properly dried, and weighed. The 
evaporation losses remained insignificant during the time of actual mea
surements. An average of triplicate measurements was taken into account. 
The total uncertainty of density is ±1.0 x w-5 g · cm-3 and of the temper
ature is 0.01 K. Details have been described earlier [5, 15, 16]. 

The viscosities were measured by means of a suspended-level 
Ubbelohde [17] viscometer at the desired temperature (uncertainty of 
±0.0 1 K). The precision of the viscosity measurement was ±0.003 mPa · s. 
Details have been described earlier [5,15,16]. 

Sound speeds were determined with an uncertainty of 0.3 ex, using 
a single-crystal variable-path ultrasonic interferometer (Mittal Enterprises, 
New Delhi, India) operating at 4 MHz which was cali.brated with water, 
methanol, and benzene at each temperature, as described in detail else
where [18, 19]. The experimental values of densities (po) and viscosities 
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(17o) of pure 1 ,4-dioxane and 1 ,4-dioxane +water mixtures at 303, 313, and 
323 K are reported in Table I. The various salt solutions studied here were 
prepared by mass, and the conversion of molality to molarity was accom
plished [20] using density values. 

The experimental values of concentrations (c), densities (p), viscosi
ties (7]), and derived parameters at various temperatures are reported in 
Table II. · 

3. DISCUSSION 

The apparent molar volumes (Vq,) were determined from the solution 
densities using the following equation: 

Vq, =M/po -lOOO(p- Po)/(cpo) (1) 

· where M is the molar mass of the solute, c is the molarity of the solu
tion, and Po and p are the densities of the solvent/solvent mixtures and 
solution, respectively. 

The limiting apparent molar volumes CV2) were calculated using a 
least-squares treatment to the plots of Vq, versus c112 using the following 
Masson equation [21]: 

(2) 

where vg is the partial molar volume at infinite dilution and S~ is the 
experimental slope. The plots of Vq, against the square root of the molar 
concentration (c 112) were found to be linear with negative slopes. The val
ues of vg and S~ along with the standard errors are reported in Table III. 

As the investigated systems are characterized by hydrogen bonds, 
the solute-solvent and solute-solute interactions can be interpreted in 
terms of structural changes, which arise due to hydrogen bond interac
tions present between various components of the solvent and solution 
systems. 

To examine the solute-solvent interactions, vg can be used. Table III 
shows that the V 0 values are positive and increase with a rise in temperature 
and decrease witt an increase in the amount of 1,4-dioxane in the mixtures. 
This indicates the presence of strong solute-solvent interactions, and these 
interactions are strengthened with a rise in temperature and weakened with 
an increase in the amount of I ,4-dioxane in the mixed solvent under inves
tigation, suggesting larger electrostriction at higher temperature and lower 
amount of 1,4-dioxane in the mixture. Similar results were obtained for some 
I: I electrolytes in aqueous DMF [22] and aqueous THF (1]. 



~ 

Table L Physical Properties of Pure 1,4-Dioxane and 1,4-Dioxane +Water Mixtures at Different Temperatures 

PO (g-cm-3) '70 (mPa-s) 

Composition 303.15K 313.15K 323.15K 303.15K 313.15 K 323.15 K 
of 1,4-dioxane ------- ------- ------- ------- ------- -------
{mass%) 

10 
20 
30 
100 (Pure) 

Exp Lit 

1.0058 -
1.0148 -
1.0202 -
1.0199 1.0222 [20] 

_L, 
~·.~· 

Exp Lit 

1.0068 -
1.0100 -
1.0162 -
1.0144 1.0143 [21] 

Exp Lit 

0.9973 -
1.0033 -
1.0103 -
1.0027 1.0032 [21] 

~: 

Exp Lit 

1.0321 -
1.2014 -
1.3977 -
1.0886 1.0937 [20] 

Exp Lit 

1.0014 -
1.0186 -
1.2493 -
0.9785 0.9783 [21] 

~ 

Exp Lit 

0.6895 -
0.8787 -
1.0755 -
0.8441 0.8443 [21] 
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N 

~ 
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Table II. Concentrution (c), Density (p), Viscosity (11), Apparent Molar Volume (V._6), 
and (TJ/TJo -1)/../c of Resorcinol in Pure 1,4-Dioxane and 1,4-Dioxane+Water Mixtures at 

Different Temperatures 

c (mol· dm-3) p (g · cm-3) I) (mPa · s) V¢ (cm3·mol-1) ~TJ/TJo- I)/ .Jc 

JOmass% of 1,4-dioxane+water 
T=303.15K 
0.0070 1.0077 1.0376 115.9842 -0.1443 
0.0487 1.0076 1.0255 112.5836 -0.1066 

+ 0.0905 1.0082 1.0358 103.8412 -0.0456 . 
0.1322 1.0091 1.0507 98.9411 0.0012 
0.1740 1.0104 1.0789 94.2994 0.0654 
0.2157 1.0119 1.1090 90.3421 0.1205 

T=313.15K 
0.0070 1.0012 0.9408 123.5465 -1.0002 
0.0485 1.0009 0.8334 118.5112 -0.8534 
0.0901 1.0010 0.8246 112.7892 -0.6544 
0.1317 1.0019 0.835\ 106.0231 -0.5134 
0.1733 1.0030 0.8620 100.3112 -0.3845 
0.2150 1.0050 0.9291 92.9054 -0.2042 

T=323.15K 
0.0069 0.9975 0.6834 130.0254 -0.7280 
0.0482 0.9971 0.6939 122.5432 -0.2092 
0.0895 0.9972 0.7609 115.1204 0.1544 

:-r 0.1307 0.9979 0.8931 108.6753 0.6304 
0.1724 0.9991 1.0793 101.8734 t.I654 
0.2140 1.0009 1.2354 94.8752 1.5102 

20mass% of 1,4-dioxane+ Water 
T=303.15K 
0.0071 1.0164 1.2205 114.9854 -0.0543 
0.0498 1.0163 1.2180 110.8887 -0.0296 
0.0925 1.0165 1.2265 107.7832 0.0012 
0.1352 1.0172 1.2391 102.8712 0.0290 
0.1779 1.0187 1.2563 95.8097 0.0584 
0.2206 1.0207 1.2699 89.0009 0.0761 

T=313.15K 
0.0071 1.0099 0.9489 118.0543 0.0011 
0.0495 1.0098 0.9681 112.9843 0.0914 
0.0919 1.0100 0.9939 108.5632 0.1569 
0.\343 1.0106 1.0231 104.2871 0.2135 
0.1768 1.0118 1.0648 98.7358 0.2906 

~ 0.2197 1.0142 l.J113 90.3320 0.3654 
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Table II. (Continued) 

c (mol· dm-3) p (g · cm-3) 11 (mPa · s) V.p (cm3 ·mol- 1) (11/11o- 1)/../c 

T=323.15K 
0.0070 1.0035 0.8595 121.0065 -0.5165 
0.0493 1.0034 0.8189 113.8901 -0.3984 
0.0912 1.0036 0.8198 109.9987 -0.2897 
0.1340 1.0041 0.8554 106.0007 -0.1305 
0.1759 1.0054 0.9046 99.5709 0.0165 /~ 
0.2179 1.0075 0.9486 91.9964 0.1198 

30mass% of 1,4-dioxane+ Water 
T=303.15K 
0.0070 1.0202 1.4376 103.6557 0.1006 
0.0491 1.0208 1.4635 95.:S644 0.1200 
0.9125 1.0218 1.4805 90.5848 0.1277 
0.1334 1.0229 1.4972 87.6753 0.1376 
0.1755 1.0241 1.5177 85.6229 0.1544 
0.2176 1.0267 1.5326 78.6543 0.1609 

T=313.15K 
0.0070 1.0163 1.2855 105.0988 0.1015 
0.0489 1.0168 1.3091 97.6876 0.1223 
0.0910 1.0177 1.3260 92.8904 0.1334 
0.1328 1.0189 1.3402 88.9876 0.1410 
0.1748 1.0202 1.3602 85.9498 0.1605 -+ 0.2167 1.0226 1.3787 79.6544 0.1754 

T=323.15K 
0.0070 1.0106 1.1076 106.5169 0.1017 
0.0486 1.0111 1.1279 99.6003 0.1222 
0.0902 1.01189 1.1445 95.0065 0.1401 
0.131 s 1.01318 1.1607 89.6543 0.1565 
0.1736 1.0143 1.1763 87.8954 0.1704 
0.2149 1.0167 1.1899 80.9976 0.1799 

Pure 1,4-dioxane 
T=303.15K 
0.0069 1.0203 1.1108 47.4532 0.2540 
0.0485 1.0226 1.1.514 53.0001 0.2655 
0.0902 1.0245 1.1782 57.5543 0.2765 
0.1319 1.0261 1.200 I 61.8776 0.2841 
0.1736 1.0278 1.2222 62.9876 0.2965 
0.2152 1.0292 1.2461 65.4432 0.3137 

~ 
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Table II. (Continued) 

c (mol· dm-3) p (g · cm-3) 17 (mPa ·s) Vq, (cm3 ·mol- 1) (lJ/lJo- 1)/.Jc 

T=313.15K 
0.0069 1.0147 0.9990 49.4987 0.2544 
0.0480 1.0169 1.0362 54.7654 0.2701 
0.0894 1.0186 1.0592 60.4765 0.2765 
0.1308 1.0202 1.0809 63.8765 0.2901 
0.1721 1.0219 1.1041 64.9998 0.3100 
0.2134 1.0233 . 1.1224 66.6279 0.3190 

T=323.15K 
0.0068 1.0036 0.8621 50.6542 0.2551 
0.0475 1.0058 0.8942 55.9786 0.2709 
0.0884 1.0075 0.9146 61.8881 0.2801 
0.1293 1.0091 0.9347 64.7831 0.2976 
0.1702 1.0107 0.9551 65.8160 0.3176 
0.2110 1.0122 0.9738 67.5301 0.3339 

It is evident from Table III that the s; values are negative for all 
temperatures for aqueous mixtures of 1,4-dioxane, but positive for pure 
1 ,4-dioxane. Since S~ is a measure of solute-solute interactions, the results 
indicate the presence of weak solute-solute interactions. These interac
tions, however, decrease with a rise in temperature, which is attributed to 
more violent thermal agitation at higher temperatures, resulting in dimin
ishing the force of solute-solute interactions (ionic dissociation) [7]. The 
s; values increase with an increase in the amount of 1 ,4-dioxane in the 
mixture which results in a decrease in solvation of ions, i.e., more and 
more solute is accommodated in the void space left in the packing of large 
associated solvent molecules with the addition of 1,4-dioxane to the mix
ture. 

The variation of vg with temperature of resorcinol in solvent mix
tures follows the polynomial, 

(3) 

over the temperature range under investigation where T is the temperature 
inK. 

Values of coefficients of the above equation for resorcinol for compo
sitions of 1 ,4-dioxane +water mixtures are reported in Table IV. 

From the values of coefficients the following equations are obtained: 
I 0 mass% I ,4-dioxane + water mixture 



~; 

Table III. Limiting Apparent Molar Volume (Vg) and Experimental Slope (S;) for Resorcinol in Different 1,4-Dioxane +Water Mixtures at 
Different Temperatures 

Composition of I ,4-dioxane (mass%) 

10 
20 
30 
100 

303.15 K 

124.5 (±0.05) 
123.8 (±0.01) 
109.1 (±0.01) 
43.1 (±0.01) 

Standard errors are given in parentheses. 

il 

vg (cm3·mol-1) 

313.15 K 

133.5 (±0.02) 
I26.6 (±0.03) 
II L3 (±0.05) 
45.5 (±0.02) 

-.J ... 
~ 

323.15 K 

140.5 (±0.04) 
129.1 (±0.02) 
113.0 (±0.02) 
46.8 (±0.01) 

s; (cm2 ·dm112. moJ-3!2) 

303.15K 

-70.8 (±0.02) 
-64.8 (±0.04) 
-60.6 (±0.03) 

48.5 (±0.02) 

313.15 K 

-79.6 (±0.01) 
-67.8 (±0.03) 
-63.4 (±0.01) 

47.5 (±0.04) 

) .. _ 

"" 

323.15K 

-92.2 (±0.04) 
-71.2 (±0.02) 
-64.1 (±0.02) 

46.7 (±0.01) 

Ul 
Ul 

"' 

S' 
~ 

Ul 

= :r 
~ 

0 ... 
~ .. = "'" Ul 
g: .. 

~'~ 
' 
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V~=- 1123.39jcm3 • mol- 1 +7.23Tjcm3 • mol- 1 • K- 1 

- 0.010T2 jcm3' ·mol-l · K-2 (4) 

20 mass% 1 ,4-dioxane + water mixture 

V~=- 74.86jcm3 ·mol-l+ 1.02Tjcm3 . mol-l· K- 1 

- 0.001 T 2 jcm3 · mol- 1 • K-2 (5) 

30 mass% 1 ,4-dioxane +water mixture 

V2=- 216.27jcm3 • mol- 1 + 1.89Tjcm3 • mol- 1 • K- 1 

- 0.002T2 jcm3 · mol- 1 · K-2 (6) 

Pure 1 ,4-dioxane 

V2=- 500.30jcm3 · mol- 1 +3.30Tjcm3 • mol-1 ·.K-1 

- 0.005T2 jcm3 · mol-1 · K-2 (7) 

The apparent molar expansibilities (c:P~) can be obtained by the following 
equation: 

(8) 

The values of c:P~ of the studied compounds at 303.15, 313.15, and 
323.15 K are determined and reported in Table V. 

Table IV. Values of Various Coefficients for Resorcinol in Different I ,4-Dioxane +Water 
Mixtures 

Composition of 
I ,4-dioxane (mass%) ao (cm3 • mol- 1) Q) (cm3 • moi- 1• K- 1) a2 (cm3 • mol-1 ·.K-2) 

10 -1123.39 7.23 -0.010 
20 -74.86 1.02 -0.001 
30 -216.27 1.89 -0.002 
100 -500.30 3.30 -0.005 



1558 Roy, Sinha, Dey, and Sinha 

It is found from Table V that the values of cp~ decrease with a rise 
in temperature as well as with an increase in the amount of 1,4-dioxane 
in the mixture, which can be ascribed to the absence of caging or packing. 
effects [23]. 

During the past few years it has been ·emphasized by different work
ers that S~ is not the sole criterion for determining the structure-making 
or breaking nature of any solute. Hepler [24] developed a technique of 
examining the sign of (8 2V2f8T 2)p for the solute in terms of long-range 
structure-making and breaking capacity of the solute in the mixed solvent 
systems using the general thermodynamic expression, 

(9) 

On ~he basis of this expression, it has been deduced that· the structure
making solutes should have positive values, whereas structure-breaking sol
utes should have negative values. In our present investigation, it is evident 
from Table V that (82 vg j8T2)p values are negative for resorcinol and for 
all 1 ,4-dioxane + water mixtures investigated here, suggesting thereby that 
resorcinol acts as a structure breaker in these solvent mixtures. 

The viscosity data of solutions for resorcinol in 10, 20, and 30 mass% 
of 1,4-dioxane +water mixtures and pure 1,4-dioxane have been analyzed 
using the Jones-Dole [25] equation: 

1J/1JO =:= 1 + Ac 112 +Be (10) 

(1J/1Jo-l)jc 112 = A+Bc112, where 1J=(kt-L/t)p, 

and 110 and 17 are the viscosities of solvent/solvent mixtures and solution, 
respectively. k and L are the constants for a particular viscometer, and t is 

Table V. Limiting Apparent Molar Expansibilities C<P&) for Resorcinol in Various I, 
4-Dioxane + Water Mixtures at Different Temperatures 

Composition of 1,4-dioxane (mass%) 303.15K 313.15K 323.15K (8<PV8T)p 

10 
20 
30 
100 (Pure) 

1.01 
0.29 
0.25 
0.29 

0.81 
0.27 
0.19 
0.19 

0.59 
0.24 
0.14 
0.09 

Negative 
Negative 
Negative 
Negative 
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the flow time of the solvent/solution in seconds. A and B are the constants 
which are estimated by a least~squares method and reported in Table VI. 

A perusal of Table VI shows that the values of the A coefficient 
are negative for 10 and 20 mass% of 1 ,4-dioxane and positive for 30 and 
100 mass% of 1 ,4-dioxane for all temperatures. These results indicate the 
presence of weak solute-solute interactions, and these interactions increase 
with an increase of 1 ,4-dioxane to the mixture. 

It is also observed from Table VI that the values of the B-coefficient 
of resorcinol in the studied solvent systems are positive, thereby suggesting 
the presence of strong solute-solvent interactions, and these types of inter
actions are strengthened with a rise in temperature and weakened with an 
increase of 1,4-dioxane in the mixture. These conclusions are in excellent 
agreement with those drawn from V2 values discussed earlier. 

It has been reported in a number of studies [26, 27] that dB 1 dT is 
a better criterion for determining the structure-making/breaking nature of 
any solute rather than simply the value of the B-coefficient. It is found 
from Table VI that the values of the B-coefficient increase with a rise 
in temperature (positive dBjdT) suggesting the structure-breaking ten
dency of resorcinol in the solvent systems. A similar result was reported 
in a study [30] for the case of the viscosity of some salts in propionic 
acid + ethanol mixtures. 

The adiabatic compressibility (f3) was calculated from the following 
relation: 

(11) 

where p is the solution density and u is the sound speed in the solution. 
The apparent molal adiabatic compressibility ( cp K) of the liquid solutions 
was determined from the relation, 

cf>K = Mf3/ Po+ 1000(f3Po- f3oP)/(mppo) (12) 

The limiting apparent molal adiabatic compressibility (cf>~) was obtained by 
extrapolating the plots of cf>K versus the square root of molal concentration 
of the solute to zero concentration by a least-squares method. 

( 13) 

where SK_ is the experimental slope. 
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Table VI. Values of A and B Parameters for Resorcinol in Different 1,4-dioxane +Water Mixtures at Different Temperatures 

Composition of 1,4-dioxane (mass%) 303.15 K 

10 -0.23 (±0.01) 
20 -0.09 (±0.01) 
30 0.08 (±0.01) 
100 0.24 (±0.02) 

Standard errors are given in parentheses. 

~·· 

A (cml/2. mol-112) 

313.15K 

-1.24 (±0.02) 
-0.10 (±0.02) 

0.08 (±0.01) 
0.23 (±0.01) 

+"' 

323.15 K 

-1.41 (±0.01) 
-0.73 (±0.02) 

O.Q7 (±0.02) 
0.23 (±0.01) 

B (cm3 -mol-1) 

303.15K 313.15K 323.15K 

0.70 (±0.01) 2.08 (±0.02) 5.95 (±0.02) 
0.35 (±0.01) 0.92 (±0:02) 1.70 (±0.01) 
0.16 (±0.01) 0.18 (±0.02) 0.21 (±0.02) 
0.15 (±0.02) 0.17 (±0.02) 0.21 (±0.01) 

~I 

/ 

.... 
01 
0\ 
0 

~ 
~ 
Ql a· =-1' 
0 .. 
~ 

§ 

"'" l!l = == 

(• 
~·· 
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"' " Table VII. Molality (m), Density (p), Sound Speed (u), Adiabatic Compressibility (fJ), Apparent Molal Adiabatic Compressibility (<IlK), 
0'. 
0 
::l 

Limiting Apparent Adiabatic Compressibility (<P~), and Experimental Slope (SK_) of Resorcinol in Different 1,4-Dioxane+ Water Mixtures at II> 

0 
303.15K ... 

:;::, 
"' II> 

Composition of fl X 10-3 {I X 1010 <IlK X 1010 cfJ~ X 1010 SK. X 1010 0 
m u .. 

" 
1,4-dioxane (mass%) (mol·kg-1) (kg· m-3) (m·s-1) (Pa-1) (m3·mol-1 -Pa-1) rm3 ·mol-1 -Pa-1) (m3. mol-312. Pa-l ·kglf2) 

s· 
:=. 
s· 

10 0.00691 1.00769 1576.73 3.99168 1.050 ~ 0.04861 1.00758 1572.70 4.01262 0.963 
c. 

0.09064 1.00824 1570.36 4.02194 0.794 1.31 (±0.02) -2.02(±0.04) -0.13296 1.00912 1573.30 4.00343 0.515 -:;... 
6 0.17555 1.01037 1573.09 3.99957 0.446 ~-

0.21835 1.01186 15.75.75 3.98003 0.327 "' ::l 

"' 20 0.00701 1.01637 1590.39 3.88993 1.440 I 

0.04928 1.01629 1584.30 3.92019 1.180 : ... 
0.09193 1.01647 1586.07 3.91075 0.720 "' .. 
0.13488 1.01717 1590.98 3.88397 0.408 1.81 (±0.03) -3.58(±0.05) 

[/) 
'< 
~ 

0.17805 1.01868 1593.76 3.86472 0.271 "' a 
0.22137 1.02075 1596.57 3.84330 0.168 "' 

30 0;00687 1.02019 1590.07 3.87045 2.850 3.47 (±0.02) -7.63(±0.03) 
0.04839 1.02078 1580.33 3.92260 1.910 
0.09019 1.02178 1583.03 3.90540 0.991 
0.13227 1.02291- 1584.14 3.89559 0.704 
0.17463 1.02415 1595.59 3.83525 0.265 
0.21699 1.02666 1605.11 3.78063 0.001 

Standard errors are given in parentheses. 
0: 
0'1 -
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The values of u. f3, cp K, C/J~, and Si( are reported in Table Vll. 
A perusal of Table VII shows that the cP~ values increase whereas 

SK_ values decrease with an increase of 1,4-dioxane in the mixtures for the 
compounds studied here. Since the values of cP~ and SK_ are measures of 
the solute-solvent and solute-solute interactions, respectively, the results 
are in good agreement with those drawn from the conclusion based on the 
values of cP~ and SK_ explained here earlier. The same result was obtained 

. by us [29] in studies on the sound speeds of some salts in different tetra
hydrofuran (THF) +water mixtures. 

ACKNOWLEDGMENT 

The authors are grateful to the Departmental Special Assistance 
Scheme under the University Grants Commission, New Delhi (No. 
540/6/D RS/2002, SAP-1) for financial support. 

REFERENCES 

I. M. N. Roy, A. Jha, and R. Dey, J. Chem. Eng. Data 46:1247 (2001). 
2. C. G. Janz and R. P. T. Tomkins, Non-aqueous Electrolytes Handbook (Academic Press, 

New York, 1973), Vol. 2 
3. R. Jasinki, High Energy Batteries (Plenum Press, New York, 1967). 
4. M. N. Roy, J. Teach. Res. 7:17(2000). 
5. M. N. Roy and D. K. Hazra, Indian J. Clzem. Techno/. 1:93 (1994). 
6. A. Sacco, M.D. Monika, and A. D. Giglio, J. Chem. Soc. Faraday Trans. 1 79:631 (1983). 
7. F. J. Millero, in Structure (/nd Transport Process in Water and Aqueous Solutions (R. A. 

Horne, New York, 1972). 
8. M. L. Purmar, V. N. Ruo, und S. K. BhurdWEij, J. Indian Clzem. Soc. 67:591 (1990). 
9. K. Masayuki and N. Kastutoshi, J. Chen1. Eng. Data. 40:935 (1995). · 

10. T.V. Chalikian, A. P. Sarvasyan, and K. J. Breslauer, J. Phys. Chern. 97:1301 (1993). 
II. T. S. Banipal and P. Kapoor, J. Indian Clrem. Soc. 76:341 (1999). 
12. D.P. Kharakoz, Biophys. Clrem. 34:115 (1989). 
13. M. N. Roy, D. Nandi. and D. K. Hazra, J. Indian Chen1. Soc. 70:1123 (1993). 
14. P. Franzosini and F. W. Falgar, J. Chem. Thermodyn. 16:81 (1984). 
15. P. S. Nikam and M. Hosan. J. Chen!. Eng. Data. 33:165 (1988). 
16. R. D. Pernlta, R. Infante, G. Cortez, G. Cudenus, und J. Wisniak, Int. J. Tlzermophys. 

24: I 061 (2003). 
17. J. R. Suindels and T. B. Goodfray, J. Res. Nat/. 8111: Stand. 48:1 (1952). 
18. K. Tamura, K. Ohomura, and S. Murakami, J. Chen1. Thermodyn. 15:859 (1983). 
19. M. N .. Roy, A. Jha, and A. Choudhury, J. Indian Chem. Soc. 80: I (2003). 
20. D. P. Shoemaker and C. W. S. Garland, Experiments in Physical Chemistry (McGraw Hill, 

New York, 1967), p. 131. 
21. D. 0. Masson, Pili/. Mag. 8:218 (1929). 
22. E. Garland-Panedu, C. Yanes, and J. J. Calventa, J. Clrem. Soc. Faraday Trans .. 94:573 

(1994). 
23. P.R. Misra and B. Dus, Indian J. Clu:m. 16:348 (1978). 



Interactions of Resorcinol in Mixed 1,4-Dioxane-Water Systems 1563 

24. L. G. Hepler, Can. J. Chem. 47:4617 ( 1969). 
25. G. Jones and M. Dole, J. Am. Chem. Soc. 51:2950 (1929). 
26. R. Gopal and M.A. Siddique, J. Phys. Chem. 72:1814 (1969). 
27. N. Saha and B. Das, J. Chem. Eng. Data 42:277 (1997). 
28. M. L. Parmer and M. K. Chouhan, Indian J. Chem. 34A:434 (1995). 
29. M. N. Roy and D. K. Hazra; N B. Univ. Rev. (Sci. and Techno/.) 8:54 (1997). 
30. S. Martin Contreras, J. Chem. Eng. Data 46:1149 (2001). 
31. A. Choudhury, A. Sinha, and M. N. Roy, J. Teach. Res. 11:12 (2004). 

+ 



Journal of Solmion Chemistry, Vol. 34, No.I I, November 2005 (© 2005) 
DOI: 10.1007/sl0953-005-8022-0 

Excess Molar Volumes, Viscosity Deviations 
and Isentropic Compressibility of Binary Mixtures 
Containing 1,3-Dioxolane and Monoalcohols 
at 303.15K 
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The excess molar volume (VE), viscosity deviations (L'I.7J) and Gibbs excess energy of 
activation for viscous flow ( o•E) have been investigated from density (p) and viscosity 
(17) measurements of eight binary mixtures of 1,3-dioxolane with methanol, ethanol, !
propanol, 2-propanol, !-butanol, 2-butanol, r-butanol, and i-amyl alcohol overthe entire 
range of mole fractions at 303.15 K. The viscosity data have been.correlated with the 
Grunberg and Nissan equation. Furthermore, excess isentropic compressibilities (Kr) 
have been calculated from ultrasonic speed measurements of these binary mixtures 
at 303.15 K. The deviations have been fitted by a Redlich-Kister equation and the 
results are discussed in terms of molecular interactions and structural effects. The 
excess properties are found to be either negative or positive depending on the molecular 
interactions and the nature of the liquid mixtures. The systems studied exhibit very 
strong cross association through hydrogen bonding. 

KEY WORDS: Excess molar volumes; viscosity deviations; Gibbs excess energy of 
activation; isentropic compressibility; density and viscosity measurements; speed of 
sound; cyclic diether; monoulcohols; molecular interactions; dipole-dipole interaction; 
interstitial accommodation. 

1. INTRODUCTION . 

The increasing use of cyclic diethers and monoalcohols in many industrial 
processes such as pharmaceutical and cosmetics have greatly stimulated the need 
for extensive infonnation on the thennodynamic, acoustic and transport proper
ties of cyclic diethers, monoalcohols and their mixtures.O-{i) The viscosities and 
densities of binary liquid mixtures are used extensively to understand molecular 
interactions between the components of the mixture to develop new theoretical 

1 D~pnrtment of Chemistry, University of North Bengal, Darjeeling 734430, India; c-muil: 
mahendraroy@yahoo.co.in. 

1311 

0095·9782/05/11 00-1311/0 'C) 2005 Springer Scicncc+llusincss Mcdio, Inc. 



1312 Roy, Sinha, and Sinha 

models and also for engineering applications.<7·8> The thermodynamic properties 
of various alcohols have been studied in numerous solvents. In our systematic in
vestigation of these properties, we have reported the viscosities, densities, speeds 
of sound, isentropic compressibilities and excess molar volumes of many binary 
systems in previous papers.0-4) There has been a recent upsurge of interest<9•10> 

in the study of thermodynamic properties of binary liquid mixtures, which have 
been used extensively to obtain information on intermolecular interactions and 
stereochemical effects in these systems.<3> In this paper we extend our studies to 
binary mixtures formed from 1 ,3-dioxolane, represented as (I) with eight monoal
cohols, represented as (2) with methanol (MeOH), ethanol (EtOH), !-propanol 
(1-PrOH), 2-propanol (2-PrOH), 1-butanol (1-BuOH), 2-butanol (2-BuOH), t
butanol (t-BuOH), and i-amyl alcohol (i-AmOH).· 

The various thermodynamic properties, such as excess molar volume (VE) 
and viscosity deviations (~77), obtained from experimental observations have been 
rationalized.<4) Besides this, speed of sound measurements and calculated isen
tropic compressibilities, as well as excess isentropic compressibilities (Kr)<7· 11 l 
of 1 ,3-dioxolane ( 1) with the monoalchols (2) mixtures are presented at 303.15 K. 

The cyclic diether and the monoalcohols have both a proton donor and a 
proton acceptor group. It is expected that there will be a significant degree of 
H-bonding leading to self-association in the pure state in addition to mutual 
association in their binaries.< 12l In addition, this work also provides a test of 
various empirical equations to correlate viscosity and ultrasonic sound data of 
binary mixtures containing both polar components. 

2. EXPERIMENTAL 

2.1. Apparatus and Procedures 

Densities (p) at 303.15 K were measured with an Ostwald-Sprengel type 
pycnometer having a bulb volume of about 25 cm3 and an internal diameter of 
the capillary of about 1 mm. The measurements were done in a thermostatted 
bath controlled to ±0.01 K. The viscosity was measured by means of a suspended 
Ubbelohde type viscometer.<13l Calibration was done at 298.15K with triply dis
tilled water and purified methanol using density and viscosity values from the 
literature. Speeds of sound were determined by a multifrequency ultrasonic inter
ferometer (Mittal Enterprise, New Delhi) working at 5 MHz. The meter was cali
brated with water, methanQl, and benzene at 298. 15 K. The details of the methods 
and techniques have been described previously.< 14•15l The mixtures were prepared 
by mixing known volumes of the pure liquids in air-tight stoppered bottles. The 
weights were taken on a Mettler electronic analytical balance (AG 285) accurate to 
0.01 mg. The precisions of the speed of sound, density and viscosity measurements 
are ±0.2 m-s- 1, ±3 X 10-5 g-cm-3 and ±2 X 10-5 cP, respectively. 

~· 
I 
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Table I. Physical Properties of Pure Components at 303.15 K 

fl (g-cm-3) 17 (cP) 

Components Observed Literature Observed Literature u(m-s- 1) 

1,3-Dioxolane 1.05184 1.04940 [18) 0.54866 0.54355 [18) 1288.5 
Methanol 0.78242 0.78297 [19] 0.50409 0.51000 [19) 1088.5 
Ethanol 0.78435 0.78069 (6] 0.96749 0.99301 [6) 1144.3 
!-Propanol 0.79584 0.79581 [6] 1.66262 1.78433 [6) 1182.6 
2-Propanol 0.77731 0.77786 [20] 1.61419 1.77321 [20] 1126.6 
!-Butanol 0.80207 0.80194 [6) 2.53963 2.28530 [6) 1196.6 
2-Butanol 0.79923 0.79589 [18) 2.33939 2.41700 [18) 1168.9 
r-Butanol 0.77506 0.77622 [21] 3.09856 3.32109 [21] 1078.8 
i-Amyl alcohol 0.80319 3.11110 1197.0 

2.2. Chemicals 

The source and purification of the pure alcohols, (Merck) methanol, ethanol, 
!-propanol, 2-propanol, !-butanol, 2-butanol, r-butanol and i-amyl alcohol, have 

. been described in other papers.<5· 16· 17l 1 ,3-dioxolane (LR) was purified by standard 
methods; it was reftuxed with Pb02, then fractionally distilled after addition of 
xylene.<18l The solvents finally obtained after purification were 99.9% pure as 
checked by gas chromatography. The purity of the liquids was also checked 
by measuring their densities and viscosities at 303.15 K and were in reasonable 
agreement with the literature values<6·18- 21 l as depicted in Table L 

3. RESULTS 

The measured density (p) and viscosity (77) data for mixtures of 1 ,3-dioxolane 
( 1) and the monoalcohols (2), methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, t-butanol, and i-amyl alcohol, were used to calculate the excess 
molar volume (VE), viscosity deviations (~7]), Gibbs excess energy of activation 
for viscous flow (G*E) and the Grunberg-Nissan interaction parameter (d1). The 
results are presented in Table II. 

The excess molar volume (V E) is calculated using the equation<8•22l 

VE = (MtXt + M2x2)/ Pmix- MtXi/ PI - M2x2/ P2 (1) 

where Pmix is the density of the mixture and M1, M2. x,, x2, PI. and P2 are the 
molecular weights, mole fractions and densities of pure components 1 and 2, 
respective! y. 

Quantitatively, as per the absolute reaction rates theory,<4•23l the deviation of 
the viscosities, t::..ry, from the ideal mixture values and the Gibbs excess energies 
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Table II. Experimental Results for the Binary Liquid Mixtures of 1,3-Dioxolane (I)+ Monoalcohols 
(2) at 303.15 K 

Mole fraction 1,3- r> x 10-3 ~X 103 fl~ X 103 yE X 103 a'E x 10-3 
dioxolane (x1) (kg-m-3) (kg-m- 1-s- 1) (kg-m- 1 -s- 1) (m3-mol- 1) (J-mol- 1) dl 

1,3-Dioxolane + methanol 
0.00000 0.78242 0.50409 0.00000 0.00000 0.00000 
0.04585 0.80385 0.50565 -0.00048 -0.04543 0.01448 -0.01817 
0.09758 0.82641 0.50884 0.00040 -0.09238 0.03523 0.01262 

~ 0.15637 0.85072 0.51595 0.00489 -0.16997 0.07095 0.07586 
0.22381 0.87556 0.52719 0.01312 -0.20763 0.12473 0.14877 
0.30192 0.90216 0.53818 0.02063 -0.26618 0.17006 0.18911 
0.39348 0.92962 0.55157 0.02994 -0.28935 0.21978 0.23749 
0.50228 0.95845 0.56418 0.03770 -0.29641 0.25465 0.28026 
0.63370 .. 0.98828 0.54544 0.01311 -0.25413. 0.13379 0.10834 
0.79561 1.01936 0.54465 0.00509 -0.16004 0.07283 0.06138 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-Dioxolane + ethanol 
0.00000 0.78435 0.96749 0.00000 0.00000 0.00000 
0.06463 0.80501 0.89803 -0.04239 -0.01432 -0.09335 -0.62597 
0.13455 0.82672 0.83803 -0.07311 -0.02483 -0.16571 -0.57821 
0.21044. 0.84953 0.76911 -0.11024 -0.02875 -0.27159 -0.66266 
0.29308 0.87359 0.68516 -0.15958 -0.03001 -0.44315 -0.86305 
0.38344 0.89912 0.63329 -0.17360 -0.03570 -0.51148 -0.87254 
0.48263 0.92601 0.61205 -0.15330 -0.02995 -0.45496 -0,73741 
0.59202 0.95457 0.59099 -0.12854 -0.02422 -0.38705 -0.65042 
0.71327 0.98493 0.58855 -0.08020 -0.01712 -0.22544 -0.45208 +·· 0.84842 1.01723 0,56902 -0.04313 -0.00503 -0.11996 -0.38524 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-Dioxolane + !-propanol 
0.00000 0.79584 1.66262 0.00000 0.00000 0.00000 
0.08269 0.81516 1.25778 -0.31273 0.04909 -0.47023 -2.47020 
0.16862 0.83574 1.06683 -0.40795 0.07303 -0.64392 -1.83154 
0.25799 0.85742 0.93446 -0.44077 0.09519 -0.72703 -1.51572 
0.35101 0.88035 0.82076 -0.45085 0.11086 -0.79334 -1.39053 
0.44791 0.90452 0.73389 -0.42978 0.12845 -0.80375 -1.29892 
0.54893 0.93008 0.64538 -0.40575 0.14471 -0.84483 -1.36397 
0.65434 0.95773 0.59197 -0.34174 0.11624 -0.76907 -1.35842 
0.76444 0.98721 0.56844 -0.24262 0.07633 -0.56526 -1.25362 
0.87954 1.01856 0.55642 -0.12643 0.03507 -0.29936 -1.12795 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-Dioxo1ane + 2-propanol 
0.00000 0.77731 1.61419 0.00000 0.00000 0.00000 
0.08269 0.79735 1.21247 -0.31361 0.07625 -0.49315 -2.59639 
0.16862 0.81849 0.97764 -0.45688 0.15165 -0.79886 -2.27901 
0.25799 0.84127 0.83857 -0.50072 0.18617 -0.94080 -1.96672 + 0.35101 0.86537 0.74771 -0.49247 0.22121 -0.97525 -1.71550 
0.44791 0.89113 0.66451 -0.47242 0.23696 -1.00817 -1.63452 
0.54893 0.91900 0.60823 -0.42106 0.21107 -0.95724 -1.54956 
0.65434 0.94875 0.60327 -0.31370 0.17812 -0.69243 -1.22964 
0.76444 0.98069 0.58560 -0.21406 0.12895 -0.47001 -1.04979 
0.87954 1.01482 0.56368 -0.11333 0.08009 -0.25558 -0.97199 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

~----
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Table II. Continued 

Mole fmction I ,3- P x w-3 7J X 103 l>1) X 1(}1 vn x 10' a·n x w-3 

dioxolane (x1) (kg-m-3) (kg-m- 1-s- 1) (kg-m- 1-s- 1) (m3-mol- 1) (J-mol- 1) di 

I ,3-Dioxolane + !-butanol 
0.00000 0.80207 2.53963 0.00000 0.00000 0.00000 
0.10005 0.82064 1.73995 -0.60048 0.10328 -0.55615 -2.49729 
0.20009 0.84032 1.37339 -0.76787 0.18245 -0.75747 -1.92522 
0.30011 0.86111 1.11332 -0.82880 0.24712 -0.89359 -1.73685 
0.40013 0.88368 0.95874 -0.78424 0.24314 -0.88094 -1.50416 
0.50013 0.90754 0.84187 -0.70202 0.23225 -0.82118 -1.35121 
0.60013 0.93281 0.73054 -0.61425 0.21418 -0.79337 -1.36020 

+ 0.70011 0.95972 0.65818 -0.48755 0.18020 -0.67348 -1.32180 
0.80009 0.98832 0.61924 -0.32743 0.14009 -0.44671 -1.15856 
0.90005. 1.01882 0.58733 -0.16033 0.08933 -0.20229 -0.94536 
1.00000 1.05184 0.54866 0.00000 0.00000 o.ooooo 

I ,3-Dioxolane + 2-butanol 
0.00000 0.79923 2.33939 0.00000 0.00000 0.00000 
0.10005 0.81699 1.51615 -0.64408 0.21125 -0.71372 -3.20554 
0.20009 0.83605 1.18133 -0.79975 0.37022 -0.96592 -2.45596 
0.30011 0.85714 0.93545 -0.86652 0.41589 -1.18211 -2.29194 
0.40013 0.87988 0.81197 -0.81089 0.40842 -1.17009 -1.99115 
0.50013 0.90408 0.70718 -0.73661 0.38031 -1.15202 -1.88435 
0.60013 0.92976 0.65889 -0.60583 0.34322 -0.96612 -1.65351 
0.70011 0.95708 0.61199 -0.47369 0.29514 -0.79056 -1.55106 
0.80009 0.98619 0.58939 -0.31725 0.23646 -0.52623 -1.36480 
0.90005 1.01762 0.55877 -0.16887 0.14236 -0.30518 -1.40824 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

I ,3-Dioxolane + /-butanol 

-r 0.00000 0.77506 3.09856 0.00000 0.00000 0.00000 
0.10005 0.79409 1.96702 -0.87642 0.22469 -0.69302 -3.12317 
0.20009 0.81487 1.46803 -1.12032 0.36090 -0.98214 -2.50302 
0.30011 0.83733 1.10228 -1.23103 0.43729 -1.25951 -2.44712 
0.40013 0.86138 0.87929 -1.19898 0.48229 -1.38717 -2.36169 
0.50013 0.88759 0.76572 -1.05756 0.45732 -1.29797 -2.12818 
0.60013 0.91549 0.67551 -0.89278 0.42926 -1.17859 -2.01802 
0.70011 0.94566 0.60671 -0.70664 0.36261 -1.01782 -1.99376 
0.80009 0.97824 0.57312 -0.48529 0.26885 -0.73349 -1.89108 
0.90005 1.01327 0.56596 -0.23756 0.16555 -0.34069 -1.57837 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

1,3-Dioxo1ane + i-amy1 alcohol 
0.00000 0.80319 3.11110 0.00000 0.00000 0.00000 
0.11678 0.82142 2.29991 -0.51195 0.15588 -0.22415 -0.96433 
0.22928 0.84113 1.80646 -0.71712 . 0.22984 -0.32135 -0.82479 
0.33774 0.86196 1.45757 -0.78809 0.28423 -0.37398 -0.76962 
0.44236 0.88396 1.16673 -0.81085 0.32478 -0.46884 -0.86414 
0.54336 0.90791 0.99491 -0.72386 0.28621 -0.42717 -0.79483 
0.64092 0.93313 0.88176 -0.58702 0.25432 -0.30807 -0.64592 

·:-:-r· 0.73520 0.95989 0.78122 -0.44597 0.21604 -0.20933 -0.54508 
0.82638 0.98836 0.71042 -0.28313 0.16819 -0.06358 -0.29898 
0.91459 1.01899 0.62119 -0.14633 0.09110 -0.03559 -0.30788 
1.00000 1.05184 0.54866 0.00000 0.00000 0.00000 

Note: Density, p; viscosity, 11; viscosity deviation, (D-11); excess molar volume, (VE); Gibbs excess 
energy of activation for viscous flow, (G*E), and Grunberg-Nissan interaction parameter, (d1 ). 
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of activation, G*E, for viscous flow are calculated as<24l 

!:::.7] = TJmix - [XITJI + XzTJz] 

G*E = RT[ln TJmix Vmix -(XI In 111 V1 + Xzln TJz Vz)] 

(2) 

(3) 

where TJmix and Vmix are the viscosity and molar volume of the mixture; 7JI> 7Jz, 
V1. and Vz are the viscosities and molar volumes of pure components (1) and (2), 
respectively. 

Isentropic compressibilities, Ks, and excess isentropic compressibilities, K~, 
are calculated from the experimental densities, p, and speeds of sound, u, using 
the following equations<?. 11 ,25-27) 

Ks = l/u2p (4) 

(5) 

where Ks, Ks, 1, and Ks,z are the isentropic compressibilities of the mixture, pure 
component I and pure component 2, respectively. 

Experimental speeds of sound and estimated isentropic compressibilities, as 
well as the excess isentropic compressibilities, are compiled in Table Ill. 

3.1. Correlating Equations 

The viscosity values are further used to detennine the Grunberg-Nissan 
parameter<28l d 1 as 

(6) 

where d1 is proportional to the interchange energy. The d 1 values for the mixtures 
are reported in Table II. 

Again, VE, !:::.1), G*E, and Kf values were fitted by the Redlich-Kister 
equation<29l using the method ofleast squares involving the Marquardt algorithm<30l 

to derive the binary coefficient, A,: 

k 

yE = x1x2 L AJ-I(xi- xz)'-1 (7) 
J=l 

Here, yE denotes VE, !:::.7), G*E, and Kf In each case, the optimum number of 
coefficients, A, is ascertained from an examination of the variation of the standard 
deviation, CJ, with 

[( E E )2 ] 1/2 a = Yexp- Ycal /(n - m) (8) 

where 11 represents the number of measurements.and m the number of coefficients. 
The estimated values of A.t and CJ for vE, !:::.1], G*E, and K~ are summarized 

for all studied mixtures in Table IV. 
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Table Ill. Speeds of Sound (11), Isentropic Compressibilities (Ks) and Excess Isentropic Compress-
ibility (Kfl of Binary Mixtures of Various Compositions (Mole Fraction) at 303.15 K 

Mole fraction 1,3- II Ks x 1012 Kf X 1012 Mole fraction I ,3- u Ks x 1012 K~ X 1012 
dioxolane (.r1) (m-s-1) (Pu- 1) (Pu- 1) dioxolunc (.r1) (m-s-1) (Pu-1) (Pu- 1) 

I ,3-Dioxolane + methanol I ,3-Dioxolane + ethanol 
0.00000 1088.5 1078.7 0.0 0.00000 I 144.3 973.7 0.0 
0.04585 1122.2 987.9 -67.6 0.06463 1159.1 924.7 -23.1 
0.09758 I 135.7 938.1 -91.2 0.13455 1171.1 881.9 -37.8 
0.15637 1145.7 895.5 -104.1 0.21044 1183.4 840.6 . -48.7 
0.22381 1157.9 851.9 -113.5 0.29308 1197.8 797.8 -58.3 
0.30192 1174.8 803.2 -122.7 0.38344 1215.0 753.4 -66.5 
0.39348 1198.8 748.5 -131.1 0.48263 1225.3 719.3 -60.8 
0.50228 1230.7 688.8 -135.7 0.59202 1238.7 682.7 -53.5 
0.63370 1255.6 641.8 -116.2 0.71327 1255.9 643.6 -44.0 
0.79561 1281.4 597.5 -78.5 0.84842 1275.5 604.3 -29.1 
1.00000 1288.5 572.6 0.0 1.00000 1288.5 572.6 0.0 

1,3-Dioxohme + !-propanol 1,3-Dioxolane + 2-propanol 
0.00000 1182.6 898.5 0.0 0.00000 1126.6 1013.6 0.0 
0.08269 1185.5 872.9 1.3 0.08269 1136.9 970.2 -6.9 
0.16862 1195.3 837.5 -6.0 0.16862 1151.2 921.9 -17.3 
0.25799 1208.8 798.1 -16.3 0.25799 1166.3 873.8 -26.0 
0.35101 1211.1 774.4 -9.7 0.35101 1182.5 826.4 -32.4 
0.44791 1215.2 748.7 -3.8 0.44791 1199.2 780.3 -35.8 
0.54893 1218.6 724.0 4.4 0.54893 1208.4 745.1 -26.4 
0.65434 1236.8 682.6 -2.7 0.65434 1221.8 706.1 -18.9 
0.76444 1255.7 642.5 -6.9 0.76444 1239.9 663.2 -13.3 
0.87954 1271.4 607.4 -4.5 0.87954 1260.9 619.7 -6.0 
1.00000 1288.5 572.6 0.0 1.00000 1288.5 572.6 0.0 

I ,3-Dioxolane + !-butanol 1,3-Dioxolane + 2-butanol 
0.00000 1196.6 870.7 0.0 0.00000 1168.9 915.7 0.0 
0.10005 1200.8 845.1 4.2 0.10005 1173.1 889.4 8.0 
0.20009 1205.3 819.1 8.0 0.20009 1177.5 862.6 15.6 
0.30011 1208.4 795.3 14.1 0.30011 1182.8 833.9 21.2 
0.40013 1218.8 761.8 10.4 0,40013 1193.2 798.3 19.9 
0.50013 1229.6 728.8 7.2 0.50013 1212.5 752.4 8.3 
0.60013 1240.9 696.1 4.3 0.60013 1234.4 705.9 -3.9 
0.70011 1251.9 664.8 2.8 0.70011 1253.6 664.9 -10.6 
0.80009 1263.1 634.2 2.0 0.80009 1267.5 631.2 -9.9 
0.90005 1275.2 603.6 1.2 0.90005 1274.8 604.7 -2.2 
1.00000 1288.5 572.6 0.0 1.0000 1288.5 572.6 0.0 

1.3-Dioxolunc + r-butunol 1,3-Dioxolunc + i-umyl ulcohol 
0.00000 1078.8 1108.6 0.0 0.00000 1197.0 868.9 0.0 
0.10005 1098.7 1042.9 -12.0 0.11678 1199.8 845.7 11.4 
0.20009 1121.1 976.4 -24.9 0.22928 1203.8 820.4 19.4 
0.30011 1144.7 911.4 -36.3 0.33774 1208.5 794.3 25.5 
0.40013 1169.0 849.5 -44.6 0.44236 1215.8 765.3 27.5 
0.50013 1184.7 802.7 -37.8 0.54336 1230.3 727.7 19.8 
0.60013 1201.2 757.0 -29.9 0.64092 1242.7 693.9 14.9 
0.70011 1221.4 708.8 -24.5 0.73520 1255.7 660.7 9.6 
0.80009 1243.2 661.5 -18.3 0.82638 1266.1 631.2 7.2 
0.90005 1266.5 615.3 -10.9 0.91459 1276.6 602.2 4.3 
1.00000 1288.5 572.6 0.0 1.00000 1288.5 572.6 0.0 
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Table IV. Estimated Parameters ofEq. (7) for Excess Functions for the Binary Mixtures of 
1,3-Dioxolane (I) + Monoalcohols (2) at 303.15 K 

Function Ao A1 A2 (J 

1,3-Dioxolane + methanol 
yE x J03 (m3-mol- 1) -1.18037 0.29341 0.21420 0.00648 
617 x 103 (kg-m- 1-s- 1) 0.12407 -0.05029 -0.24601 0.00411 
G*E X w-3 (J-mol- 1) 0.90054 -0.28662 -1.11756 0.01869 
Kf x 1012 (Pa- 1) -542.5 -65.4 -355.9 0.1 

1,3-Dioxolane +ethanol 
yE x 103 (m3-mol- 1) -0.11914 0.10135 0.00179 
617 x 103 (kg-m- 1-s- 1) -0.59825 0.42012 ...:.0.86330 0.00029 
G*E X 10-3 (J-moJ-I) -1.77518 1.23789 -3.14322 0.01421 
Kf x 1012 (Pa- 1) -242.8 146.7 -44.9 1.1 

I ;3-Dioxolane + !-propanol 
yE x 103 (m3-mol- 1) 0.55476 0.16595 ....,0,55390 0.00357 
617 x 103 (kg-m-1-s-1) -1.67833 0.61688 -0.86578 0.00313 
G*E X w-3 (J-mol-1) -3.35532 -0.22204 -0.29213 0.01290 
Kg x 1Q12 (Pa-l) 3.6 85.6 -373.2 1.9 

1,3-Dioxolane + 2-propanol 
yE x 103 (m3-mo1-1) 0.88575 -0.25715 0.00628 
617 x 103 (kg-m-1-s-1) -1.8!023 1.00486 0.88281 0.00265 
G*E X 10-3 (J-mo1- 1) -4.02077 0.91517 5.47182 0.01367 
Kf x 1012 (Pa-l) -123.4 105.4 72.8 1.5 

1,3-Dioxolane +!-butanol 
VE X i03 (m3-moJ-I) 0.93948 -0.42461 0.40040 0.00583 
617 x 103 (kg-m-1-s- 1) -2.80851 1.64517 -2.91633 0.00201 
G*E X 10-3 (J-moJ-1) -3.41517 0.83967 -1.24054 0.02121 
Kf x 1012 (Pa-1) 32.9 -42.8 1.7 

1,3-Dioxolane + 2-butanol 
yE x 103 (m3-mol- 1) 1.52385 -0.65650 0.96778 0.00052 
617 x 103 (kg-m- 1-s- 1) -2.94697 2.02543 0.74317 0.00035 
G*E X 10-J (J-moJ- 1) -4.55415 2.05980 0.49414 0.02744 
Kf x 1012 (Pa-l) 28.8 -147.2 4.1 

1,3-Dioxolune + /-butanol 
VEX 103 (m3-moJ-I) 1.85435 -0.46020 0.39839 0.00639 
617 x 103 (kg-m- 1-s- 1) -4.23108 3.23501 -3.59752 0.00123 
G*E X 10-3 (J-mol-1) -5.28143 1.27430 -0.54361 0.03782 
Kf x 1012 (Pa-1) -154.1 111.2 48.3 1.7 

1,3-Dioxolane + i-amyl alcohol 
VE X 103 (m3-mo1- 1) 1.19788 -0.22010 0.15846 O.Dl055 
617 x 103 (kg-m- 1-s-1) -3.06573 1.53808 0.46358 0.00804 
G*E X 10-3 (J-mol-1) -1.79697 0.58402 2.77346 0.01795 
Kf x 10 12 (Pa- 1) 95.2 -118.3 -88:9 0.8 
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Fig. I. Plots of excess molar volume (VE) versus mole fraction of 1,3-dioxolane (XI) at 
303.15 K for binary mixtures of 1,3-dioxolane with methanol(+), ethanol (D), !-propanol 
(.6.), 2-propanol (x), !-butanol (.o), 2-butanol (e), t-butanol (•), and i-amyl alcohol (b.). 

4. DISCUSSION 

1319 

We have calculated b. TJ, V E and G*E at 303.15 K for the binary mixtures of 1 ,3-
dioxolane (I) with the monoalcohols (2). The variations of the excess properties 
over the entire range of compositions for the binary mixtures are depicted in 
Figs. 1-3. 

The value of the excess molar volume was found to be negative for the I ,3-
dioxolane and methanol mixture, but the magnitude of negative value decreases 
and the positive value increases with increasing chain length of the alcohols in the 
series (Fig. 1). The trend it follows is 

MeOH < EtOH < 1-PrOH < 2-PrOH < 1-BuOH < i-AmOH 

< 2-BuOH < t-BuOH 
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Fig. 2. Plots of viscosity dcviutions (611) vei'SIIS molo !'ruction of I ,3-dloxolunc (XI) ut 303.15 K for 
binary mixtures of 1,3-dioxolane with methanol(+), ethanol (o), !-propanol(&), 2-propanol (x), 
!-butanol (o), 2-butanol (e), r-butanol (•), and i-amyl alcohol (6). 

The negative VE values indicate the presence of strong molecular interactions 
between the components of the mixture. 

Several effects may contribute to the value of VE, such as<31 - 33l (a) dipolar 
interactions, (b) interstitial accommodation of one component into the other and 
(c) possible hydrogen-bond interactions between unlike molecules. The actual 
volume change, therefore, depends on the relative strength of these three effects. 
It is known fact that as the number of C-atoms of the alkyl group increases, the 
electron releasing ability (+I effect) increases, thereby decreasing the polarity of 
the 0-H bond of the monoalcohols. Consequently, MeOH having the highest 
polarity achieves the most favorable intermolecular H-bonded interactions with 
the cyclic diether molecules. Moreover, its simple structure and smaller size leads 
to interstitial accommodation with I, 3-dioxolane molecules more easily compared 
to the higher monoalcohols that have greater structural complexity. Similar results 
have been reported earlier. (34,35) 

·'+· 

~ 
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Fig. 3. Plots of Gibbs excess energy of activation for viscous flow (G.E) versus mole fraction of 
1,3-dioxolane (XI) at 303.15 K for binary mixtures of 1,3-dioxolane with methanol(+), ethanol (D), 
!-propanol(.&), 2-propanol (x), !-butanol (o), 2-butanol (e), t-butanol (•). and i-amyl alcohol (6). 

It is further observed that in the case of branched monoalcohols, V 8 values 
are higher than the respective normal alcohols. This may be attributed primarily to 
steric factors arising from a change in the proportion of different structural forms 
of the alcohol molecules with a change in its mole fraction. This also explains 
the expected behavior of i-AmOH in this paper. Similar types of work have been 
reported in other papers.C36.3?) 

Figure 2 shows that Ill} values are positive for 1,3-dioxolane and methanol 
systems, but with the increase in the chain length in alcohols, the magnitude of 
the negative deviation increases. The order it follows is: 

MeOH > EtOH > 1-PrOH > 2-PrOH > i-AmOH 

> 1-BuOH > 2-BuOH > t-BuOH 
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Fig. 4. Plots of excess isentropic compressibility (Kf) versus mole fraction of 1,3-dioxolane (x,) 
at 303.15K for binary mixtures of 1,3-dioxohme with methanol(+}, ethanol (D), !-propanol (4}, 
2-propanol (x), !-butanol (o}, 2-butanol (e), t-butanol (•}, and i-amyl alcohol (L:>}. 

A correlation between the signs of !::117 and yE have been observed for a 
number of binary solvent systems,<38·39l i.e., 6.17 is positive when yE is negative 
and vice-versa. In general, for systems where dispersion and dipolar interactions 
are operating, 6.17 values are found to be negative, whereas charge-transfer and 
hydrogen-bonding interactions lead to the formation of complex species between 
unlike molecules, thereby resulting in positive !::117 values.<40l 

In Fig. 3, the value of Gibbs excess energy of activation of viscous flow, 
i.e., G*E is observed to be positive for the (I) and methanol mixture, and negative 
for the (I) and ethanol mixture onwards. a•E values for the systems under study 
suggest the following order: 

MeOH > AmOH > EtOH > PrOH > BuOH 

It has been reported<41 •42l that the a•E parameter can be considered as a reliable cri
terion to detect or exclude the presence of interactions between unlike molecules. 
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The magnitude of the positive value is an excellent indication of the strength of a 
specific interaction. 

Here it is observed that the magnitude of negative values increases with in
creasing chain length of the alcohols. Alcohol molecules self-associate<43l very 
strongly (OH-OH interaction), whereas the cyclic diether, 1,3-dioxolane, 
molecules self-associate rather marginally. This has a dramatic influence on the 
thermo-physical properties studied. The positive value for the (1) and MeOH 
mixture indicates favorable intermolecular complexation through H-bonding, i.e., 
0-0-H-0. This interaction can be considered as the H-bond formation be
tween the alcohols as Lewis acids and the cyclic diether as a Lewis base.<31 •46l 

Fort and Moore, <44l and Ramamoorthy<45l reported that for any binary liquid 
mixture, a positive value of d1 indicates the pres~nce of strong interactions and 
a negative value of d1 indicates the presence of weak interactions between the 
components. On this basis, positived1 values for the (1) and MeOH system confirm 
the presence of strong interactions between the component molecules, whereas 
for higher monoalcohols this affinity for bonding decreases. These conclusions 
are in excellent agreement with that reported by Subha et a/.<31 •46•47> 

In Table III, the excess isentropic compressibilities, K:, are reported for the 
1,3-dioxolane + monoalcohol mixtures. From Fig. 4, it is evident that the Kf 
values are negative for lower monoalcohols, but the magnitude of the negative 
values diminishes and the positive values increase with increasing chain length of 
the alcohols. The order it follows is: 

MeOH < EtOH < PrOH < BuOH < AmOH 

These results can be explained in tenns of molecular interactions and struc
tural effects. Positive K~ values are due to the breaking of interactions and the 
co!1'esponding disruption of molecular order in the pure components.<48l Inter
actions between the molecules of cyclic diether and monoalcohols are broken 
in the mixing process; the breaking of strong dipole-dipole interactions in 1,3-
dioxolane, which can be considered as a polar fluid,<49l leads to positive x: values 
for the mixtures containing the longer chain length of alcohols as compared to the 
lower alcohols. The donor-acceptor interaction between the oxygen and hydrogen 
atoms of the cyclic diether and the alcohols play an important part for the mixtures 
containing lower alcohols, like MeOH and EtOH, where there is a strong specific 
interaction between the component molecules leading to negative value of Kf. 

Also, it is observed that for isomeric monoalcohols, i.e., 1-PrOH and 2-
PrOH, the K~ values are less negative for linear 1-PrOH as compared to the 
branched 2-PrOH. The same trend is observed between butanol isomers, whereby 
K~ values are positive for linear 1-BuOH, partially negative for 2-BuOH and 
totally negative for the branched isomer t-BuOH. This type of trend has been 
observed and reported in earlier papers.<7•25l This type of behavior is explained 
by the interstitial accommodation and changes in free volume as explained in 
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other papers.<26•35> The branched isomers fit into the structure of cyclic diether 
more easily compared to the linear isomers, thereby producing more negative K: 
values. Thus, it can also be explained that due to extensive branching and longer 
chain length, i-amyl alcohol exhibited exceptional behavior in many cases. 

In the eight binary mixtures of the cyclic diether and the monoalcohols, 
it is really interesting to note that VE, !cl.7J; G*E, and K: have maxima in the 
mole fraction range x1 = 0.3 to 0.5. This is a manifestation of strong specific 
interactions<50> between the cyclic diether and monoalcohol molecules predomi
nated by H-bonded interactions. These maximum values are a clear indication of 
the highest interaction between the component molecules for the above-mentioned 
binary mixtures. 

5. CONCLUSION 

After a thorough study of the behavior of monoalcohols and the cyclic diether, 
we get a clear idea about the type and amount of molecular interactions between the 
components. The lower monoalcohols are found to associate more strongly with 
cyclic diether molecules as compared to the higher ones. Further, the branched 
isomers exhibited a different behavior than the linear forms. Self-association 
between the alcohol molecules was found to increase with increasing chain length. 
The study of excess properties along with the speeds of sound has been found 
to be very useful in understanding the nature of the interactions within binary 
liquid mixtures. The parameters obtained from the correlating equations have also 
provided us with valuable information. 
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Abstract. Electrical conductances of some ammonium and tetraalkylammonium halides hav.e been measured in differ
ent mass (20-80%) of I ,4-dioxane +water mixtures at 298. 15 K. The limiting molar conductivity(/\}. the association 
constant (KA), and association distance (R) in the solvent mixtures have been evaluated using Fuoss conductance 
equation (Fuoss, 1978). Based on the composition dependence of Walden product (t\11,), the influence of the mixed 
solvent composition on the solvation of ions has been also discussed. The results have been considered in terms of ion
solvent and ion-ion interactions and the structural changes in the mixed solvent systems. 

Keywords: 1',4-dioxane, ammonium and tetraalkylarnmonium halides, limiting molar conductivity, association con
stant, solvation, Walden product, ion-solvent and ion-ion inteructions, Fuoss conductance equation 

Introduction 

Studies on ionic solvation of ammonium and tetra

alkylammonium salts in solvents of low permitivity are very 
few. Such studies have significant importance because of their 
applications in modem teclmology (Jasinki, 1967). 1,4-diox
ane and its aqueous binary mixtures are very important sol
vents, widely used in various industries. These solvents figure 
prominantly in the high-energy battery teclmology, having also 
found application in organic syntheses as manifested from the 
numerous physicochemical studies in these m~dia (Roy et al., 
2001; Roy, 2000; Roy and Hazra, 1994; Janz, 1973). With a 
system of varying dielectric constant in the mixed solvents, there 
exists scope of variation of solvent-solvent interactions since 
composition of the solvents in a binary mixture is varied. Thus, 
studies in mixed solvents may provide information regarding 
both the specific and non-specific solvent effects on the ion
association phenomena. 

In the present work, an attempt has been made to ascertain the 
complete nature of ion-solvent and solvent-solvent interac
tions of ammonium and tetraalkylammonium salts in aqueous 

. binary mixtures of l ,4-dioxane at 298.15 K. 

Materials and Methods 

1,4-dioxane (Merck, India) was kept several days over KOH, 
refluxed for 24 hand distilled over LiA!H~, as described ear
lier (Roy et al., 2001). The purifi-ed solvent hnd a density of 
1.03052 g.cm·3 and viscosity co-efficient of 1.20011 cp at 
298.15 K, which compared well with th~ values reported in 
literature (Covington and Dickinson, 1973 ). 

*Author for correspondence; E-mail: mnrC'hcm@hotmail.co~ 
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Five salts, namely, Me
4
NC1, Et

4
NBr, Pr

4
NBr, Bu

4
NBr and Bu

4
Nl 

(A.R. grade), were purified by dissolving in mixed alcohol me
dium and recrystallized from solvent ether medium. After filtra
tion, the salts were dried in an oven for few hours. The ammo
nium halide salts, NHl, NH4Br and NH4Cl, were dried at about 
80-100 °C in a vacuum oven for 48 h before use (Perrin and 
Armarego, 1988). Stock solutions ofeach salt were prepared 
by mass, and the working solutions were oqtain~d by mass 
dilution. The values of dielectric constant (e) were taken from 
those reported in the literature (Covington !lnd Dickinson, 
1973), whereas the densities (p0) and viscosities (llJ of the 
solvent mixtures were measured by an Ostwald-Sprengel type 

pycnometer and suspended-level Ubbelohde type viscometer, 
respectively, as described in detail earlier (Roy eta/., 2001). 
The conductance measurements were carried out in a systronic 
306 conductivity bridge (accuracy± 0.1 %), using a dip-type 
immersion conductivity cell, CD-10 having cell constant 1.0 
± 10%. Measurements were made in a waterbath maintained 
within 298.15 ± 0.01 K. 

Results and Discussion 

The solvent properties of the different ·aqueous binary mix: 
ture3 of 1,4-dioxane are given in Table 1, where e is the 

dielectric constant, p
0 

the density (g.cm-3
), llo the viscosity 

(cp), and x 1 the mole fraction of 1,4-dioxane. Molar conduc
tances (A) of the electrolyte solutions, as a function of molar 
concentration (c), are given in Table 2 for the different sol
vent mixtures at 298.15 K. 

The analysis of conductance data in terms of limiting molar . 
conductance (A0) and ion-association constant (KA) of the elec- . 
trolytes have been carried out iteratively according to 
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Shedlovsky equation using least square treatment for the rea
sons described earlier (Gill and Chauhan, 1984). Shedlovsky 
method involves the linear extrapolation using the following 
equation (Bag et al., 2000): 

1/ AS(z) = 1/ A0 + [K,/ A0
1]cAf-s2S(z) (1) 

where: 

· A = the equivalent conductance at the concentration c 
c =molar concentration (mol.lit1) 

A
0 
= the limiting equivalent conductance 

KA = the observed association constant 

The other symbols are given by: 

S(z) = [(z/2) + "'( 1 + (z/2)2)]2 
z = ((aAo + ~)/ Aol'l)(c:t\.)1'2 

a= 0.8204x 106/(eT)l~2 ; ~ = 82.50lln(eT)112 (2) 

where: 

g =the dielectric constant 
11 =the viscosity of the medium 
T = absolute temperature 

The degree of dissociation ('r) is related to S(z) by: 

1 = AS(z)/A0 

f.,= the mean activity co-efficient of the free ions, which was 
calculated by the following equation: 

where: 

A= 1.8246 x 106/ (sT)312 

B = 0.5029 x 1010/(sT) 1' 2 

R = association distance 

(3) 

The initial A
0 

values for the iteration· procedure were, thus, 

obtained from Shedlovsky extrapolation of the data (Roy 
e1 a/., 1993a). 

The conductance data were analyzed using Fuoss conductance 
equation (Fuoss, 1978), which was progranuned in a com
puter. So, with a given set of conductivity values (cj, .Aj; j = 

1 , ........ n), three adju<stabl~ parameters, i.e., Aj, KA and R were 

derived from the Fuoss equation. Here, R is the association. 

distance, i.e., the maximum centre-to-centre distance between 

the ions in the solvent separated ion-pairs. There is no precise 

method for determining the R-value (Doe et al., 1990), but in 

order to treat the data in our system, R-value was assumed to 

be: 

R=a +d 

M. N. Roy eta/. 

where: 

a= the sum of the crystallographic radii of ions, which varies 

from 2 to 7A 
d = the average distance corresponding to the side of a cell 

occupied by a solvent molecule 

The distance d(A) is given by (Fuoss, 1978): 

d = 1.183(M/p0) 113 (4) 

where: 

M = tl~e molecular weight . 
p

0 
=the· density ofth~ solvent 

For mixed solve~ts, M is replaced by the mole fraction aver

age molecular weight (MAV), which is given by: 

MA~=MIM/[WIM2+W2MI] '(5) 

where: 

W
1 
=the weight fraction of the first component of molecular 

weight, M 1 

W
2 

=the weight fraction of the second component of molecu-
lar weight, M

2 

Though, this is an over-simplification, which ignores the pos-
sible selective solvation, it at least provides a self-consistent 
approach to obtain~ acceptable value for the parameters when -T· 
a broad range ofR-values fit the data. 

Thus, the Fuoss conductance equation may be represented as 
follows: ' 

p=l-a(l-y) 

KA = K/(1- a)= KR(l+ K 5) 

where: 

R,. = the relaxation. field effect 

EL = the electrophoretic counter current constant 

K •1 =the radius of the ionic atmosphere 

E ==the relative permittivity of the solvent 

e = the electric charge 

~=the Boltzmann constant 

y = the fraction of solute present as unpaired ion 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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c =the molarity of the solution 

f = the activity coefficient 

T =the temperature in absolute scale 

~ =twice the Bjermm distance 

KR =formation and separation of the solvent-separated pairs 

by diffusion in and out of the sphere of dia R around cations 

K5 =a constant describing the short-range process by which 

contact pairs form and dissociate 

We input into the programme the number of data, n; followed 
by dielectric constant of the solvent mixture, e; initial A

0 
val

ues, T, p; molecular weight of the solvents along with c., A 
J J 

values (where j = 1, 2, ..... , n); and an instruction to cover pre-
selected range ofR-values. 

In practice, calculations were performed by finding the val
ues of A

0 
and cr, which.minimized the standard deviation ( cr), 

for a sequence ofR-values and then plotting cr against R: 

n [A[( calc)- A (obs)]2 
cr2=t:; J J 

J"l (n- 2) 
(12) 

The best-fit R corresponds to the minimum of the cr versus R 
curve. First, approximate 1uns over a fairly wide range of R
values were made to locate the minimum, and then a fine scan 
around the minimum was made. Thus, the corresponding A0 

and KA values were noted.' The 1\, KA, R, and·Walden prod

ucts (A
0

TJ 0) for the ammonium and tetraalkylanm1onium ha
lides in different aqueous binaxy mixtures of 1 ,4-dioxane were 

thus reported in Table 3. 

·· : The association constants, K,, recorded in Table 3 indicate that 
all the electrolytes were highly associated in these solvent mix
tures. This was quite expected due to the low dielectric con
stant of 1 ,4-dioxane (2.209). The most outstanding feature was 
that the electrolytes containing smaller cations showed COI1sid

erable amount of association. Here, values ofK" decreased as 

the size of the cation increased with the exception ofBu
4
N+ ion, 

whereas A0 increased. The possible explanation is that it may 
be due to the larger size of the cations, which are less solvated 

than the smaller ones. Similar results have been reported ear

lier by some workers (Mukhopadhyay and Pal, 2002) during 
the conductance study of 1-ethyl-4-cyanopyridinium iodide in 
aqueous binary mixtures of 1 ,4-dioxane. 

The KA values of various tetraalkylammonium halides in these 
.solvent mixtures follow the order: 

+ + + + 
Me

4
N > Bu

4
N > Et4N > Pr4N 

However, in the case of ammonium halides, the value of A
0 

enhanced in the order: 

This trend of variation indicates the relative actual sizes of 

these anions, having common ammonium ion as they existed 
in the solution. Thus, the sizes of these anions as they existed 
in these solutions followed the order: 

p- > Cr>Br-

This shows that F- was the most solvated and Br- was the least 
solvated in any mole fraction ofl ,4-dioxane. Roy eta/. (1993b) 
found similar trends for many of the alkali metal halides in 
tetrahydrofuran (THF) + H20 mixtures. In the .case ofBu4NI, 
the value of KA was greater than that of Bu

4
NBr. This was 

expected owing to the larger size of r anion as compared to 
Br-anion. 

From Table 3 it may be obs~ryed that KA values were noted to 
increase, whereas A

0 
values decreased in aqueous binary mix

tures of I ,4-dioxane with the increase of the mole fraction of 
1,4-dioxane. This indicates that association ofions increased 
with the addition of I ,4-dioxane to the mixture rendering de
creased mobility of ions in the mixture. The significantly large 

values ofKA and exothermic ion-pair formation in the solvent 

Table 1. Physical properties of 1,4-dioxane +water mixh1res at 298.15 K; p
0
= density; 71

0
= viscosity; E =dielectric consta~t; 

J X
1 
=mole fraction of 1 ,4-dioxane 

X I e 

0 78.3 
0.04863 63.5 
0.11996 44.4 
0.23472 27.5 

0.44991 12.1 
2.209 

a= p
0

; b = J1
0
(Covington and Dickinson, 1973) 

-* 

p /(g.cm-3) 

present work literature" 

0.99707 0.9971 
1.01612 1.0143 
1.03127 1.0284 
1.04011 1.0360 

1.04053 1.0350 
1.03052 1.0269 

present work 

0.89041 
1.29671 
1.69701 
1.98712 

1.78589 
1.20011 
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Table 2. Molar conductances (A) and corresponding molarities (c) of some tetraalkylammcinium halides and ammonium halides 
,. 

in different aqueous binary mixtures of 1 ,4-dioxane at 298.15 K (x
1 
=mole fraction of 1,4-dioxane) 

C X 104 A C X I(}' A C X 10"' A c X 10' A 
(mol.lir') (S.cm1.mol·') (mol.lir') (S.cm1.mol·') (mol.lir') (S.cm'.moJ·') (mol.lir') (S.cm1.mol·1) 

x, - 0.04863. 

NHF NH.cJ NH,Br Me,NCI 

42.7 49.26 48.1 71.93 48.5 81.44 46.2 55.63 
55.9 48.65 61.9 71.24 62.4 80.77 56.5 54.69 
68.6 48.00 74.8 70.59 75.4 80.24 65.2 54.45 
so.s 47.82 86.9 70.20 87.6 79.79 72.6 53.86 
92.6 47.55 98.2 69.55 99.0 79.19 79.0 53.67 
104.0 47.31 108.8 69.39 109.7 78.85 84.6 53.31 
125.7 46.61 118.8 69.02 119.8 78.71 89.6 53.01 
136.0 46.40 128.2 68.49 129.3 78.50 94.0 52.66 

E1 NBr PrNBr Bu NBr Bu,NI 

44.8 66.96 45.6 78.24 51.7 87.62 47.1 60.65 
57.6 65.97 54.2 77.47 67.8 86.92 61.6 59.64 

~-69.6 65.09 69.1 76.52 75.2 86.51 66.1 59.33 
80.8 64.36 75.6 74.04 82.1 86.25 74.7 58.78 
91.3 63.86 81.6 75.76 88.6 86.07 78.8 58.53 
101.2 63,34 • 92.2 75.28 94.8 85.91 82.8 58.48 
110.5 62.81 96.9 74.99 97.8 85.82 97.6 57.62 
119.3 62.45 101.3 74.91 100.7 85.67 104.4 57.24 

x
1

=0.11996 

NHF NH.cJ NH Br MeNCI 

25.6 45.31 22.5 59.11 20.2 72.65 17.8 47.49 
34.8 43.97 25.8 58.D2 26.0 71.08 21.2 46.45 
38.4 43.15 33.8 57.24 29.8 70.89 26.6 45.63 
43.7 43.25 38.5 57.15 39.1 69.84 37.0 44.35 
55.5 42.34 48.9 55.5·1 48.1 68.67 43.9 43.34 
71.4 41.18 56.1 55.18 73.6 65.31 48.7 42.69 
79.0 40.76 69.7 53.68 89.3 63.92 57.8 41.79 
93.4 39.83 82.4 52.80 104.2 62.66 66.4 41.04 

Et,NBr PrNBr Bu,NBr BuN! 

17.9 59.74 24.5 72.68 19.4 82.62 16.8 53.88 
21.1 59.58 29.6 71.86 23.2 82.26 31.8 52.06 
24.2 58.97 34.4 71.24 26.7 8\.66 36.5 51.22 
30.1 57.76 36.7 70.76 28.4 81.37 45.3 50.24 
32.9 57.34 43.1 70.10 35.8 80.75 49.5 49.87 

-~-35.6 56.91 50.8 69.63 37.1 80.73 53.5 49.36 
43.1 55.77 54.3 69.40 38.4 80.49 61.2 48.75 
47.8 55.29 57.6 69.06 40.8 80.38 68.4 48.18 

x, = 0.23472 

NH.f NH.cJ NH4Br Me,NCI 

9.7 23.09 3.7 35.07 5.4 40.37 3.7 37.45 
l\.4 22.81 10.9 33.39 7.2 39.58 6.1 36.52 
13.1 22.44 14.5 32.76 9.0 39.33 7.8 35.82 
16.3 21.90 18.1 31.99 12.6 37.62 9.4 35.55 
19.3 21.45 23.3 31.33 16.2 36.98 13.5 34.74 
24.7 20.69 28.4 30.99 23.2 35.78 16.4 34.34 
27.1 20.48 31.8 30.50 28.3 35.69 17.8 34.18 
34.6 19.94 35.2 29.83 33.4 34.73 19.2 33.94 

Et,NBr Pr,NBr Bu,NBr Bu,NI 
3.7 48.56 5.2 51.69 4.1 56.76 4.3 43.88 
6.1 47.62 6.7 51.49 5.9 56.32 6.2 43.19 
7.1 46.97 10.3 5}.08 6.4 56.22 7.1 42.94 
8.8 46.14 1\.2 51.00 7.4 56.02 10.5 41.76 
10.3 45.87 13.9 50.81 8.4 55.93 11.3 41.48 
11.8 45.59 15.2 50.68 10.3 55.45 14.1 41.13 
16.1 44.50 18.8 50.56 11.1 55,38 15.4 40.88 
21.3 43.74 22.1 50.39 11.9 55.24 16.6 40.75 

X - 0.44991 
~ NH.f NHCI NH,Br Me,NCI 

1.9 2.12 0.3 5.88 0.5 5.98 0.6 23.12 
3.~ 1.85 0.7 5.51 0.7 5.80 0.9 22.30 
3.7 1.79 1.4 5.08 1.2 5.51 1.0 21.40 
4.9 1.65 1.7 4.78 1.7 5.32 1.2 20.90 
68 1.50 2.1 4.55 2.2 5.07 1.9 18.80 
7.9 1.46 2.9 4.51 2.5 4.94 2.4 17.33 
9.5 1.41 3.3 4.27 3.2 4.69 2.7 17.11 
9.9 1.39 3.9 4.36 3.5 4.54 2.8 16.82 

EtNBr Pr,NBr Bu NBr Bu Nl 
0.4 33.40 0.7 39.7! 1.2 41.50 0.7 31.60 
0.6 31.50 1.5 34.93 1.7 40.32 0.9 31.22 u 27.83 1.7 34.53 2.0 39.90 1.2 29.50 
1.5 26.80 2.0 33.85 2.5 39.12 1.4 28.50 
l.S 25.44 2.2 33.68 2.8 38.86 1.6 27.63 
2.3 24.78 2.5 32.88 3.3 38.24 1.9 26.32 
2.7 23.80 3.2 32.13 3.6 37.89 2.0 26.25 
3.1 21.60 3.5 31.57 4.\ 37.37 2.2 25.68 

"f 
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'0 
Table 3. Values of A

0
, KA, A

11
TJ

11
, R: and cr for some ammonium and tetraalkylammonium halides in different aqueous binary 

mixtures of 1, 4-dioxane at 298.15 K ' 

XI An KA R AuTio cr 
(S.cm1.mol'1) (dml.mol" 1) (A) 

NH
4
F 

0.048()3 51.53±0.12 8.42 6.18 66.82 0.12 

0.11996 49.36 ± 0.11 36.45 6.41 . 78.89 0.11 

0.23472 26.27 ± 0.08 149.62 6.71 52.20. 0.08 

0.44991 3.14 ± 0.02 4535.07 7.21 5.61 0.02 

NH4Cl 

0.04863 75.58 ± 0.10 8.03 6.66 98·.01 0.10 

~ 
0.11996 63.67 ± 0.26 32.92 6.88 108.05 0.26 

0.23472 37.76 ± 0.30 107.84 7.19 75.0J 0.30 

0.44991 6.36 ± 0.11 2500.04 7.68 11.36 0.11 

NH
4
Br 

0.04863 84.87 ± 0.11 5.85 6.69 I 10:05 0.11 

0.11996 . 78.14 ± 0.28 33.76 7.02 132':60 0.28 

0.23472 42.96 ± 0.36 100.72 7.33 85.37 0.36 

-0.44991 6.72 ± 0.06 2247.41 7.82 12.00 0.06 

Me
4
NCI 

0.04863 59.98 ± 0.12 16.78 8.65 77.78 0.12 
0.11996 52.12 d: 0.15 59.64 8.67 88.45: 0.15 
0.23472 39.07 ± 0.16 90.51 9.17 77.64 0.16 

T 0.44991 29.94 ± 0.28 6215.89 9.67 53.¢.7 0.28 

Et
4
NBr 

0.04863 71.59 ± 0.07 14.79 9.32 92.8·3'· 0.07 
0.11996 65.19 ± 0.16 47.24 9.53 110.63 0.16 
0.23472 50.77 ± 0.24 94.19 9.85. 100.89 0.24 
0.44991 39.69 ± 0.49 5682.46 10.34 70.88 0.49 

Pr
4
NBr 

0.04863 82.65:!: 0.11 11.19 9.84 107:17 0.11 
0.11996 77.21:!: 0.19 22.65 1.0.06 131.03 0.19 
0.23472 53.10±0.01 73.70 10.37 105.52 0.01 
0.44991 44.74:!: 0.59 2253.78 10.86 '79.90 0.59 
Bu

4
NBr 

0.04863 91.13:!: 0.06 5.56 10.26 118.17 0.06 
0.11996 86.37:!: 0.11 16.39 10.48 146.57 0.11 

~ 0.23472 58.63:!: 0.01 30.94 10.79 116.50 b.OI 
0.44991 45.68 ± 0.08 659.09 11.28 81.58 0.08 
Bu

4
NBI 

0.04863 65.18:!: 0.01 15.63 10.47 84.52 0.01 
0.11996 57.80:!: 0.11 39.08 10.69 98.09 0.11 
0.23472 46.17 ± 0.16 91.24 11.01 91.75 0.16 
0.44991 40.57:!: 0.31 5107.55 11.49 72.45 0.31 

x,- mole fraction of 1,4-dioxane; A0 = limiting molar conductance; KA =observed association constant; A
0

T]
11 

=Walden product; 
R =association distance between ions; cr =standard deviation 

1t: 
·! 
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mixtures indicated the presence of specific short-range inter
action within the ion-pair. 

The variation of Walden product, A011
0 

with x1, the mole frac
tion of 1 ,4-dioxane for the electrolytes studied at 298.15 K, 
are shown in Fig. I. The values of Walden product pass tlu·ough 
a maximum at about x1 = 0.11996 mole fraction of 1 ,4-diox
~ne, whereas the maximum viscosity of the aqueous binary 
mixtures at 298.15 K was observed at aboutx1 =0.23472 mole· 
fraction of 1 ,4-dioxane. It is known that the variation ofWalden 
product indicates the cha,nge of solvation (Doe et al., 1990). 
The increase ofWalden products indicates weak solvation of 
ions, which attains a maximum value at a particular solvent 
composition (x

1 
= 0.11996). Such results have been interpretted 

in terms of microheterogeneity in the mixtures (Marcus and 
Migron, 1991). 

On the water-rich side, there exists a region where the water 
structure remains more for less intact as the 1 ,4-dioxane mol
ecules are added into the cavities in this structure. The cluster 
of water molecule has lower ability to donate a hydrogen atom 
to the solvation of ions. This may cause hydrophobic.dehy
dration of cations (Mukhopadhyay and Pal, 2002), or may 
reduce the ability of hydrophobic ions to promote the struc

ture in the water-rich region resulting in excess mobility, which 
in turn results an increase in Walden products to attain a maxi
mum. As the percentage of .1 ,4-dioxane in the mixture in
creases, the self-associated structure gradually breaks at an 
increased mole fraction of 1,4-dioxane and thus preferential 
solvation occurs due to specific solute-solvent interaction lead
ing to a decrease of Walden product (Taniewska-Osinska et 
a/., 1989). However, this decrease in the Walden product in 

160 
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Fig. 1. Plots of mole fractions of 1 ,4-dioxane (x
1
) versus 

Walden products (A
11
q

0
) for NH4F ( + ), NH

4
C1 

(o), NH
4
Br (.l ), Me

4
NC1 (x), Et

4
NBr (o), Pr

4
NBr 

( • ), Bu
4
NBr (• ), and Bu

4
Nl ( 6 ) at 298.15 K. 

M. N. Roy eta/. 

·large part may be due to the Zwanzig solvent relaxation effect 
also (Das and Hazra, 1995). 
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Excess Molar Volumes and Viscosity Deviations of Binary Liquid Mixture~ of 
1,3-Dioxolane and 1,4-Dioxane with Butyl Acetate, Butyric Acid, Butylamine, and 
2-Butanone at 298.15 K 

Mahendra Nath Roy,* Biswajit Sinha, and Vikas Kumar Dalma 

Department of Chemistry, University of North Bengal, Darjeeling-7340 I 3, India 

Densities and viscosities were measured for the binary mixtures of I ,4-dioxane and I ,3-dioxolane with butyl 
acetate, butyric acid, butylamine, and 2-butanone at 298. I 5 K over the entire composition range. From density 
and viscosity data, the values of excess molar volume (JIE) and viscosity deviation (!:l.17) have been detennined. 
These results were fitted to Redlich-Kister type polynomial equations. The density and viscosity data have been 
analyzed in tenns of some semiempirical viscosity models. 

Introduction 

Studies on thennodynamic and transport properties are 
important in understanding the nature of molecular interactions 
in binary liquid mixtures. Properties of mixtures are useful for 
designing many types of transport and process equipment in 
the chemical industry. I-s 1,4-Dioxane, 1,3-dioxolane, and their 
binary liquid mixtures are important solvents widely used in 
various industries. 1,4-Dioxane and 1,3-dioxolane are cyclic 
diethers differing in one methylene group, thus they differ in 
quadrupolar and dipolar order. 6 In this work we report density 
and viscosity for {I ,4-dioxane or 1 ,3-dioxolane + butyl acetate, 
butyric acid, butylamine, or 2-butanone} mixtures at 298.15 K. 

Expermental Section 

Materials. 1,4-Dioxane (Merck, India) was kept several days 
over potassium hydroxide (KOH), refluxed for 24 h, and distilled 
over lithium aluminum hydride (LiAlH4). Details have been 
described earlier. 1 I ,3-Dioxolane (LR) was purified by standard 
methods.7 It was refluxed with Pb02 and fractionally distilled 
after the addition of xylene. Butyl acetate, butyric acid, 
butylamine, and 2-butanone (S.D. Fine Chemicals, Analytical 
Reagent; purity > 99 %) were used without further purification. 
The purity of the solvents was ascertained by GLC and also by 
comparing experimental values of densities and viscosities with 
those reported in the litcraturc8-13 as listed in Table I. 

Apparatus and Procedure. The densities were measured with 
an Ostwald-Sprengel type pycnometer having a bulb volume 
of25 cm3 and rn1 intemal diameter of the capillary of about 0.1 
em. The pycnometer was calibrated at 298.15 K with double
distilled water and benzene. The pycnometer with the test 
solution was equilibrated in a water bath maintained at± 0.01 
K of the desired temperature by means of a mercury in glass 
thennoregulator, and the absolute temperature was determined 
by a calibrated platinum resistant thennometer and Muller 
bridge. The pycnometer was then removed from the thennostatic 
bath, properly dried, and weighed. The evnporntion losses 
remained insignificant during the time of actual measurements. 
An average of triplicate measurements was taken into account. 

• To whom co~spondcncc should be nddn:sscd. E-mail: mahcndraroy@ 
yahoo.co.in. Fax: +91-0353-258 1546. 

Table I. Comparison of Density p and Viscosity 71 of the Pure 
Liquids with Literature Data nt 298.15 K 

p/(g·cm-3) 17/(mPa•s) 

pure liquid ex pt. lit. ex pt. lit. 

I ,4-dioxane 1.0265 1.02788 1.196 1.1968 

1,3-dioxolane 1.0571 1.05879 0.531 
bl,ltyl acetate 0.8744 0.8761 10 0.668 0.67410 

butyric acid 0.9528 1.396 
butylamine 0.7319 0.7331 11 0.493 0.49612 

2-butanone 0.7981 0,799613 0.373 0.378 13 

The mixtures were prepared by mixing known volume of pure 
liquids in airtight-stopp.ered bottles. The reproducibility in mole 
fraction was within ± 0.0002. The mass measurements accurate 
to ± 0.0 I mg were made on a digital electronic· analytical 
balance (Mettler, AG 285, Switzerland). The total uncertainty 
of density is ± 0.0001 g·cm-3 and that of the temperature is ± 
Q.Q1 K. 

The viscosity was measured by means of a suspended 
Ubbelohde type viscometer, which was calibrated at 298.15 K 
with triple-distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were 
accurate to ± 0.1 s, and the uncertainty in the viscosity 
measurements, based on our work on several pure liquids, was 
within ± 0.03 % of the reported value. Details of the methods 
and techniques of density and viscosity measurements have been 
described earlier.4•14 

Results and Discussion 

The experimental viscosities, densities, excess volumes (V8), 

and viscosity deviations (!:l.17) for the binary mixtures studied 
at 298.15 K are listed in Table 2. 

Excess Molar Volume. The excess molar volumes, VE, were 
calculated using the equation 

(I) 

where p is the density or the mixture; M;, x;, and p; are the 
molecular weight, mole ti·action, and density of ith component 
in the mixture, respectively. The values of excess molar volume, 

I 0.1 021/j~05041 09 CCC: $33.50 (!,) 2006 Amcricun Chemical Society 
Published on Web 02/08/2006 
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Table 2. Values of Density p, Viscosity q, Excess Molar Volume 1'1\ VIscosity Deviation A11, und Grunbcrg-Nissun Interaction Pnrumeter till 
for the Binary Mixtures of 1,4-Diox::me or 1,3-Dioxolane at.298.15 K 

1,3-Dioxolane (1) + 2-Butanone (2) 
0 
0.0976 
0.1957 
0.2944 
0.3935 
0.4933 

0.7981 
0.8189 
0.8405 
0.8631 
0.8868 
0.9118 

0.373 
0.384 
0.397 
0.411 
0.426 
0.441 

0 
-0.084 
-0.133 
-0.164 
-0.185 
-0.201 

0 
-0.004 
-0.006 
-0.008 
-0.009 
-0.010 

-0.0479 
-0.0368 
-0.0276 
-0.0260 
-0.0273 

0.4405 
0.4430 
0.4451 
0.4455 
0.4454 

0.4293 
0.4311 
0.4325 
0.4325 
0.4319 

0.5935 0.9381 0.456 
0.6943 0.9655 0.473 
0.7956 0.9942 0.491 
0.8975 1.0245 0.510 
I 1.0571 0,531 

-0.207 
-0.173 
-0.113 
-0.045 

0 

-0.010 
-0.009 
-0.007 
-0.004 

0 

-0.0311 
-0.0330 
-0.0352 
-0.0366 

0.4447 
0.4444 
0.4440 
0.4438 

0.4306 
0.4297 
0.4298 
0.4279 

1.3-Dioxolnnc (I) + 13utyric ncid (~) 
ll 
0.1167 
0.2292 
0.3376 
0.4422 
0.5432 

0.'152!l 
0.9631 
0.9737 
0.9843 
0.9953 
1.0061 

\.3% 
1.297 
1.202 
1.111 
1.023 
0.938 

() 

-0.067 
-0.150 
-0.209 
--0.276 
-0.302 

0 
0.001 
0.004 
0.007 
0.010 
0.012 

0.3771 
0.4054 
0.4372 
0.4735 
0.5140 

0.9201 
0.9243 
0.9283 
0.9325 
0.9363 

0.9703 
0.9743 
0.9784 
0.9829 
0.9873 

U,MOK l.lll(i9 U.H54 
0.7351 1.0272 0.770 
0.8263 I .0374 0.688 
0.9146 1.0473 0.608 
I 1.0571 0.531 

-0.317 
-0.270 
-0.206 
-0.113 

0 

0.012 
0.010 
0.007 
0.003 
0 

0.5576 
0.5965 
0.6393 
0.6751 

0.9389 
0.9373 
0.9353 
0.9297 

0.9906 
0.9897 
0.9882 
0.9827 

1,3-Dioxolanc (I)+ Butyl acetate (2) 
0 
0.1484 
0.2816 
0.4019 
0.51 II 
0.6106 

0.8744 
0.8907 
0.9069 
0.9233 
0.9403 
0.9578 

0.668 
0.621 
0.599 
0.588 
0.583 
0.577 

0 
-0.128 
-0.149 
-0.129 
-0.103 
-0.072 

() 

-0.027 
-0.031 
-O.D25 
-0.015 
-0.007 

-0.3078 
-0.2239 
-0.1506 
-0.0771 
-0.0230 

0.4728 
0.5167 
0.5490 
O.S76\ 
0.5939 

0.4939 
0.5230 
0.5465 
0.5690 
0.5851 

0.7017 0.9761 0.571 
0.7853 0.9952 0.565 
0.8625 1.0150 0.556 
0.9338 1.0356 0.544 
I 1.0571 0.531 

-0.050 
-0.034 
-0.023 
-0.012 

0 

-0.001 
0.005 
0.006 
0.004 
0 

0.0224 
0.0783 
0.1211 
0.1568 

0.6068 
0.6204 
0.6291 
0.6349 

0.5981 
0.6138 
0.6253 
0.6344 

I,J-Dioxolane (I)+ Butylmnine (2) 
0 
0.1001 
0.2001 
0.3002 
0.4002 
0.5002 

0.7319 
0.7551 
0.7796 
0.8058 
0.8338 
0.8641 

0.493 
0.477 
0.463 
0.458 
0.455 
0.456 

0 
0.013 
0.038 

. 0.065 
0.082 
0.085 

0 
-0.020 
-0.038 
-0.047 
-0.054 
-0.056 

-0.4626 
-0.0489 
-0.4628 
-0.4630 
-0.4606 

0.3922 
0.3907 
0.4022 
0.4062 
0.4103 

0.3988 
0,3937 
0,4001 
0.4002 
0.4003 

0.6002 0.8968 0.464 
0.7002 0.9321 0.478 
0.800 I 0. 9703 0.496 
0.9001 1.0118 0.513 
I 1.0571 0.531 

0.077 
0.058 
0.039 
0.021 
0 

-0.052 
-0.041 
-0.027 
-0.013 

0 

-0.4384 
-0.3899 
-0.3285 
-0.2860 

0.4185 
0.4319 
0.4478 
0.4590 

0.4041 
0.4142 
0.4277 
0.4370 

1.4-Dioxane (I) + 2-13utanone (2) 
0 
0.0833 
0.1698 
0.2597 
0.3530 
0.4501 

0.7981 
0.8! 70 
0.8365 
0.8568 
0.8779 
0.9001 

0.373 
0.391 
D.411 
0.436 
0.464 
0.512 

0 
-0.077 
-0.124 
-0.160 
-0.186 
-0.202 

0 
-0.050 
-0.102 
-0.150 
-0.200 
-0.231 

-0.632 
-0.7139 
-0.7555 
-0.8467 
-0.8346 

0.4613 
0.4283 
0.3997 
0.3545 
0.3275 

0.4576 
0.4237 
0.3938 
0.3472 
0.3180 

0.5511 0.9233 
0.6563 0.9472 
0.7660 0.9722 
0.8805 0.9985 
1 1.0265 

0.576 
0.650 
0.751 
0.901 
1.196 

-0.205 -0.250 
-0.167 -0.263 
-0.111 -0.252 
-0.044 -0.197 

0 0 

-0.8356 
-0.9285 
-1.0713 
-1.3692 

0.2909 
0.2162 
0.1022 

-0.1215 

0.2789 
0.2009 
0.0821 

-0.1502 

I ,4-Dioxane (I) + Butyric Acid (2) 
0 
0.1000 
0.2000 
0.3000 
0,4000 
0.5000 

0.9528 
0.9617 
0.9703 
0.9784 
0.9861 
0.9934 

1.396 
1.504 . 
1.570 
1.587 
1.572 
1.507 

0 
-0.183 
-0.332 
-0.420 
-0.467 
-0.456 

0 
0.128 
0.214 
0.251 
0.256 
0.211 

0.9998 
0.9268 
0.8320 
0.7531 
0.6163 

2.0259 
1.9767 
1.9004 
1.8312 
1.7161 

2.0071 
1.9642 
1.8939 
1.8297 
1.7186 

0.6000 1.0002 
0. 7000 1.0068 
0.8000 1.0131 
0.9000 1.0194 
I 1.0265 

1.443 
1.362 
1.293 
1.241 
1.196 

-0.395 
-0.307 
-0.184 
-0.065 

0 

0:!67 
0.106 
0.057 
0.026 
0 

0.5245 
0.3978 
0.2938 
0.2459 

1.6385 
1.5416 
1.4670 
1.4322 

1.6437 
1.5481 
IA737 
1.4392 

1,4-Dioxane (I)+ Butyl Acetate (2) 
0 
0.1278 
0.2479 
0.3610 
0.4678 
0.5687 

0.8744 
0.8875 
0.9010 
0.9149 
0.9292 
0.9441 

0.668 
0.682 
0.692 
0.708 
0.739 
0.779 

0 
0.005 
0.014 
0.023 
0.032 
0.036 

0 
-0.054 
-0.107 
-0.151 
-0.176 
-0.189 

-0.4852 
-0.5890 
-0.6628 
-0.6871 
-0.7249 

0.7261 
0.6856 
0.6570 
0.6462 
0.6287 

0.6911 
0.6441 
0.6045 
0.5794 
0.5459 

0.6641 0.9594 0.822 
0.7547 0.9753 0.866 
0.8406 0.9918 0.939 
0.9223 1.0089 1.035 
I 1.0265 1.196 

0.036 
0.032 
0.022 
0.011 
0 

-0.196 
-0.201 
-0.172 
-0.119 

0 

-0.8028 
-0.9734 
-1.1077 
-1.3746 

0.5936 
0.5184 
0.4510 
0.3162 

0.4920 
0.3903 
0.2898 
0.1013 

1,4-Dioxune (I)+ Butylamine (2) 
0 
0.0855 
0.1738 
0.2650 
0.3594 
0.4569 

0.7319 
0.7534 
0.7761 
0.8001 
0.8258 
0.8533 

0.493 
0.509 
0.524 
0.541 
0.560 
0.590 

0 
0.020 
0.052 
0.089 
0.117 
0.141 

0 
-0.045 
-0.091 
-0.139 
-0.186 
-0.224 

-0.5766 
-0.6484 
-0.7327 
-0.8304 
-0.9088 

0.5699 
0.5408 
0.5055 
0.4626 
0.4199 

0.5586 
0.5271 
0.4886 
0.4414 
0.3927 

VE, have been presented in Table 2. The estimated uncertainty 
for excess molar volumes, VE, is± 0.005 cml·mol- 1• 

The excess molar volumes, vE, for all the 1,3-dioxolane 
systems, except for the system involving butylamine, are 
negative over the entire range of composition. The negative 
values of excess volumes for the three systems are in the order: 

I ,3-dioxolane + butyric acid > 1, 3-dioxolane + 
2-butanone > I ,3-dioxolane +butyl acetate 

TI1c excess molar volumes for the two I .4-dioxanc systems 

0.5579 0.8828 
0.6625 0.9147 
0. 7709 0. 9492 
0.8834 0.9864 
I 1.0265 

0.637 
0.699 
0.792 
0.941 
1.196 

0.147 
0.127 
0.080 
0.039 
0 

-0.248 
-0.259 
-0.243 
-0.172 

0 

-0.9672 
-1.0620 
-1.1845 
-1.3201 

0.3762 
0.3105 
0.2176 
0.0898 

0.3411 
0.2648 
0.1570 
0.0074 

involving butylamine and butyl acetate are positive, while the 
other two I ,4-dioxane systems involving 2-butrulOne and butyric 
acid arc negative. The order of VE values tor the 1,4-dioxanc 
systems irrespective of their sign is as follows: 

I ,4-dioxane + butylamine > I ,4-dioxane + butyl acetate > 
I A-dioxane + 2-butabnone > I ,4-dioxane + butyric acid 

The negative values of excess molar volume suggest specific 
interactions 15 between the mixing components in the mixtures 
while its positive values suggest dominance of dispersion 
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Figure 1. Excess molar volumes VE at 298.!5 K for binary mixtures of 
1,3-dioxolane (I) with +, 2-butanone; 0, butyric acid; &, butyl acetate; 
and 0, butylamine. 
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Figure 2. Excess molar volumes V5 at 298.15 K for binary mixtures of I, 
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Figure 3. Viscosity deviations l!..TJ at 298.15 K for the binary mixtures of 
1,3-dioxolane (I) with +, 2-butanone; 0, butyric acid; &, butyl acetate; 
and 0, butylamine. 
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4-dioxane (I) with +, 2-butt\1\0t\e; 0, butyric ucid; &, butyl acetute; und .0.2 
0, butylamine. 

forces 16·13 between them. The negative VE values indicate the 
specific interactions such as intennolecular hydrogen bonding 
between the mixing components and also the interstitial ac
commodation of the mixing components because of the differ
ence in molar volume. The negative VE values may also be 
due to the difference in the dielectric constants of the liquid 
components of the binary mixture. 15 The negative VE values 
for all the systems studied may be attributed to dipole-induced 
dipole interactions between the components liquids of the 
mixtures resulting in the fonnation of electron donor-acceptor 
cornplexes. 17 The plots of excess molar volume, VE, versus mole 
fraction, x 1. of 1,3-dioxolane or l ,4-dioxane are presented in 

·.Figures I and 2. · 
Viscosity Deviation. The deviation in viscosities, l::.rt, was 

computed using the relationship1 8 

j 

l::.rt = "' - L (X;'f/;) (2) 
i=l 

where 11 is the dynamic viscosities of the mixture; x; and IJ; are 
the mole fraction and viscosity of ith component in the mixture, 
.respectively. 

~ U U U ~ M U M M 
XJ 

Figure 4, Viscosity deviations l!..TJ nt 298.15 K for the binary mixtures of 
1,4-dioxane (I) with +, 2-butanone; 0, butyric acid; &, butyl acetate; and 
0, butylamine. 

A pemsal of Table 2 shows that the values of viscosity 
deviation, !::.17, are negative over the entire composition range 
for all the binary liquid mixtures studied except for the mixtures 
involving butyric acid. The estimated uncertainty for viscosity 
deviation, l::.rt, is ± 0.004 mPa·s. The negative values imply 
the presence of dispersion forces 18 between the mixing com
ponents in these mixtures; while positive values may be 
attributed to the presence of specific interactions 18 between them. 
The plots of viscosity deviation, l::.q, versus mole fraction, x~, 
for the different binary mixtures have been p~esented in Figures 
3 and 4. 

Viscosity Models (lnt/ lllter(lction P(lrameters. Several 
semiempirical models have been proposed to estimate the 
dynamic viscosity (rt) of the binary liquid mixtures in terms of 
pure-component data. 19·20 Some of them we examined are as 
follows: · 
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Table 3. Values of Coefficients a1 of Equation 6 and Standnrd Deviations u for Excess Properties of the Binnry Mixtures of 1, 3-Dioxolane (1) 
or 1,4-Dioxane (1) Studied at 298.15 K 

binary mixture excess property au 

I ,3-dioxolane + 2-butanonc vu x 106/(m3·mol-1) -0.798 
617/(mPa·s) -0.040 

1,3-dioxolane + bmyric acid vu x t06/(m3·mot-1) -1.184 
6'17/(mPa•s) 0.044 

I ,3-dioxolanc + butyl ncetutc V6 X 106/(ml•mot··l) -0.414 
617/(mPa•s) -0.068 

1.3-dioxolane + butylamine JIB x IOr'/(ml·mol-1) 0.342 
61]/(mPu·s) -0.222 

l ,4-dioxane + 2-butanone VE x 106/(m3·mot-1) -0.824 
617/(mPa·s) -0.972 

I ,.!-dioxane + butyric acid JIB x IOc'/(ml·mol-1) -1.816 
C.rJ/(mPn·s) 0.859 

1,4-dioxane + butyl acetate VEx 106/(m3·mol-1) 0.135 
611/(mPn·sl -0.720 

1.4-dioxane + butylamine JIE x 106/(m3•mot-l) 0.579 
617/(mPa·s) -0.944 

Grunberg and Nissan2 t. have suggested the following loga-
rithmic relation between the viscosity of the binary mixt11res 
and the pure components: 

(3) 

where d12 is a constant proportional to the interchange energy. 
It may be regarded as an approximate measure of the strength 
of molecular interactions between the mixing components. The 
values of the interchange parameter d12 have been calculated 
as a function of the composition of the binary liquid mixtures 
of I ,3-dioxolane and I ,4-dioxane with butyl acetate, butyric acid, 
butylamine, and 2-butanone as listed in Table 2. 

It has been found that the values of d12 are negative for all 
the binary systems studied, except the systems involving butyric 
acid. The negative values of d12 indicate the presence of 
dispersion forces18 between the mixing components in the 
mixtures while its positive values indicate the presence of 
specific interactions 18 between them. 

Tamura and Kurata22 put forward the following equation for 
the viscosity of the binary liquid mixtureS: 

j j 

7] = L x,¢/1; + 2T12IT[x,.¢;] 1n (4) 
i=l i=l 

where T12 is the interaction parameter and ¢1 is the volume 
fraction of ith pure component in the mixture. 

Molecular interactions may also be interpreled by lhe 
following viscosity model of Hind ct al.: 23 

j 

17 = 2,x/rJ; + 2H12IJx1 (5) 
i=l 

where H12 is Hind interaction parameter, which may be 
attributed to lllllikc pair intcmction.24 In the present study, the 
values of interaction parameter T12 and H 12 have been calculated 
from cqs 4 and 5, respectively, and are listed in Table 2. It has 
been observed that for a given binary mixture T12 and H 12 do 
not difTer appreciably from each other, and this is in agreement 
with the view put forward by Fort and l'vloorc 1 ~ in regard to the 
nature of parameters T12 and H1 2. It is also significant to note 
that the values of T12 and H 11 are larger for the binary mixtures 
ofbut)1ic acid with both the cyclic ethers. which involve specific 
molecular interactions25 as revealed by the positive values of 
b.1} and dt2· 

OJ a2 a) a4 a 

0.084 0.013 
-0.009 -0.009 0.129 0.001 
-0.640 0.215 0.253 0.006 

0.040 -0.027 -0.037 0.001 
0.51:!0 -0.371 0.001 
0.183 -0.029 0.001 

-0.070 -0.321 0.200 0.123 0.001 
0.031 0.056 0.040 0.001 
0.063 0.442 0.486 -0.337 0.003 

-0.422 -0.315 -0.623 -0.353 0.002 
0.673 0.454 0.234 0.343 0.004 

-0.819 0.006 
0.112 -0.055 -0.063 0.001 

-0.319 -0.408 -0.582 0.003 
0.093 -0.443 -0.105 0.003 

-0.527 -0.247 -0.469 -0.122 0.001 

Redlich-K;ster Polynomial Equation. The excess properties 
(VE and MJ) were fitted to the Redlich-Kister polynomial 
equation:26 

K 

yE = x1x22, a1(x1 - x2Y 
i=l 

(6) 

where yE refers to excess properties; x 1 and x2 are the mole 
fraction I ,3-dioxolane or I ,4-dioxane and the other component, 
respectively. The coefficients a; were obtained by fitting eq 6 
to experimental results using a least-squares regression method. 
In each case, the optimal number of coefficients was ascertained 
from an approximation of the variation in the standard deviation 
(a). The calculated values of a1 along with the tabulated standard 
deviations (a) are listed in Table 3. The standard deviation (a) 
was calculated using 

_ [( E E 2 ( )) 1/2 a - Y exp - Y cal) I n - m (7) 

where n is the number of data points and m is the number of 
coefficients. The a values lies between 0.013 m3·mol-1 and 
0.00! m3·mol- 1 for JIE and between 0.006. mPa·s and 0.001 
mPa·s for b.1J, respectively. The largest a values corresponds 
to the I ,3-dioxolanc + 2-butanone system for V8 and the I ,4-
dioxanc +butyric acid for b.1J, respectively. In the present study, 
v~> and fl17 are quite systematic and a function of the 
composition of the binary mixtures. 
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Densities and viscosities have been measured for the binary mixtures of butylamine (BA) and N, N-dimethylformamide 
(DMF) with methyl acetate (MA), ethyl acetate (EA), butyl acetate (BUA) and iso-amyl acetate (AA) at 298.15 Kover the 
entire composition range. From density and viscosity data, the values of excess molar volume (V£) and viscosity deviation 
(~11) have been determined. These results have been fitted to Redlich-Kister type polynomial equations to estimate the 
binary coefficients and standard errors between the experimental and computed values. The density and viscosity data have 
been analyzed in terms of semiempirical viscosity models and the results have been discussed in terms of molecular 
interactions and structural effects. The excess properties are found to be either negative or positive depending on the 
molecular interactions and the nature of liquid mixtures. 

Studies on thermodynamic and transport properties 
are important in understanding the nature of 
molecular interactions in binary· liquid mixtures. 
These properties are extremely useful for designing 
many types of transport and process equipment in 
chemical industries. There has been a recent upsurge 
of interest1

'
2 in the study of thermodynamic properties 

of binary liquid mixtures. These have been exten
sively used to obtain information on intermolecular 
interactions and stereochemical effects in these 
systems. BA and DMF are versatile solvents used in 
the separation of saturated and unsaturated hydro
carbons and in pharmaceutical synthesis; and serve as 
solvents for many polymers.3 In this paper, we report 
experimental data for density (p) and viscosity (l]) of 
the 'following mixtures at 298.15 K: butylamine (BA) 
or N, N-dimethylformamide (DMF) + methyl acetate 
(MA), ethyl acetate (EA), butyl acetate (BUA), and 
iso-amyl acetate (AA). Using these data, excess molar 
volume cV), viscosity deviation C~ll), Grunberg
Nissan (d12), Tamura-Kurata (T12), and Hind (Ht 2) 

interaction parameters have been calculated. These 
results have been fitted to Redlich-Kister type poly
nomial equations to estimate the binary coefficients 
and standard erTors between the experimental and 
calculated values. 

:Materials and Methods 
Butylamine (S. D. Fine Chern, mmrmum assay 

GLC, 98%) was stored over sodium hydroxide pellets 

for several days and fractionally distilled twice.4 N, 
N-dimethylformamide (S. D. Fine Chemicals, AR, 
purity>99%) was purified by the method described by 
Zhao et a/.5 Methyl, ethyl, butyl and iso-amyl·~cetates 
(S. D. Fine Chemicals, AR, purity>99%) were used. 
Methyl acetate was washed with saturated 
solution of NaCl, dried with anhydrous MgCh, and 
then distilled. Ethyl acetate was dried over K2C03, 

filtered, and distilled, and the first and the last 
portions of the distillate were discarded. The entire 
middle fraction was then distilled over P20 5. Butyl 
acetate and iso-amyl acetate were purified by drying 
over CaC03 overnight, filtered, and freshly distilled. 
The densities and viscosities of the solvents at 298.15 
K were in good agreement with the literature values5

-
8 

as given in Table 1 and the purity of the solvents 

Table !-Comparison of experimental densities and viscosities of 
pure liquids with literature values at 298.15 K · 

Pure liquids QX10-3 (kg.m-3) 11 ( mPa.s) 
Exp. Lit. Exp. Lit. 

N, N-Dimethylformamide 0.9442 0.9440a 0.8016 0.802a 

Butylamine 0.7319 0.7331 b 0.4934 0.496c 
Methyl acetate 0.9261 0.9268d 0.3798 0.384d 
Ethyl acetate 0.8941 0.894d 0.4233 0.428d 
Butyl acetate 0.8744 0.8762d . 0.6684 0.674d 

Iso-amyl acetate 0.8660 0.8662d 0.7822 0.781d 

"Ref. 5; bRef. 6; cRef. 7 and dRef. 8. 
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used in the present study is expected to be about 
99.5%. . 

Densities (p) at 298.15 K were measured with an 
Ostwald-Sprengel type pycnometer having a bulb 
volume of about 25 cm3 and capillary of internal 
diameter of about 1 mm. The measurements were 
done in a thermostated bath controlled to ± 0.1 K. The 
viscosity was measured by means of a suspended 
Ubbelohde type viscometer, calibrated at 298.15 K 
with triply distilled water and purified methanol using 
density and viscosity values from the literature. The 
flow times were accurate to ±O.ls, and the uncertainty 
in the viscosity measurements, based on our work on 
several pure liquids, was ±2xl0·4 mPa.s. The details 
of the methods and techniques have been described 
earlier9

-
11

• The mixtures were prepared by mixing 
known volumes of pure liquids in airtight-stoppered 
bottles. The reproducibility in mole fraction was with
in ±0.0002 units. The mass measurements accurate to 
±0.01mg were made on a digital electronic analytical 
balance (Mettler, AG 285, Switzerland). The preci
sion of density measurements was ±3x10·4 g cm·3

. 

Calculations 
The excess molar volumes (VE) were calculated 

using the equation, 

0. 0 (1) 

where p is the density of the mixture and M1• x; and p; 
are the molecular weight, mole fraction and density of 
i 111 component in the mixture, respectively. The values 
of excess molar volume (0) have been presented in 
Table 2. The estimated uncertainty for excess molar 
volumes (VE) is± 0.005 cm3.mor 1

• 

The deviation in viscosities (.0.11) can be computed 
using the relationship, 

j 

L'-.1] = 1]- L(XJJ;) 0 0 0 (2) 
i=l 

where 11 is the dynamic viscosities of the mixture and 
x;, 11; are the mole fraction and viscosity of i111 

component in the mixture, respectively. The estimated 
uncertainty for viscosity deviation (.0.11) is ±0.004 
mPa.s. 

Several semiempirical models have been proposed 
to estimate the dynamic viscosity (11) of the bin~ 
liquid mixtures in terms of pure-component data12

•
1 

. 

Some of these that we examined are as follows: 

Grunberg and Nissan 14 have suggested the 
following logarithmic relation between the viscosity 
of the binary mixtures and the pure components: 

17 = exp [ ~(x1 In 1]1) + d 12 (Jx,] ... (3) 

where d 12 is a constant proportional to the interchange 
energy. It · may be regarded as an . approximate 
measure of the strength of molecular interactions 

· between the mixing components. 
Tamura-Kurata15 put forward the following 

equation for the viscosity of the binary liquid 
mixtures: 

i j I 

77 =LX; 1/>1 171 + 21;2 IT [x, 1/>1 F (4) 
i=l i=l 

where T12 is the interaction parameter and Ql; is the 
volume fraction of i111 pure compon~nt in the mixture. 

Molecular interactions may also be interpreted by 
the following viscosity model of Hind et al. 1 

': 

1 1 
17 = L x,z 17; + 2HI2 IT X; 0 0 0 (5) 

i=l i=l 

where H12 is Hind interaction parameter, which may 
be attributed to unlike pair interaction. 17 

The excess properties (VE and .0.11) were fitted to the 
Redlich-Kister polynomial equation, 

K 

yE =xlxz La, (xl -xz)' • 0. (6) 
i=l 

where Y1
'" refers to excess properties and x1 and x2 are 

the mole fraction BA or DMF and other component, 
respectively. The coefficients, a1 , were obtained by 

fitting Eq.6 to experimental results using a least
squares regression method. In each case, the optimal 
number of coefficients was ascertained from an 
approximation of the variation in the standard 
deviation (a). The calculated values of a1 along with 

the tabulated standard deviations ( cr) are listed in 
Table 3. The standard deviation (cr) was calculated 
using, 

. .. (7) 

where n is the number of data points and m is the 
number of coefficients. 
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~7( Table 2-Values of density (p), viscosity (1']), excess molar volume (VE), viscosity deviation (61']) for the binary mixtures of BA or 
DMF (1) with some alkyl acetates (2) at 298.15 K 

Mole fraction p X10'3 
11 vEx106 .d7] 

(xi) (kg. m"3
) (mPa.s) (m3

. mor 1
) (mPa.s) 

BA (1) + MA (2) 

0 0.9261 0.3798 0 0 
0.1011 0.9032 0.3847 -0.090 -0.007 
0.2020 0.8827 0.3889 -0.308 -0.014 
0.3027 0.8653 0.3942 -0.740 -0.020 
0.4031 0.8501 0.4024 -1.330. -0.023 
0.5032 0.8352 0.4109 -1.894 -0.026 
0.6031 0.8191 0.4211 -2.270 -0.027 
0.7027 0.7998 0.4359 -2.200 -0.024 

' 0.8020 0.7776 0.4516 -1.685 -0.019 -:r 
0.9011 0.7535 0.4701 -0.770 -0.012 

0.7319 0.4934 0 0 

BA (I)+ EA (2) 

0 0.8941 0.4233 0 0 
0.1180 0.8741 0.4059 0.070 -0.026 

0.2315 0.8546 0.3973 0.181 -0.042 
0.3405 0.8364 0.3923 0.240 -0.055 
0.4454 0.8188 0.3929 0.300 -0.062 

0.5464 0.8015 0.3967 0.431 -0.065 
0.6437 0.7860 0.4071 0.403 . -0.061 

0.7376 0.7720 0.4192 0.259 -0.056 

0.8281 0.7588 0.4353 0.091 -0.046 
0.9156 0.7454 0.4591 0.010 -0.028 

:r 1 0.7319 0.4934 0 0 

BA (1) + BUA (2) 

0 0.8744 0.6684 0 0 
0.1500 0.8570 0.6056 0.101 -0.036 
0.2842 0.8398 0.5618 0.269· -0.057 
0.4050 0.8235 0.5299 0.389 -0.068 
0.5143 0.8080 0.5081 0.469 -0.070 
0.6136 0.7931 0.4887 0.530 -0.072 
0.7043 0.7802 0.4786 0.391 -0.066 
0.7875 0.7680 0.4715 0.211 -0.059 
0.8640 0.7558 0.4714 0.100 -0.046 
0.9346 0.7439 0.4753 0.020 -0.029 

0.7319 0.4934 0 0 

BA (1) + AA (2) 

0 0.8660 0.7822 0 0 

;jr 0.1651 0.8493 0.6901 0.181 -0.044 
0.3080 0.8329 0.6290 0.400 -0.064 
0.4327 0.8171 0.5855 0.590 -0.072 
0.5427 0.8024 0.5512 0.680 -0.074 
0.6403 0.7885 0.5200 0.730 -0.077 
0.7275 0.7766 0.5003 0.539 -0.072 
0.8059 0.7650 0.4865 0.371 -0.063 
0.8768 0.7538 0.4778 0.210 -0.051 
0.9412 0.7428 0.4780 0.090 -0.032 

l 0.7319 0.4934 0 0 
Contd 
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Table 2 (Contd}-Values of density (p), viscosity (TJ), excess molar volume (VE), viscosity deviation (LlTJ) for the binary mixtures of 
~ 

BA or DMF (1) with some alkyl acetates (2) at 298.15 K 

Mole fraction p x10·3 
T] vExl06 L111 

(x,) (kg. m·3) (mPa.s) (m3
• mol"1

) (mPa.s) 

DMF (1) + MA (2) 

0 0.9261 0.3798 0 0 
0.1012 0.9292 0.4148 c0.112 -0.008 
0.2022 0.9320 0.4504 -0.193 -0.015 
0.3028 0.9347 0.4858 -0.275 -0.022 
0.4032 0.9372 0.5236 -0.331 -0.026 
0.5034 0.9393 0.5636 -0.349 -0.028 
0.6032 0.9412 0.6045 -0.357 -0.030 

0.7028 0.9425 0.6504 -0.312 -0.026 --+ 
0.8021 0.9435 0.6976 -0.242 -0.020 
0.9012 0.9438 0.7482 -0.117 -0.012 

1 0.9442 0.8016 0 0 

DMF (1) + EA (2) 

0 0.8941 0.4233 0 0 
0.1181 0.8998 0.4567 -0.100 -0.011 
0.2316 0.9056 0.4896 . -0.198 -0.021 
0.3406 0.9113 0.5232 -0.267 -0.029 
0.4456 0.9168 0.5591 -0.315 -0.033 
0.5466 0.9220 0.5955 -0.330 -0.035 
0.6439 0.9269 0.6339 -0.308 -0.033 
0.7377 0.9316 0.6737 -0.264 -0.029 

' 0.8282 0.9359 0.7153 -0.183 -0.021 Jf· 0.9156 0.9400 0.7573 -0.086 -0.012 
0.9442 0.8016 0 0 

I 

DMF (1)+ BUA (2) 
L__ 

0 0.8744 0.6684 0 0 
0.1501 0.8816 0.6705 -0.091 -0.018 
0.2843 0.8891 0.6761 -0.206 -0.030 
0.4051 0.8963 0.6849 -0.258 -0.037 
0.5144 0.9035 0.6955 -0.282 -0.041 
0.6138 0.9107 0.7082 -0.296 -0.042 
0.7045 0.9177 0.7247 -0.272 -O.Q37 
0.7876 0.9243 0.7431 -0.213 -0.030 
0.8641 0.9311 0.7612 -0.156 -0.022 
0.9346 0.9375 0.7797 -0.070 -0.013 

0.9442 0.8016 0 0 

DMF (I)+ BUA (2) 

0 0.8660 0.7822 0 0 + 
0.1652 0.8738 0.7649 -0.086 -0.020 
0.3081 0.8819 0.7531 -0.192 -0.035 
0.4329 0.8898 0.7483 -0.233 -0.042 
0.5429 0.8977 0.7469 -0.247 -0.046 
0.6404 0.9054 0.7481 -0.228 -0.046 
0.7277 0.9133 0.7548 -0.213 -0.041 
0.8061 0.9210 0.7648 -0.172 -0.033 
0.8769 0.9287 0.7750 -0.118 -0.024 
0.9413 0.9363 0.7869 -0.046 -0.014 

0.9442 0.8016 0 0 

~ 
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Table 3-Values of coefficients a; of Eq. 6 and standard deviations (cr) for the excess properties \11
; x !06 (m3.mor 1

) and 

L'-11 (mPa s) for the binary mixtures of BA or DMF ( l) +some alkyl acetates (2) at 298.15 K 

Binary mixture Excess property ao 

BA+MA vE xl06 -7.536 

L11] -0.104 

BA+EA \IE X106 1.535 

L11] -0.255 

BA + BUA vExl06 !.940 

L'-11 -0.283 

BA+AA vExl06 2.685 

L11] -0.297 

DMF+MA vE x!06 -1.425 

L11) -0.116 

DMF+EA v"x106 -1.30 I 

L11] -0.136 

DMF+BUA vExi06 -!.162 

d1] -0.164 

DMF+AA 1'/i X !06 -0.984 

L11] -0.182 

Results and Discussion 
The experimental viscosities, densities, excess 

volumes (VE), viscosity deviations (.6.11) for the binary 
mixtures studied at 298.15 K are presented in Table 2. 
The values of Grunberg-Nissan interaction parameter 
(dd, the values of interaction parameters T12 and H 1z 
have been calculated as a function of the composition 
of the binary mixtures of BA and DMF with MA, EA, 
BUA and AA, and were presented in Table 4. 

From Table 2, it is observed that excess molar 
volumes (VE) for all the BA systems, except for that 
involving MA, are positive over the entire range of 
composition. The positive values of excess volumes 
(V) for the three systems follow the order: 

BA + AA > BA + BUA > BA + EA 

The excess molar volumes (VE) for all the DMF 
systems are negative and their negative values follow 
the order: 

DMF+MA>DMF+EA>DMF + BUA>DMF + AA 

The negative values of excess molar volume (VE) 
suggest specific interactions 18

'
19 between the unlike 

molecules in the systems while its positive values 
suggest dominance of dispersion forces 18.t 9 between 

at az a3 (J 

-10.229 2.901 8.387 0.01! 

-0.031 0.000 

1.144 -1.694 -2.644 0.034 

-0.041 -0.017 -0.043 0.001 

!.047 -2.13! -!.934 0.030 

-0.035 -0.109 -0.084 0.001 

1.678 -1.981 -2.086 0.029 

-0.044 -0.184 -0.095 0.002 

-0.335 0.199 0.355 0.007 

-0.030 -0.014 0.000 

-0.275 0.!63 0.203 0.002 

-0.027 -0.263 0.000 

-0.376 0.264 0.009 

-0.037 -0.069 -0.081 0.001 

-0.268 0.245 0.009 

-0.054 0.001 

them. Treszczanowicz et al.Z0 suggested that vE is the 
result of contributions from several opposing effects. 
These may be divided arbitrarily into three types, 
namely, physical, chemical, and structural. Physical 
contributions contribute a positive term to VE. The 
chemical or specific intermolecular interactions result 
in a volume decrease and contribute negative values 
to VE. The structural contributions are mostly negative 
and arise from several effects, especially from 
interstitial accommodation and changes in the free 
volume. The actual volume change, therefore, 
depends on the relative strength of these effects. The 
negative values of excess molar volume (V£) for all 
the mixtures studied may be attributed to dipole
induced dipole interactions between the unlike 
molecules in the binary mixtures through hydrogen 
bonding. The plots of excess molar volume (V£) 
versus mole fraction (xt) of BA or DMF for the binary 
mixtures are presented in Figs 1 ,and 2. It is evident 
from the values of VE that for both the binary systems, 
the degree of specific intermolecular interactions 
between unlike molecules in the binary mixtures 
decreases as the chain length of the alkyl acetate 
increases. The excess enthalpy values determined by 
Venkatesu et al.21 for DMF + EA and DMF + BUA 
mixtures report similar results. 
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Fig. !-Plots of excess molar volume (VE) versus mole fraction of BA (x1) at 298.15K for binary mixtures of BA with I, MA (A); 
2, EA (/1); 3, BUA (o); and 4, AA (•). 
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Fig. 2--Plots of excess molar volume (VE) versus mole fraction of DMF (x1) at 298.15K for binary mixtures of DMF with I, MA (A); 
2. EA (/1); 3. BUA (o); and 4. AA (•). 
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Fig. 3-Plots of viscosity deviation (~11) versus mole fraction of BA (x 1) at 298.15 K for binary mixtures of BA with I, MA (.A.); 
2, EA (6); 3, BUA (o); and 4, AA (•). 
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Fig. 4-Plots of visc,)sity deviation (~11) versus mole fraction of DMF (x 1) at 298.15K for binary mixtures of DMF with I, MA (.A.); 
2. E.-\ tll.): :;, BUA (o): and 4. AA ( • ). 
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Table 4----Grunberg-Nissan interaction parameter (d12), Tamura-Kurata parameter (T12), and Hind parameter (H 12) for the binary 
mixtures of BA or DMF ( 1) with. some alkyl acetates (2) at 298.15 K 

x, dl2 T12 H12 x, dl2 T12 H12 

BA (I)+ MA (2) DMF (I)+ MA (2) 

0.1011 -0.1503 0.3997 0.4003 0.1012 0.1379 0.5514 0.5484 

0.2020 -0.1803 0.3927 0.3938 0.2022 0.1204 0.5482 0.5451 

0.3027 -0.1992 0.3874 0.3892 0.3028 0.0949 0.5425 0.5393 

0.4031 -0.1983 0.3855 0.3884 0.4032 0.0825 0.5394 0.5361 

0.5032 -0.2113 0.3806 0.3846 0.5034 0.0749 0.5372 0.5337 

0.6031 -0.2274 0.3746 0.3799 0.6032 0.0595 0.5324 0.5286 

0.7027 -0.2204 0.3733 0.3799 0.7028 0.0617 0.5327 0.5287 -t 
0.8020 -0.2311 0.3677 0.3758 0.8021 0.0560 0.5303 0.5261 

0.9011 -0.2511 0.3591 0.3692 0.9012 0.0551 0.5294 0.5250 

BA (1) + EA (2) DMF (1) + EA (2) 

0.1180 -0.5774 0.3354 0.3349 0.1181 0.0046 0.5802 0.5582 

0.2315 -0.5554 0.3399 0.3397 0.2316 -0.0133 0.5756 0.5526 

0.3405 -0.5715 0.3361 0.3361 0.3406 -0.0254 0.5723 0.5479 

0.4454 -0.577S 0.3335 0.3336 0.4456 -0.0257 0.5721 0.5461 

0.5464 -0.5996 0.3271 0.3274 0.5466 -0.0313 0.5703 0.5427 

0.6437 -0.6001 0.3242 0.3247 0.6439 -0.0321 0.5698 0.5405 -----

0.7376 -0.6343 0.3135 0.3142 0.7377 -0.0330 0.5694 0.5383 

0.8281 -0.6945 0.2957 0.2967 0.8282 -0.0295 0.5704 0.5376 ~:-.. 

0.9156 -0.7623 0.2740 0.2753 0.9156 -0.0388 0.5671 0.5322 
---t• 

BA (1) + BUA (2) DMF (1) + BUA (2) 

0.1500 -0.4148 0.4158 0.4381 0.1501 -0.1893 0.6940 0.6648 

0.2842 -0.4302 0.4244 0.4410 0.2843 -0.1978 0.6945 0.6608 

0.4050 -0.4532 0.4288 0.4406 0.4051 -0.2045 0.6955 0.6572 

0.5143 -0.4726 0.4327 0.4402 0.5144 -0.2150 0.6949 0.6521 

0.6136 -0.5349 0.4252 0.4284 0.6138 -0.2268 0.6938 0.6464 

0.7043 -0.5768 0.4223 0.4212 0.7045 -0.2262 0.6969 0.6449 

0.7875 -0.6569 0.4104 0.4043 0.7876 -0.2222 0.7008 O.M47 

0.8640 -0.7395 0.3977 0.3860 0.8641 -0.2300 0.7007 0.6401 

0.9346 -0.9348 0.3605 0.3396 0.9346 -0.2591 0.6938 0.6270 

BA (I)+ AA (2) DMF (I)+ AA (2) 

0.1651 -0.3566 0.4349 0.4768 0.1652 -0.1914 0.7440 0.7176 + 
0.3080 -0.3572 0.4555 0.4869 0.3081 -0.2134 0.7416 0.7096 

0.4327 -0.3674 0.4683 0.4918 0.4329 -0.2237 0.7444 0.7058 

0.5427 -0.4026 0.4713 0.4882 0.5429 -0.2395 0.7445 0.6996 

0.6403 -0.4918 0.4598 0.4700 0.6404 -0.2616 0.7422 0.6lJ09 

0.7275 -0.5633 0.4535 0.4567 0.7277 -0.2697 0.7448 0.6872 

0.8059 -0.6612 0.4414 0.4367 0.8061 -0.2699 0.7496 0.6864 

0.8768 -0.8218 0.4165 0.4012 0.8769 -0.2846 0.7494 0.6798 

0.9412 -1.0605 0.3763 0.3457 0.9413 -0.3097 0.7460 0.6689 
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A perusal of Table 2 shows that the values of 
viscosity deviation (t..T]) are negative over the entire 
composition range for all the binary mixtures studied 
and the negative values increase as the chain length of 
th~ alkyl acetates increases. It is observed in many 
systems that there is no simple correlation between 
the strength of the interactions and the observed 
properties. Rastogi et al. 22 therefore, suggested that 
the observed excess property is a combination of an 
interaction and a non-interaction part. The non
interaction part in the form of size effect can be 
comparable to the interaction part and may be 
sufficient to reverse the trend set by the latter. In 
general, the negative values imply the presence of 
dispersion forces23 in these mixtures; while positive 
values may be attributed to the presence of specific 
interactions23

. The plOts of viscosity deviation (t..T]) 
versus mole fraction (x1) for the different binary 
mixtures of BA mid DMF have been presented in Figs 
3 and 4, respectively. The .6.l] values for all the binary 
mixtures studied supported the results obtained from 
the values of V:: discussed earlier. 

From Table 4, it is seen that the values of d 12 are 
negative for all the binary systems studied, except for 
the mixtures of DMF + MA. The negative values of 
d1~ indicate the presence of dispersive forces23 or 
weak specific interaction while its positive values 
indicate rhe presence of strong specific interactions23 

between the unlike molecules in the binary mixtures. 
Also for a given binary mixture, it has been observed 
that rhe values of T12 and H 12 do not differ appreciably 
from each other. This is in agreement with the view 
put forward by Fort and Moore23 in regard to the 
nature of parameter T12 and H 12• From Table 3, it is 
observed that the fits were good as presented by the 
small values of standard deviation (a). 

In the eight binary mixtures studied, it is really 
interesting to note that V:: and .6.l] have maximal 
minima in the mole fraction range x 1=0.5 to 0.7 
(Table 2). This indicates that specific interaction 
between the component molecules is predominated by 
hydrogen bonding. The maximum/minimum points 
are clear indications of the highest point of interaction 
between the component molecules in the binary 
mixrures. 
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Abstract 
•, -

'"0:( 

Pure or aqueous alcohols are most widely used in industry, including in the manq.t~~~s~iff pharmaceuticals and cosmetic products. However, 
in the case of insolubility of some solutes in water, non-water solvents may be \ls&d'"rf>Jsessing the common characteristic of being soluble in 
water; as a result, such solvents may be used with different purposes, such as incr~if~mg water solubility, or modifying the viscosity or absorption 
of the dissolved substance. Also, the nature of intermolecular forces between m~1~~!xefts brings a marked effect on the thermodynamic properties 
such as density, viscosity and surface tension etc. The present study investi .. ,. '"scous synergy and isentropic compressibility in the systems 
comprising some monoalkanols (C 1-C4) and cyclic ethers (1,4-dioxane.;f' , ydrofuran) in the proportion wlw= 1:1, in water at different 
concentrations (wlw) at 298.15 K to determine the proportion of mg!!g'it~ I+ cyclic ether+ water, at which maximum synergy occurs. The 
density and viscosity data ·have been analyzed using the equation M~elope(J' by Kaletunc-Gencer and Peleg. Also a correlation between the 
density and viscosity increment for all the systems has been altern t~1i~-'-irll.e ratio between maximum viscosity reached by the mixtures and pure 
state viscosity is expressed by the enhancement index defined , 1i,~,nn:'...lllo· 

f"l 
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Keywords: Viscous synergy; Isentropic compressibility; 1,4-dioxa:f, 

I. Introduction 

The increasing use of cyclic ether, monoalkanols and their 
aqueous mixtures in many industri'a\: processes such as 
pharmaceutical and cosmetics has greatly s'timulated the need 
for extensive information on their prope1iies. l ,4-dioxane (DO), 
tetrahydrofuran (THF) and· . .their aqueous mixtures are very 
important solvents that are. \Victely used in various industries. 
They figure prominently in'.tli~ .hi.gh-energy battery technology 
and have also found appJ,i,.cation in organic synthesis as 
manifested from the pi1Y.~9d'J2hemical studies in these media 
[ 1-7]. The thermod~namic'~l:operties of various alkanols have 

't.\_~ .... ~- ·\.·<..\(,~ .... ~>,.:,., 
been studied in nu~H.~rous' solvents [8-14]. In our systematic 
study of the themW~(!ynnmic properties. we have reported 
densities, viscosities ~11ct speeds of sound of different solvents 
and their mixtures in the previous papers [ 15-22] from our 

* Corresponding author. Fa': +91 353 25S 1546. 
E-mail addn•ss: mahcndraroy2002@yahoo.•·o.in (I\1.N. Roy). 

0167-73221$- st•e tTont matter~~· 2llllo Elso:YiL·r H.V . .-\11 rights reserved. 
doi: I 0.10 I t~'j.molliq.2006.0Hl09 

laboratory. In this paper we extend our studies to the aqueous 
mixtures of l ,4-dioxane (DO) and tetrahydrofuran (THF) with 
some monoalkanols where water is represented as A, cyclic 
ether (DO or THF) is represented as B, ai1d monoalkanol, 
represented as C. The monoalkanols include methanol (MeOH), 

Tnb1c I 
Comparison of density, p x 103/kg m- 3 and viscosity, 11 of the pure liquids with 
literature data at 298.15 K 

Solvent px 103/kg m-3 11/mPa s 

Ex pt. Lit. Ex pt. Lit. 

Wnlcr 0.9971 0.9971 [:!5) 0.8904 0.8904 [25] 
Tctrnhydrofhmn 0.8807 0.8807 (15] 0.4630 0.4630 [15] 
1 ,4-Dioxane 1.0305 1.0305 [26] 1.2000 1.2000 [26] 
Methanol 0.7869 0.7869 [I 2] 0.5470 0.5470 (12) 
Elhnnol o.nso 0.7850 [12J 1.0760 1.0760 [12J 
!-Propanol 0.8025 0.8025 [12] 1.9460 1.9460 [12) 
2-Propnnol 0.7!\25 0.7825 [12] 2.0314 2.0314 [12] 
!-Butanol 0.8060 O.S060 [12) 2.5420 2.5420 (12] 
2-Butnnol 0.8035 0.8035 (1:!] 2.8230 2.8230 (12] 
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Table 2 r 
Comparison of the theoretical and experimental viscosities for the indicated water-soluble mixtures of tetmhydrofuran (THF), I ,4-dioxane (DO) and different 
monoalkanols as a function of (w/n·) concentration 

Mass % of H20 . Pure THF THF + McOH (w/n·= I: ll THF+EtOH (w/w= 1:1) THF+l-PrOH (w/w=l:l) 

l]mi_/mPa s 'l".,,/mPu s 'lmi/mPn s 1/0 ,/rnPn s 'lm;/mPn s 1]0,,/mPa s 1) 111;.,/mPa s 1]0 , 1/mPa s 

0 0.4630 0.4630 0.5050 0.4761 0.7695 0.6728 1.2045 0.7603 
10 0.5057 0.6564 0.5435 0.7377 0.7816 1.0009 J>hJ31 1.1857 
20 0.5485 0.9237 0.5821 1.0404 0.7937 1.3311 J :'i\ii'17 1.5186 
30 0.5912 1.2238 0.6206 1.3114 0.8058 1.6325 

.t,W:t.~·r):.;tl 
1.8789 .~~-~;~~~~~~ 35 0.6126 1.3994 0.6399 1.4428 0.8118 1.7806 J_,;t ~ . .: 1.9117 

40 0.6340 1.4904 0.6596 1.5381 0.8179 1.8862 Cl,:.~'-~~\liJ.0789 2.0208 
45 0.6553 1.5817 0.6784 1.6474 0.8239 1.9729;;;4";1 .. , "'-<.~?,1.0632 2:0917 
50 0.6767 !.6776 0.6977 1.7686 0.8299 2.033~k "':;·~ ~y0475 2.1581 
55 0.6981 !.70 13 0.7169 I. 7698 0.8360 z.Q?,of~;,:"' ;>· 1.0317 2.2296 
60 0.7199 . 1.7321 0.7362 1.7852 0.8420 ~Jifsz~ ·· 1.0160 2.1679 -t 70 0.7622 1.6798 0.7748 1.7787 0.8541 1{8'765:.~1 0.9846 2.0124 .. ·.,",.:;;· 

so 0.8049 !.4900 0.8133 1.5651 0.~662 1.6345 0.9532 1.6478 
90 0.8477 1.2015 0.8519 1.2485 0.8783 1.2372 0.9218 1.2592 

100 0.8904 0.8904 0.8904 0.8904 0.890~:~:.-:,,' 0.8904 0.8904 0.8904 

Mass% of H20 THF+2-PrOH (w/w= I: I) THF :hh!3u0H-( w!w= I: I) THF+2-BuOH (wlw=l:l) 

"1/ 111;,/mPa s 1/0, 1/ml'a s 1/m;.,/mPn s t~c.,/ml'n s llmi./mPn s 1/0 _,/mPu s 

0 1.2472 0.6917 J.S025 O.H514 1.6430 0.~021 

10 1.2115 1.1171 1.4413 !.25X6 1.5677 1.2436 

20 1.175~ 1.4952 1.3~01 1.6069 I .4')25 1.6700 

30 1.1402 1.8652 J.:\189 1.9206 

35 !. 1223 2.0303 1.2883 2.1404 

40 1.1045 2.1759 1.2577 2.1910 

45 1.0866 2.2524',,. ·':' 

50 1.0688 2.2905 
_ ..... 

<'![.,'. ...;::::::_, 
55 1.0509 2.3370· 

60 1.0331 j;-2:2876. --T" 
70 0.9974 ~{·.z'i 2o~ I.II62 . 2.0884 

.l! ;';t·-~ ':~~ ~ ;:. ;,. ;. . 
80 0.9618 f:i""-~,:t;J) . 78 80 1.0409 1.7427 

90 0.9261 '""~'' '0:1.3276 0.9516 1.3354 0.9657 1.3178 

100 0.8904 ., t~~it.t4~0.8904 0.8904 0.8904 0.8904 0.8904 
~ .. ~~-

Mass% of H20 Pure DO DO+MeOH (w/w,1:1) DO+ EtOH (whv"' 1:1) DO+l-PrOH (w/w=l:l) 

1/mi.lmPa s 1/cxp/mPa s 'lmixlmPa s llcx1/mPa S 'lmiJmPo s 'lcx/tnPa S llmi.lmPa s 'lcx/mPu s 

ll 1.2000 1.2000 0.8735 0.6148 1.13!!0 0.9243 1.5730 1.1309 
10 1.1690 1.-1419 0.8752 0.9069 1.1132 1.31 H2 1.5047 1.645!! 

20 1.1381 1.7859 0.8769 1.2053 1.0885 1.7779 1.4365 2.0743 

30 1.1071 1.9762 0.8786 1.4429 1.0637 2.0719 1.3682 2.3439 

35 !.09!1i 2.0230 0.8794 1.5471 1.0513 2.1364· 1.3341 2.3963 

40 1.0762 1.987.1 0.8803 1.6171 1.0389 2.1975 1.2999 2.4199 

45 1.0607 !.95_77 0.8811 1.6712 1.0266 2.2388 1.2658 2.4286 

50 1.0452 1.9139 0.8819 1.7057 1.0142 2.2636 1.2317 2.4468 
55 1.0297 1.8346 0.8828 I .6971 1.0018 2.2029 1.1976 2.3527 

60 1.0142 !.6970 0.8836 1.6349 0.9894 2.1110 1.1634 2.2553 + 70 0.9833 !.SIS! 0.8853 1.5233 0.9647 1.8947 1.0952 2.0141 
so 0.9523 !.2967 0.8870 1.3352 0.9399 1.5610 1.0269 1.6868 
90 0.921-1 1.0949 0.8887 1.1766 0.9153 1.2005 0.9587 1.2584 
100 O.l\904 . 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 

....... ::· 
Mass% ofH~O DO.fZ:~frOH (11'111'~ I: I) DO+ 1-BuOH (11'/w= 1:1) Do+2-Bu0H (wlw= I: 1) DO+THF (w/w=l:1) 

0 1.6157 
,. 

1.0778 1.8710 1.27I5 2.0115 1.1333 0.8315 0.6797 
10 1.5432 1.6710 1.7729 1.7840 1.8994 1.8135 0.8374 0.9285 
20 1.4706 2.2000 1.6749 2.1742 1.7873 3.0482 0.8433 1.2432 
30 1.3981 2.5134 1.5768 2.2031 0.8492 I .5476 
35 1.3618 2.5920 1.5278 2.2643 0.852I 1.6815 
~0 1.3256 . 2.65~7 !.47SS 2.4169 0.8551 1.7972 
~5 1.2893 2.6967 0.8580 1.8754 
50 1.2530 2.6892 0.8609 1.8939 
55 1.216~ 2.6212 0.11639 1.9094 

iL 
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Table 2 (contin11ed) 

Mass% ofH~O D0+2-l'r0H (wiw= 1:1) DO+ 1-BuOH (w/;_,= 1: 1) Do+2-BuOH (wlw= 1: !) DO+THF (wlw= l:l) 

1.1805 2.5276 
!.!ORO 2.1706 1.2267 2.0546 
1.0355 1.7344 1.1146 1.7101 
0.9629 1.3143 0.9885 1.2371 1.0025 1.2626 

60 
70 
80 
90 
100 0.8904 0.8904 0.8904 0.8904 0.8904 0.8904 

0.8663 
0.8727 
O.R7R6 
0.8845 
0.8904 

1.9!66 
1.7124 
1.4701 
I.J 930 
0.8904 

ethanol (EtOH), !-propanol ( 1-PrOH), 2-propanol (2-PrOH), !
butanol (1-BuOH) and 2-butanol (2-BuOH). 

2. Experimental section 

2.1. Chemicals 

I, 4-dioxane and tetrahydrofuran (Merck, India) were 
purified as described earlier [16,23). The source and purification 
of pure alcohols (Merck, India) methanol, ethanol, !-propanol, 
2-propanol, !-butanol and 2-butanol have been described earlier 

A 

2.5 

2 

~ 1.5 
E 
"j; I 

B 

0.5 

0 
I 

2.5 

~. 

ciS 1.5 

E 
"j;l 

0.5 

0 
I 

Fig. I. A. Exp~rimental vis~osity, 'I"'P/ml'a s, and theoretical viscosity, 'lmixl 
mPa s, of water-soluble alkanols as a function of mole fractions of water (•A) and 
tetrahydrofurnn (x8 ). Methanol (0), ethanol (0), !-propanol (tl), 2-propanol 
(+), !-butanol (*), 2-butanol (e). B. Experimental viscosity, 'loxp/mPa s, and 
theoretical viscosity, 'lmi/mPa s, of water-soluble alkanols as a function of mole 
fractions of water (xA) and alkanol (xc). Methanol (0), ethanol (n), !-propanol 
(tl), 2-propanol (+), !-butanol(*), 2-butanol (e). 

[16.24J. Triply distilled water was used for'the experiment. The 
chemicals after purification,;.x~£e·9;~;:9% pure and their purity 
was asce11ained by GLC m~p~al~? bf'comparing experimental 
values of densities andh;yJ~~pjb with those reported in the 
literature [12,15,25,26l~!fs"li.s.ted in Table 1. 

~4t~1!f~J'!i 
2.2. Measurements 

Densities'~:Wcre measured with an Ostwald-Sprengel type 
pycnometerhq~'i\{g,a bulb volume of about 25 cm3 and an internal 
diameter o{ill~;;d~pillary of about 0.1 em. The measurements were 
done infl:therhr~iltated bath controlled to±O.Ol K. The weighings <-, ·. 'j;~'*-

were d<mc'~tin a Mettler AG-285 electronic balance with a 

B 

2.5 

0.5 
I 

Fig. 2. A. Experimental viscosity, llcx/mPa s, and theoretical viscosity, 'lmixl 
mPa s, of water-soluble alkanols as a function of mole frnctions of water (xA) and 
1,4-dioxane (x11). Methanol (0), ethanol (D), !-propanol(~). 2-propanol (+), !
butanol (*), 2-butnnol (e). B. Experimental viscosity, 'lcxplmPa s, and 
theoretical viscosity, 'lmixlmPa s, of water-soluble alkanols as a function of 
mole frnctions of water (xA) and alkanol (xc). Methanol (OJ, ethanol (OJ, !
propanol (M, 2-pr<>pnnol (+), 1-butnnol (•), 2-butanol (e). 
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Fig. 3. A. Viscosity values, IJIY'mPa s. and 17mu.-/mPa s, of the mon~~~~Ui:io'tf 
with tem1inal hydroxyl group us a function of the number of carbon atoms, Ni·f 
H10+THF systems (e), H10+DO systems (•). B. Viscosity values, IJofmPa s. 
and 17"""'/ml'a s, of the monoalkanols with hydroxyl group at the second cnrbon 
atom of the molecular chain as a function of the number of carbon atoms, Nc. 
H 20 + THF systems ( • ). H20 +DO systems (• ). '· 

precision of ±0.0 I mg. The precision of density measurements 
was ±3 x 10-4 g cm- 3

. The viscosity was measmed by means of a 
suspended Ubbelohde type viscometer; calibrated at 298.15 K 
with triply distilled water and purified methanol using density and 
viscosity values from the literature. The flow times were accurate 
to ±0.1 s, and the uncertainty in the viscosity measurements, 
based on our work on several pure liquids, was ±2 x I o-4 mPa s. 
The details of the methods and techniques have been described 
earlier [ 4~ 16]. .,'- ·, _1 , 

Speeds of sound·;~~& determined by a multi-t1·equency 
ultrasonic interferomet~r (Mittal Enterprise, New Delhi) 
working at 2 MHz, which was calibrated with water, methanol 
and benzene at 298.15 K. The precision of the speed mea
surements was ±0.2 m s-·1

• The details of the methods and 
techniques have been described earlier [ 16]. The mixtures were 
prepared by mixing known volumes of pure liquids in airtight
stopper bottles. Each solution thus prepared was distributed into 
three recipients to perform all the mensurements in triplicate, 
with the aim of detem1ining possible dispersion of the results 

Table 3 
Pure-state viscosity, 1]0; maximum viscosity, IJm.,.; viscosity of the mixture 
without interaction, '7mix; viscosity increment, A!7; synergy indices, /~; 
enhancement indices, E,, for the indicated water-soluble mixtures of 
lctrabyurofllran (fHF), 1,4-dioxnne (DO) and different mono~llmnols 

Solvent 'lo P1mox '7mix A11 I,, E,, 

THF 0.4630 1.7321 0.7194 ).0127 1.4076 3.7146 
'FHF+MeOH 0.4761 1.7852 0. 7362 {i~.g489 !.4247 3.7443 
THF+EtOH 0.6728 2.0907 0. 8360,lr~j:zl;,-;~·s.~ 7 1.5008 3.1074 
TI-lF+I-PrOH 0.7603 2.2296 1.0~~}~·~, 1':'19<1? 1.1609 2.9323 
THF+2-PrOH 0.6917 2.3370 1.0510"'•i~l.2860 !.2237 3.3787 
THF+I-BuOH 0.8514 2.191 o · (:zsw,s:~¥o. 9334 0.7421 2.5733 
THF+2-Bu0H 0.8021 2.0884 , :,;,·FiT L~Zio:~.·,0.9722 0.8710 2.6038 
[)() 1.2000 2.0230:\~ _1.0:9,'16 0.9313 0.8531 1.6858 
DO+McOH 0.6148 1.7057 o:ssJ9 0.8237 0.9340 2.7742 
DO+EtOH 0.9243 2.2\536 1.0142 1.2494 1.2319 2.4489 
DO+ 1-PrOH 1.1309 2.4498 1.2317 1.2151 0.9865 2.1636 
D0+2-PrOH 1.0776 2.6967 1.2893 1.4074 1.0915 2.5026 
DO+I-BuOH 1.2715 2.4169 1.4788 0.9382 0.6344 1.9008 
D0+2-BuOH ~J.I333 3.0482 1.7873 1.2609 0.7055 2.6896 
THF+DO o~61g1 1.9166 0.8663 1.0502 1.2122 2.8198 

.·:.~l. ~;~ 
···:; 

obtained .. Adequate precautions were taken to minimize 
evaporation losses during the actual measurements. 

3. Results. and discussion 
,,, 

3.1.' Viscous synergy 

The measurements yielded the viscosity values, 17cxp. for the 
different mixtures at different concentrations ( w!w), listed in Table 

· 2 along with the viscosity values, IJmix in the . absence of 
interaction. The method most widely used to analyze the 
antagonic and synergic behavior of various solvent-mixtures is 
that developed by Kaletunc-Gencer and Peleg [27] allowing 
quantification of the synergic and antagonic interactions taking 
place in mixtures involving variable proportions of the constituent 
components. Viscous synergy is the term applied to the interaction 
between the components of a system which causes the total 
viscosity to be greater than the sum of the viscosities of each 
component in the system. In contraposition to viscous synergism, 

t.Gr-----.------r=::==::::::;===,:=:;:==;-t 
- E> (OH-Icnninal) 

1.5 ......... -G, -• (011-2°Corbonl 
- •- • -.1r (011·20 Curbon) 

1.4 , --.!!.- (OII·t<rlninal) 
•, 

1.3 .... 

0.9 

0.8 

0.7 

0.61,L--------;';-2-------7-----~ 

Fig. 4. Viscous synergy index, 1,1, of the monoalkanols as a function of the 
number of carbon <ltoms, Nc-. H20+ DO systems(-), H20+THf ~ystems (-- -). 

:;-.._ 

~ 

--1' 
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....,6- (OH-l<nninal) 
3.5 ......._ (OH-2° CaTbon) ·----

"G----- -----
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2 

I.S1 L... -------------'-------------'--------'4 

Nc 

Fig. 5. Enhance index, E,1, of the monoalkanols as a function of the number of 
carbl'll atoms, Nc. H20+ DO systems(-}, H20+THF systems(---). 

viscous antagonism is defmed as the interaction between the 
components of a system causing the net viscosity to be less than 
the sum of the viscosities of each component in the system. If the 
total viscosity of the system is equal to the sum ofthe viscosities 

Table 4 

of each component, the system is said to lack interaction [28). The 
viscosity in the absence of interaction, 1Jmix• is defined by the 
simple mixing rule 

(1) 

where IV A• w3 and We are the weight f~ptions and 1JA, 1Js and 1Jc 
are the measured viscosities, of th,e __ cq~ponents A, B and C 
respectively. Viscous syner!,')' ~*JS,ts:i?.;W,Qlfn, 1Jexp>1Jmix· The 
procedure is valid for Newtoni~~~~i(~~· sin""be in non-Newtonian 
systems shear :at~ must be t~~~e:~~~;~ccount and consequently, 
other synergy tndJCes have ~fen<~pfined [29]. 

The values in Table ~ .!!re~gqtphically represented in Figs. 1 
and 2, where the viscosjij'is;,ll_,een to increase non-linearly for all 
the mixtures, reaching"'~fii!l!~ihmm values (saturation point) at 
different concentrations in each case and thereafter decreases. 

Maximum viscosity is found in the mixtures when the 
molecules af~~- the following ratios 

Comparison of the theoretical, p111;,/kg m- 3
, and experimental, p0,pfkg m- 3

, densitJcs:fqr .. the indicated water-soluble mixtures oftetrnhydrofuran (THF), 1,4-dioxane 
(DO) and different monoalknnols as a function of(w/w) concentration ,. ·.:.'(/~.· '·,;: · · 

MtlSs%ofH~O PureTHF THF+MeOH(wM~Ii!J) ,.. THF+EtOH(w/.,.=1:1) THF+I-PrOH(w/w=l:l) 

-~ Pm;xlkg m-3 Pcxr/kg m- 3 Pm;xlkg m-J ·A~~~h~~,/f<')f m- 3 Pmix/kg m-3 Pcx,,kg m-J Pmixlkg m-J PCJ<,/kg m-3 

":0.::~3·0:6 0 
10 
20 
30 
35 
40 
45 
50 
55 
60 
70 
so 
90 
100 

0 
10 
20 
30 
35 
40 
45 
50 
55 
60 
70 
so 
90 
100 

880.7 
892.4 
904.0 
915.6 
921A 
927.3 
933.1 
938.9 
944.7 
950.5 
962.2 
973.8 
985.4 
997.1 

~. <,.. 

.. , :r. 

880.7 
898.5 
915.9 
930.2 
940.7 
946.0 
952.5 
959.0 
963.8 ~~5; 
966.4 .. 
978.3 

833.8 
850.1 861.6 
866.5 

'. 
884.4 

882.8 "":!• 904.7 
891.0 914.0 
899.1 924.4 

',.907.3 923.3 

.if);r~r'JI 941.6 
'''~1192~~(; 949.3 

93.r.s 956.5 
948.1 969:9 
964.4 979.5 
980.7 989.5 
997.1 997.1 

THF+2-PrOH (w/w= 1:1) 

Pm;.fkg m-3 Pcx,/kg m- 3 

831.6 830.5 
848.2 856.0 
864.7 877.1 
881.2 897.2 
889.5 906.4 
897.8 916.9 
906.1 925.1 
914.3 933.6 
922.6 943.9 
930.9 949.9 
947.4 966.3 
964.0 979.3 
980.5 987.9 
997.1 997.1 

832.9 842.1 
849.3 862.4 
865.7 884.7 
882.1 904.3 
890.3 912.4 
898.5 921.1 
906.7 930.1. 
914.9 939.1 
923.2 947.8 
931.4 954.7 
947.8 968.2 
964.2 979.1 
980.6 989.7 
997.1 997.1 

THF+ 1-BuOH (w/w= 1:1) 

Pm;,/kg m-3 

843.4 
858.7 
874.1 
889.5 
897.2 
904.8 

981.7 
997.1 

Pcxp/kg m-3 

847.1 
867.1 
883.5 
902.5 
909.9 
918.2 

988.8 
997.1 

841.6 843.3 
857.2 864.4 
872.7 884.7 
888.2 903.4 
896.0 911.8 
903.8 918.7 
911.6 927.5 
919.3 936.3 
927.1 944.8 
934.9 951.8 
950.4 966.9 
966.0 979.8 
981.5 983.5 
997.1 997.1 

THF+2-BuOH (w/w= 1:1) 

Pmixlkg m-3 

842.1 
857.6 
873.1 

950.6 
966.l 
981.6 
997.1 

Pcxr/kg m-3 

840.6 
862.9 
887.1 

965.9 
981.6 
991.0 
997.1 

(continued on next page) 
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Table 4 (couti11ued) 

1\·!nss% of H20 Pure DO DO+MeOH (w/w=l:l) DO+EtOH (w/w=l:l) DO+ 1-PrOH (w/w= 1:1) 

Ponix/kg m-> Pcx~ikg m-~ flmixfkg m- 3 p •• ~kg m- 3 Pmixikg m-3 flcx~kg m- 3 flmixikg m-3 flcx~kg m-3 

ll 1030.5 1030.5 908.7 899.6 907.8 901.1 916.5 900.2 
10 1027.2 1036.8 917.6 917.8 916.7 919.0 924.6 924.7 
20 1023.8 1040.5 926.4 934.2 925.6 936.0 932,6 933.8 
30 1020.5 1040.8 935.2 950.9 934.5 951.2 910,~7 949.7 
35 1018.8 1043.0 939.6 955.5 939.0 958.3 94lt;-'7 -953.5 - ,~', 40 1017.1 1040.1 944.1 962.6 943.5 963.9 ''-9~&;-.'lj~ 961.0 
45 1015.5 1037.5 948.5 968.8 947.9 969.1 .,F-2.\952.8 ~ 966.3 

... .i:-'t~~ J. .. 
50 1013.8 1035.6 952.9 972.2 952.4 974.0 ~:;.~, 9.56.8 - 971.1 
55 1012.1 1033.6 957.3 977.3 956.9 978.5 ~/:;. :9'60.8 975.6 
tiO 1010.4 1031.3 \>61.7 9XI.7 961.3 983.6 

.1· 
. '964.8 980.9 

70 1007.1 1022.1 970.6 987.0 970.3 987.7 972.9 987.5 
80 1003.8 1016.1 979.4 990.5 979.2 99)::'5" 981.0 993.2 
90 I 000.4 1009.0 988.2 993.3 988.1 996;2 ,. 989.0 996.5 
100 997.1 997.1 997.1 997.1 997.1 991'::J:7;iittY 997.1 997.1 

Mass% of H20 D0+2-Pr0H (wlw= 1 :I) DO+ 1-BuOH (w/w=1:1) D0+2-!3u0H (w/w=l:l) DO+THF (w/w=1:1) 

0 906.5 887.3 918.3 
\0 915.6 915.8 926.1 
20 924.6 928.9 934.0 
30 933.7 944.1 941.9 . 
35 938.2 951.0 . 945.8 
40 942.7 958.5 949.8 
45 947.3 964.6 
50 951.8 970.7 
55 956.3 975.1 
60 960.l! 9!!1.7 
70 969.9 989. I 
so 979.0 992.9 
90 988.0 995.3 989.2 
100 997.1 997.1 997.1 

H20: THF: EtOH = 1:0.10: 0.16 

H20: THF: 1- PrOH =I: 0.10:0.16 

H20:THF:2-PrOH= 1:0.11:0.13 .1 .r/ 

'i~r 

H20: THF: 1- BuOH = 1: 0.19: 0.18;~· •. 

-(;ft:t~~~j, ~~7 
HzO : THF : 2 - BuOH = l : 0.54 : %~ 1 _'(t 

H~O : DO = 1 : 0.38 

H~O: DO: MeOH =I: 0.10:0.28 

H20: DO: EtOH =I: 0.10:0.20 

H20: DO: I- PrOH'~' I: 0.10:0.15 
·;· 

H20: DO: 2- PrOH ==I: 0.10:0.15 

H20: DO: I- BuOH = I : 0.15: 0:18 

H20 : DO : 2- BuOH = I : 0.41 : 0.49 

H20 : THF: DO= I : 0.08 : 0.07 

906.2 971.0 "<'· 901.2 955.6 951.8 
_926.3 925.0 926.8 959.8 965.5 
935.6 933. ' 938.4 963.9 979.0 
946.2 

""' 
968.1 987.5 

953.0 1~u.~~ 970.1 992.6 
958.6 ;"j, ~<lir 972.2 996.1 '"<'~>,""" 

.~-:r~~"J... '"~ 974.3 998.1 

~}l;:-jf.r 976.3 1000.8 
978.4 1003.5 
980.5 1005.9 

973.0 989.3 984.6 1005.1 

i.~~J:~r::;~l· 
981.1 994.8 988.8 1003.8 
989.1 995.9 992.9 1002.2 
997,1 997.1 997.1 -997.1 

The explanation of this type of behavior is based on the 
known phenomenon of solvation, as a consequence of the 
hydrogen bonds formed between the molecules of the 
components of the mixture - producing an increase in size of 
the resulting molecular package, which logically implies a rise in 
viscosity and density. After reaching the maximum viscosity, the 
subsequent addition of more water induces a decrease in mixture 
viscosity, as the latter tends to approach the viscosity of water as 
concentration approaches zero. 

Such characteristics in the viscosity versus composition curve 
is a manifestation of specific interaction [30] between the unlike 
molecules, predominated by hydrogen bonding interaction. 

Table 2 shows that at the. point of specific interaction 
tsaturntion point) the molar ratio of tetrahydrofuran (THF), I ,4-
dioxane lDO), water and the various monoalkanols in the mix
tures is as follows 

THF : H20 : MeOH: EtOH: I - PrOH : 2 - PrOH 
: I - BuOH: 2- BuOH = I : 5.88: 2.37: 1.6: 1.6 
: 1.18:0.95:0.94 

DO : H20 : MeOH : EtOH : I - PrOH : 2 - PrOH 
: l - BuOH : 2 - BuOH = 1 : 2.63 : 2.8 : 2 : 1.5 : 1.5 
: 1.2 : !.19 

-::,.., 

~ 

-1f 

-~ 
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Table 5 
Experimental densities (Poxp), speeds of sound (u), isentropic compressibilities (Ks) and deviations in isentropic compressibility (K~) for the indicated water-soluble 
mixtures oftetmhydrofuran (THF), 1,4-dioxane (DO) and different monoalkano1s as a function of mole fractions of water (.tA) and the monoalkuno1s (xc) 

H20+THF 

0 880.7 
0.3078 0.6'122 R98.5 
0.5002 0.4998 915.9 
0.6317 0.3683 930.2 
0.6831 0.3169 940.7 
0. 7274 0.2726 946.0 
0. 7661 0.2339 952.5 
0.800 I 0.1 '199 959.0 
0.8303 0.1697 963.8 
0.85 72 0. 1428 966.4 
0. 9033 0.0967 978.3 
0. 9412 0.0588 986.7 
0.9730 0.0270 <J'IO.O 

0 997.1 

0 0.6101 832.1 
0.2575 0.4530 862.4 
OA383 0.3427 884.7 
0.5722 0.2610 904.3 
0.6269 0.2277 912.4 
0.6754 0.1 'ISO 921.1 
0.71~6 0.1717 930.1 
0.7573 0.14SI 939.1 
0.7923 0.1267 947.8 
0.8240 0.1074 954.8 
O.S793 0.0736 961\.2 
0.9258 0.0453 979.1 
0.9656 0.0210 989.7 
I 0 9'17.1 

0 0.5454 830.5 
0.2879 0.3884 856.0 
0.4764 0.2856 877.1 
0.6093 0.2131 897.2 
0.6621 0.1843 906.4 
0.7081 0.1592 916.9 
0.7486 0.1371 925.1 
0.7844 0.1176 933.6 
0.8164 0.1002 943.9 
0.8452 0.0844 949.9 
0.8946 0.0575 966.3 
0.9357 0.0351 979.3 
0.9704 0.0161 987.9 

0 '197.1 

H 20+THF+~-8uOH 

0 0.4931 840:6' . 
0.3108 0.3398 862.9 
0.5036 0.2448 887.1 

1283.2 
1351.1 
13'15.7 
1435.3 
1449.6 
1467.8 
1487.0 
1504.6 
1519.3 
1529.6 
1528.4 
1523.6 
1515.3 
1496.6 

1193.3 
1258.3 
1315.6 
1370.9 
140!.1 
1433.0 
1457.2 
1478.1 
1496.6 
1507.7 
1504.8 
1496.0 
1490.6 
14'16.6 

689.6 
609:6 
560.5 
521.8 
505.9 
490.7 
474.8 
460.6 
449.5 
442.3 
437.6 
436.6 
439.9 
447.8 

843.9 
732.3 
653.1 
588.4 
558.3 
528.7 
506.3 
487.4 
47!.1 
460.7 
456.1 
456.4 
454.7 
447.8 

1213.4 817.7 
129!.1 700.8 
1352.3 623.4 
1405.5 . 564.2 
1432.2 53 7. 9<.,· 
145M.O 513. Lf 
1484.7 490.4~~·'· 
1505.M §J2,4,;':;; ., 
1517.2 ;,.460.2,( 
1517.6 . "457;1"' 
15l~;:f'\.,,~~s.7.4 
1508:9!-·' 448.5 
t'soo_..6 · 449.5 
1496.6 . 447.8 

1249.5 
1329.8 
1381.2 

762.0 
655.3 
590.9 

0 
-5.5 
-8.1 

-15.0 
-18.5 
-23.0 
-29.5 
-35.5 
-39.3 
-40.0 
-33.6 
-25.4 
-14.4 

0 

-18.0 
-22.9 
-27.3 
-36.5 
-44.0 
-53.5 
-5H.O 
-60.9 
-62.7 
-59.9 
-4!.6 
-22.1 -

-7.3 
0 

-10.0 
-17.5 
-23.3 
-32.0 

:;<'' -38.3 
-45,6 
-52.9 
-57.3 
-57.3 
-49.5 
-35.4 
-23.7 
-9.5 

0 

-2.7 
-10.9 
-14.2 

0 0.6924 
0.2149 0.5436 
0.3S II 0.4285 
0.5 135 0.336S 
0.570 I 0.2976 
0.6215 0.2620 
0.6683 0.2:!97 
0.7112 0.2000 
0. 7506 0.1727 
0.7870 0.1475 
0.851 s 0.1026 
0.907S 0.0638 
0. 9568 0.0299 
1 0 

0 
0.2879 
0.4764 
0.6093 
0.6621: .Q.l843 
0.7081 0.1592 
0,7486 0.1371 

.i;D:?.~tl~ o.ll76 
'~.0:8164 0.1002 

0.8452 0.0844 
0.8946 0.0575 
0.9357 0.0351 
0.9704 0.0161 

0 

830.6 
861.6 
8S4.4 
904.7 
914.0 
924.4 
933.3 
941.6 
949.3 
956.5 
970.0 
979.5 
989.5 
997.1 

91!.8 
918.7 
927.5 
936.3 
944.8 
951.8 
966.9 
979.8 
983.5 
9'17.1 

H20+THF+ 1-BuOH 

0 0.4931 
OJ 108 0.3398 
0.5036 0.2448 
0.6349 0.1800 
0.6860 0.1548 
0.7301 0.1331 

0.9733 0.0132 
0 

H20+DO 

0 
0.3521 
0.5501 
0.6770 
0.7248 
0.7653 
O.SOOI 
0.8302 
0.~567 

o.~soo 

842.7 
867.1 
883.5 
902.5 
909.9 
918.2 

988.8 
'197.1 

1030.5 
1036.8 
1040.5 
\040.8 
1043.0 
1040.1 
1037.5 
1035.6 
1033.6 
1031.3 

1150.4 
1202.3 
1256.3 
1309.4 
1339.9 
1368.5 
1396.4 
1422.8 
1446.6 
1467.9 
1490.4 
149o.4 
1493.'1 
1496.6 

1239.4 
1312.2 
1368.9 
1415.0 
1438.3 
1461.1 
1489.1 
1512.1 
1519.1 
1520.6 
1518.2 
1513.7 
1504.6 
1496.6 

1261.1 
1338.1 
1391.2 
1432.9 
1454.2 
14H3.4 

1498.6 
1496.6 

1345.8 
1405.0 
1436.4 
1458.2 
1483.8 
1550.9 
1577.0 
1590.0 
1593.0 
1588.2 

909.7 

803~0 
716.4::' 
644:7;~.\; 
609.4 
57~:6 
5!19.5 
524.6 
503.4 
485.2 
464.1 
455.9 
452.8 
447.8 

773.8 
671.9 
603.2 
552.8 
530.2 
509.9 
486.2 
467.1 
458.6 
454.4 
448.7 
445.5 
449.1 
447.8 

746.1 
644.1 
584.8 
539.7 
519.7 
494.9 

450.3 
447.8 

535.8 
488.6 
465.8 
45!.8 
435.5 
399,7 
387.6 
382.0 
3RI.3 
384.4 

-25.7 
-27.6 
-33.1 
-40.3 
-48.0 
-54.7 
-60.0 
-64.0 
-66.0 
-66.4 
-55.9 
-36.8 
-16.0 

() 

-6.6 
-12.8 
-18.8 
-24.9 
-30.0 
-35.0 
-45.2 
-52.4 
-50.2 
-44.9 
-34.1 
-23.7 
-8.5 

0 

-0.3 
-9.5 

-11.2 
-17.1 
-21.8 
-33.4 

-5.4 
0 

0 
-16.2 
-21.5 
-24.3 
-36.5 
-68.7 
-77.8 
-80.7 
-79.1 
-73.9 

(continued on next page) 
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Table 5 (mntinued) 

H20+THF+2-Bu0H 

0.9045 0.0471 965.9 
0.9420 0.0286 981.6 
0.9733 0.0132 991.0 

0 997.1· 

0 0.7333 899.6 
0.2247 0.5686 917.8. 
0.3947 0.4439 934.2 
0.5278 0.3463 950.9 
0.5841 0.3050 955.5 
0.6349 0.2677 962.6 
0.6809 0.2340 968.8 
0. 7229 0.2032 972.2 
0.7612 0.1751 977.4 
0.7964 0.1493 981.7 
0.8589 0.1035 987.0 
0.9125 0.0642 990.5 
0.9591 0.0300 993.3 
I 0 997.1 

0 0.5945 900.2 
0.3059 0.4126 924.7 
0.4979 0.2985 933.8 
0.6296 0.2202 949.7 
0.6~11 0.1896 953.5 
0.7256 0.1631 961.0 
0.7644 0.1401 966.3 
0.7986 0.1197 971.1 
0.8290 0.1017 975.6 
0.8561 0.0856 980.9 
0.9025 0.0580 987.5 
0.9407 0.0353 993.2 
0.9727 0.0162 996.5 
I 0 997.1 

3H20+ DO+ 1-BuOH 

0 0.5431 906.2 
0.3318 0.3629 926.3 
0.5277 0.2565 935.6 
0.6570 0.1 S63 946.2 
0. 7064 0.1595 953.0 
0.7487 0.1365 958.6 

0.9757 0.0132 995.1 
· I 0 997.1 

H,O+TIJF•·DO 

0 
0.3285 
0.5239 
0.6536 
0.7033 
0.7459 
0.7S27 
0.8149 
0.8433 
0.8685 
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1508.2 
1501.7 
1497.1 
1496.6 

1197.0 
1249.1 

' 1304.6 
' 1379.3 

1423.6 
1463.9 
1503.0 
1537.0 
1555.0 
1565.5 
1576.1 
1568.2 
1553.8 
1496.6 

1248.6 
1335.1 
1385.8 
1429.2 
1453.0 
1477.4 
1502.7 
1526.2 
1543.3 
1545.8 
1541.8 
1541.1 
1531.4 
1496.6 

1268.6 
1364.6 
1411.2 
1457.1 
14~0.S 

1508.2 

455.1 
451.7 
450.2 
447.8 

775.8 
698.3 
628.9 
552.8 
516.4 
484.8 
456.9 
435.4 
423.1 
415.6 
407.8 
410.5 
417.0 
447.8 

712.5 
606.7 
557.6 
515.5 
496.7 
476.7 
458.3 
442.1 
430.4 
426.6 
426.0 
424.0 
427.9 
447.8 

685.7 
579.7 
536.7 
497.8 
478.5 
458.6 

1523.'7 432.8 
1496.6 . 447.8 

0.4501 
0.3022 
0.2143 
0.1559 
0.1335 
0.1144 
0.0978 
0.0833 
O.Q705 
0.0592 

951.8 
965.5 
979.0 
987.5 
992.6 
996.1 
99H.1 

1000.8 
1003.5 
1005.9 

-22.9 
-14.4 
-6.0 

0 

-133.0 
-107.0 
-97.9 

-112.7 
-123.1 
-131.3 
-138.0 
-140.1 
-134.7 
-126.0 
-105.0 

-77.6 
-49.6 

0 

-13.7 
-34.4 
-30.0 
-35.4 
-39.8 
-47.4 
-55.1 
-61.7 
-65.0 
-61.2 
-48.9 
-40.3 
-27.4 

0 

3.8 
-24.5 
-21.6 
-30.3 
-3S.O 
-48.0 

-20.6 
0 

0.9194 
0.9514 
0.9778 

X(.' 

1022.1 
1016.1 
1009.0 
997.1 

0 0.6566 901.1 
0.2718 0.4781 

0.3569 
0.2691 
0.2338 
0.2027 
0.1752 
0.1506 

919.0 
936.0 
951.2 
958.3 
963.9 
969.1 
974.0 

0.4564 
0.5901 
0.6439 
0.6913 
0.7332 
0.7706 
0.8041 
0.8344 

0.1286 978.5 
0.1087 . ~§,~.6 

0.8868 0.0743 9&7&,1;,.,, 
0. 9307 0.0455 99!.5 ;~? 

o. 968 0.021 o s~r.;~~{~,. · 
I 0 . 997i-J 

~(, ~ .. ~;~tt·~~,~·V 

H20+ oo+~~~!QH11 

0 .{6~59<!5""' 88 7.3 
0.3059:'><,0.4!26 915.8 
0.4979 'W29s5 928.9 
o:i>796 0.2202 944.1 
0.6811' 0.1896 951.0 
0. 7256 0.163 I 958.5 

. 0.7644 0.1401 964.6 
Q. 7986 O.JJ97 970.7 

. 0.8290 0.1017 975.1 
0.8561 0.0856 981.7 
0.9025 0.0580 989.1 
0.9407 0.0353 992.9 
0.9727 0.0162 995.3 
I 0 997.1 

0 0.5431 901.2 
0.3318 0.3629 926.8 
0.5277 0.2565 938.4 

0.9125 0.0475 994.8 
0.9470 0.0288 995.9 
0.9757 0.0!32 997.1 
I 0 994.8 

12~9.0 

1377.6 
1417.0 
1444.8 
1457.2 
1474.4 
1494.0 
1520.1 
1539.8 
1552.9 

1558.4 
1540.4 
1509.0 
1496.6 

1236.9 

!41 
1,~5 
II~ .7}~ 
·\~za,&!J· 

-...,<-::\~'" 

1549.2. 
1556.0 
1566.2 
1572.9 
1562.6 
1547.1 
1496.6 

1247.4 
1320.6 
1373.2 
1419.3 
1443.0 
1468.7 
1494.3 
1521.9 
1540.6 
154!.6 
1542.7 
1543.7 . 
1527.5 
1496.6 

1263.9 
1356.4 
140!.2 

1539.7 
1535.4 
1516.5 
1496.6 

o32.4 
545.8 
508.7 
485.1 
474.4 
46!.8 
448.9 
432.4 
420.3 
412.2 

402.9 
414.8 
435.2 
447.8 

427.8 
422.1 
414.5 
409.2 
413.1 
419.4 
447.8 

724.3 
626.1 
570.9 
525.8 
505.0 
483.7 
464.3 
444.8 
432.1 
428.6 
424.8 
422.6 
430.6 
447.8 

694.6 
586.5 
542.8 

426.4 
426.4 
436.6 
447.8 

-52.0 
-37.3 
-14.5 

0 

-96.8 
-74.5 
-68.3 
-78.9. 
-86.4 
-94.6 

-103.0 
-105.9 
-99.0 
-95.3 
-80.9 
-60.6 
-40.3 

0 

-53.5 
-50.7 
-42.6 
-44.2 
-48.0 
-54.6 
-61.2 
-69.4 
-72.1 
-66.6 
-55.1 
-44.7 
-26.1 

0 

-7.4 
-3!.2 
-25.1 

-43.6 
-34.8 
-17.3 

12 
-17.9 
-21.2 
-22.4 
-24.5 
-29.8 
-36.4 
-47.3 
-54.5 
-58.2 

0 
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Table 5 (continued) 

H20+THF+DO 

0.9113 
0.9463 
0.9754 
I 

0.0399 
0.0242 
0.0111 
0 

"Mole fraction of THF, hmolt: fraction of DO. 

1005.1 
I 003.R 
1002.2 
997.1 

It can be concluded that the affinity of monoalkanol 
molecules towards tetrahydrofuran (THF) and· I ,4 dioxane 
(DO) molecules in the presence of water is enhanced by the 
following orders 

MeOH>EtOH = I - PrOH>2 - PrOH> I - BuOH>2 
- BuOH 

McOH>EtOH> I - PrOH = 2 - PrOH> I 
-BuOH>2- BuOH 

The monoalkanols with hydroxyl group positioned at the 
second carbon atom accept more tetrahydrofuran and I ,4-

-;-

" -30 
~ 
0 

K 
-40 

~t.o'j 

~ 
-50 

-60 

B 
20r-------~----~--~----~--~----~---, 

-60 

~ -80 
0 

""-100 

"'~-120 
-140 

-t60 o'---~o.~t ---0~.2----o ..... -3 ___ 0_,.4 ____ o .... s ____ o ...... 6 ____ o ...... 7 __ __,o.s 
xc 

Fig. (1. A. Deviation in isenlropk· compressibility. K~. of {H20+TIIF+ 
monoalkanol} mixnues as a function of mole fmction. xc, of monoalknnols. 
Methanol (Q). ethanol (0). !-propanol (tl), 2-prop<mol (+), 1-buhmol (''), 2-butlmol 
(e). B. Deviation in isentropic compressibility, K~. of [H20 +DO+ monoalkanol} 
mixmres a< a function of mole frJction .. rc, ofmonoalkanols. Methanol (0), ethanol 
(il), !-propanol (tl), 2-propanol (+), 1-butmml (*), 2-butanol (e). 

ul(m s- 1) Ks x 1012/(Pa- 1) ~x 1012/(Pa-1) 

1557.6 410.1 -53.0 
1542.8 41R.5 -38.5 
1523.4 429.9 -22.0 

1496.6 447.8 0 

dioxane than those with the termin_!Ii' hydroxyl group. Similar 
results were also reported eadi.er b)rHerraez et al. [12). Also, 
the maximum viscosity logically increases with the number of 
carbon atoms of the alkanol molecules, as shown in Fig. 3. 

3.2. S)mergv.!:1dex and enhancement index 
. ,_ .. 

Table 3 r~[?,q:sei_lts the co~responding pure state viscosity, flo 
the maxirri~iri''Vi.scosity reached on addition of water, I) max the 
viscosity_o(tl1c,rnixture at the concentration where the maximum 
viscosity is 'reached in the event no interaction occurs in the 
mi~_tu~~. '7mi~ the corresponding viscosity increment given by 

' .... •I· 
fl,n~= f/a~'r- f/mix the synergy indices, I,1, introduced by Howell 
[29]' ·and the enhancement indices, £,1 calculated by the 
following equations: 

I 
_ IJcxp- 1/rni.' _ ill] ,,- -

1/mix l)mi~ 

E _17mnx ,,-
'lo 

(2) 

(3) 

The values recorded in Table 3 allow us to plot the graphic 
representations shown in Figs. 3-5. Fig. 3 presents the 
viscosities IJmux and 170, as a fhnctions of the number of carbon 
atoms for the alkanols with terminal hydroxyl group, and shows 
that the values 17o increases almost linearly with the number of 
carbon atoms, while the '1mnx values, expected to be greater than 
l'jo, also increase in a similar way. For the monoalkanols with the 
hydroxyl group at the second carbon atom of the molecular 
chain, Fig. 3B provides a graphic illustration to the same scale as 
in Fig. 3A. 

Fig. 4 shows the viscous synergy index, I,1, as a function of 
the number of carbon atoms corresponding to the monoalk
anols with the hydroxyl group at the end of the molecular 
chain and the second carbon atom. This fi~:,rure reflects a 
decreasing tendency with the exception of ethanol. This figure 
also shows that the syner~:,ry indices of the monoalkanols with 
the hydroxyl group at the second carbon atom of the molecular 
chain are greater than those of the monoalkanols with terminal 
hydroxyl group. Similar results were reported earlier by 
Hcrracz ct al. [12]. 

Fig. 5 depicts the enhancement index, £,1, as a function of the 
number of carbon atoms in the monoalkanol structure and shows 
a linear, sharp gradient decrease for the monoalkanols. 
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3. 3. Synerg:.· in clensi~F 

The increase in density was analyzed by canying out a 
procedure analogous to that used for mixture viscosity based 
on the following equation 

flmLx = WAPA + WaPa + WcPc (4) 

where li'A• ll'a and we are the fractions by weight and PA• p 13 and 
Pc are the densities, measured experimentally, of the compo
nents A, B and C. Accordingly, \Vhen Pex.p > Pmix• volume 
contraction occurs. A pemsal of Table 4 shows that the values of 
the density determined experimentally, Pexp for various liquid 
mixtures are higher than its theoretical values, f!mix· This fact can 
be explained in terms of electrostriction, as a consequence 
solvent molecules are accommodated in the void space left in the 
packing of dispersed solvent molecules. Similar results were 
reported by some authors earlier [12,26]. 

3.4. Deviation in isentropic compressibi/i~}' 

atom accept more tetrahydrofnran and 1,4-dioxane thM those with 
the terminal hydroxyl group. 

List ofsymbols 
A Water 
B Cyclic ether 
C Monoalkanol .&,, 
IVA Weight fraction of water _.. '~}., 
w13 Weight fraction of cyclic ~!!\?f:~i0~?~. 
we Weight fraction of mon9,~JI(an~J <f/ 
xA Mole fraction of water , "''1~'i~c.fr 
x8 Mole fraction of cyq!J.J~gt~,e·;::;f>· 
Xc Mole fraction of !Jl9li'Q.!t!!fanol 
u Speed of sound :fie' 
1,1 Synergy index 
E,1 Enhancement index 
Ks Isentropic compressibility 
K~ DeviafiD_~.,}n isentropic compressibility 
'I Viscosi~)(-'·:;:: 

'lo Purc'{~t(ifil":L.vi~cosity 
J 1'-' '" 

1/A V,i~s;o,sity;;·or component A 
Isentropic compressibility, Ks and deviation in isentropic '1s t:Yi.sc6sity of component B 

compressibility, K~ were calculated usiilg the following relations 'lc ... .Viscosity of component C 

( 
, )_1 l)exp~¥: . '·E}.'perimental viscosity of mixture 

Ks = u-Pexp (5) ti!!Jix '*<~'.5Wheoretical viscosity of mixture 
. .fl;ni\)F'.1i,) Maximum viscosity of mixture 

J _,_« ':-.YiJ" ,b; 
.~·''p -!"i" Density 

KE = Ks-"' xK. · (6) t1>ff~,, '" . s ~ 1 s.t '<.··4PA Dens1ty of component. A 
t=I ~~'?J:~~~ Density of component B 

where 11 ru1d Ks are the speed of smmd, isentropic compressibility,!{,.,-)·pc Density of component C 
of the mixture cUlt! Ks.;, the isentropic compressibility of. the ith fJc.,r Experimental density of mixture 
component in the mixtmc. The cxperimcntal speed of SOLmd, f!m;,, Theoretical density of mixture 
isentropic compressibility and deviation in isentropie compress
ibility are listed in Table 5 cmd an: graphic<illy represented in Fig. 
6A cmd B as funt·tions of mole thlction of the monoaliumols. 

Experimental speeds of sound, estimated isentropic com
pressibility Md deviation in isentropic compressibility nrc listed 
in Table 5. Fig. 6A and B show that K~ values are negative for all 
the mixtures under investigation, and they increase as the length 
of the molecular chain of the monoalkanols increases. The 
donor-acceptor interactions between the mixing components 
play a pivotal role to yield negative K~ values, which are more 
negative for the lower monoa.lk~nols, However, the branched 
isomers have lower K~ valu~S'·:th~!l. (h~ir te1minal counter parts, 
as they can fit well into the'~str\l_dfure of the cyclic ethers and 
water. Similar results wer~~r~~brted by some authors earlier 
[23,31 ,32]. " '·, . 

4. Conclusions 

In smnmary, monoalkanols containing up to three carbon atoms 
mix with water in any proportion and the higher monoalkanols mix 
with water in limited proportion. The monoalkanols with the 
hydroxyl group positioned at the second carbon atom accept more 
warer than those with the terminal hydroxyl group and their 1'/m,x· 
1,1• and £,1 values are, therefore, considerably higher. Also, the 
monoalkanols with hydroxyl group positioned at the second carbon 
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Apparent molar volumes and viscosity B-coe11icients of sodium molybdate in aqueous binary 
mixtures of I ,4-dioxane have been determined from density and viscosity measurements at 
303.15, 313.15 and 323.15 K and at various electrolyte concentrations. Also, adiabatic 
compressibilities of different solutions have been determined from measurement of ultrasonic 
speeds of sound at 303.15 K. Experimental density data were evaluated using the Masson 
equation and the derived parameters interpreted in terms of ion-solvent and ion-ion 
interactions. Partial molar volumes (b. Vl) and viscosity B-coe11icients (b. B) of transfer from 
water Ill aqueous 1,4-dioxane mixtures have also been calculated and discussed. The structure
making or breaking capacity of the electrolyte under investigation has been discussed in terms 
of the sign of (82 11/H~)p. 

Keywords: I ,4-Dioxane; Sodium molybdate; Partial molar volumes; Viscosity B-coeflicients; 
Adiabatic compressibility; Ion-solvent and ion-ion interactions; Electrostriction 

25 1. Introduction 

30 

Partial molar volumes of electrolytes at infinite dilution provide valuable information 
about ion---ion, ion--solvent and solvent--solvent interactions [1--3]. This information is 
of fundamental importance for a proper understanding of the behaviour of electrolytes 
in solution. Measurement of ultrasonic speeds of the solutions also helps in this regard. 
Recently, we have undertaken a comprehensive programme to study the solvation and 
association behaviour of some electrolytes [3,4] in different aqueous and non-aqueous 
solvent media from the measurement of various transport and thermodynamic 
properties. Aqueous I ,4-dioxane is an important mixed solvent for a number of 
separation processes and solution studies [5], because of its wide-ranging relative 
permittivity (2.2-78.3 at 298.15 K). In this article, an attempt has been made to reveal 
the nature of various types of interactions prevailing in solutions of sodium molybdate 
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in aqueous 1 ,4-dioxane mixtures from volumetric, viscometric and acoustic measure
ments. Partial molar volumes (L). Vt) and viscosity B-coefficients (L).B) of transfer from 
water to aqueous I ,4-dioxane mixtures were determined and are discussed in terms of 

40 ion-solvent interactions. Partial molar volumes at infinite dilution have been fitted to a 
second order polynomial equation in terms of temperature and the structure-making or 
breaking capacity of the electrolyte has been inferred from the sign of (o2 Vt/O'f2)p. 

2. Experimental 

2.1. Materials 

-15 1,4-Dioxane (Merck, India) was held for several days over potassium hydroxide 
(KOH), refluxed for 24 h, and distilled over lithium aluminium hydride (LiAIH4). 

Details have been described earlier [6]. Doubly distilled, degassed and deionised water 
with a specific conductance of I x 10-6 ohm- 1 cm- 1 was used. Sodium molybdate was 
purified by recrystallising twice from conductivity water and was dried in a vacuum 

.50 desiccutor over P20 5 for 24 h before use. Experimental density (p0) and viscosity (7/o) 

values of pure 1.4-dioxane and different aqueous I ,4-dioxane mixtures at 303. I 5, 313.15 
and 323.15 K are reported in table I and are compared with our earlier literature 
values [3,5,8]. 

2.2. Appm·atus a11d p1·ocedm·es. 

:'i5 Densities were measured using an Ostwald-Sprengel-type pycnometer having a bulb 
volume of 25 cm3 and an internal capillary diameter of ca. 0. I em. The pycnometer 
was calibrated at 298.15, 308.15, and 318.15 K with doubly distilled water and benzene. 

Table I. Physical properties of pure 1,4-dioxune and 1,4-dioxune+ water mixtures at 
different temperatures. 

1J (mPas) 

Temperature (K) This work Literature · This work 

I 0 mass% of 1.4-dioxane +water 
303.15 1.0058 1.0058 [3] 1.0320 
313.15 1.0041 1.0048 [3] 1.0015 
323.15 0.9973 0.9973 [3] 0.6895 

20 mass% of I ,4-dioxanc +water 
303.15 1.0148 1.0148 [J] 1.2014 
313.15 1.0100 1.0 I 00 [J] 1.0186 
323.15 1.0033 1.0033 [3] 0.8787 

30 mass% of 1.4-dioxune +water 
303.15 1.0202 1.0202 (3] 1.3977 
313.15 1.0162 1.0162 [J] 1.2493 
323.15 1.0103 1.0103 [3] 1.0755 

Pure 1.4-dioxane 
303.15 1.0199 1.0222 [5] 1.0886 
313.15 1.0144 1.0143 [6] 0.9785 
323.15 1.0027 1.0032 [6] 0.8441 

Literature 

1.0321 (3] 
1.0014 [3] 
0.6895 [3] 

1.2014 (3] 
1.0 186 [3] 
0.8787 [3] 

1.3977 [3] 
1.2493 [3] 
1.0755 [3) 

1.0937 [5) 
0.9783 [6] 
0.3443 [6] 

~· 

"" 

~ 
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The pycnometer with the test solution was equilibrated in a water bath maintained at 
±0.0 I K or the desired temperatures. The pycnometer was then removed from the 

6ll thermostatic bath, properly dried, and weighed. Adequate precautions were taken to 
avo.id evaporation losses during the time of actual measurements. An average of 
triplicate measurements was taken into account. Mass measurements accurate to 
±0.01 mg were made on a digital electronic analytical balance (Mettler, AG 285, 
Switzerland). The total uncertainty of density is ±0.0001 gcm-3 and that of the 

65 temperature is ±0.01 K. 
Viscosity was measured by means of a suspended Ubbelohde-type viscometer, which 

was calibrated at 303.15, 313.15 and 323.15 K with triply distilled· water and purified 
methanol using density and viscosity values from the literature. Flow times were 
accurate to ±0.1 s, and the uncertainty in the viscosity measurements, based on our 

70 work on several pure liquids, was within ±0.03% of the reported value. Ultrasonic 
· speeds of sound for the solutions were determined at 298.15 K by a multi-frequency 

ultrasonic interferometer working at 2 MHz with an uncertainty of ±0.2 m s-1
, as 

described earlier [9]. Details of the methods and techniques of density and viscosity 
measurements have been described earlier [6,9]. 

75 The electrolyte solutions studied here were prepared by mass, and the conversion of 

80 

molality to molarity was accomplished [3] using experimental density values. 
Experimental values of concentrations (c), densities (p), viscosities (17), and derived 
parameters at various temperatures are reported in table 2. 

3. Results and discussion 

Apparent molar volumes (V¢) were determined from solution densities using the 
following equation [3]: 

Vq, = M _ lOOO(p- Po) 
Po cpo 

(1) 

where M is the molar mass of the solute, c the molarity of the sol.ution, p0 and p the 
densities of the solvent and solution, respectively. The limiting apparent molar volumes 

X5 or partial molar volumes (VJ) at infinite dilution were calculated using a least-squares 
treatment of plots of V<t> t•ersus .JC together with the Masson equation [8]: 

<lU 

~=~+~~ m 
where VJ1 is the partial molar volume at infinite dilution and S!J the experimental slope. 
Values of VJ1 and s::; along with their standard errors are reported in table 3. Table 3 
shows that VJ values are generally positive and increase with a rise in both temperature 
and amount or 1 ,4-dioxane in the ternary mixtures. This indicates the presence of strong 
ion-solvent interactions and these interactions are further strengthened at higher 
tempera turcs and higher mass% or I ,4-diox.ane in the mixtures, suggesting larger 
electrostriction at higher temperatures and increased amount of cyclic diether. 
HO\~ever, in the case of water, VJ1 values are positive and decrease with increase in 
temperature. This may be attributed to a slow desolvation [10] and thermal agitation at 
higher temperature. A perusal of table 3 also reveals that Sv values are negative for all 
the solutions and at all experimental temperatures and Sv values decrease as the 
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Table 2. Concentration (c), density' (p), viscosity (1)), apparent molar volume (V~) and (17/(l)o -1))/.fC of 
sodium molybdnte in water and nqueous 1,4-dioxane mixture at different temperatures. 

c tmoldm--') p (gem-~) 'I (mPa s) v., (cm"mol- 1
) t•I/(Jio- 1))/ .fC 

10 mass% of 1 ,4-dioxane +water 
T=303.15K 
0.0241 1.0086 1.0336 125.042 0.0103 
0.0321 1.0099 1.0356 113.565 0.0195 
0.0561 1.0140 1.0433 95.230 0.0464 
0.0723 1.0170 1.0491 86.538 0.0617 
0.0883 1.0197 1.0555 84.045 0.0767 
0.1003 1.0218 1.0606 81.953 0.0875 

T=313.15K 
0.0240 1.0057 1.0041 174.568 0.0168 
0.0319 1.0066 1.0073 162.912 0.0325 
0.0559 1.0096 1.0172 142.974 0.0664 
0.0719 1.0123 1.0244 127.380 0.0854 
0.0878 1.0148 1.0320 i19.592 0.1029 
0.0998 1.017 1.0382 112.231 0.1159 

T=323.,15K 
0.0238 0.9990 0.6986 170.983 0.0856 
0.0318 1.0000 0.7036 157.469 0.1144 
0.0556 1.0035 0.719] 130.792 0.1836 
0.0716 1.0065 0.7301 113.765 0.2201 
0.0874 1.0094 0.7413 103.786 0.2544 
0.0993 1.0119 0.7498 95.178 0.2774 

20 mass% of 1,4-dioxnne+water 
T=303.15K 
0.0244 1.0168 1.2032' 157.650 0.0096 
0.0326 1.0177 1.2090 150.762 0.0349 
0.0570 1.0212 1.2257 127.778 0.0846 
0.0733 1.0238 1.2379 117.429 0.1123 
0.0896 1.0268 1.2523 106.446 0.1416 
0.1018 1.0293 1.2625 98.062 0.1595 

T=313.15 K 
0.0243 1.0115 1.0226 178.437 0.0250 
0.0325 1.0125 1.0282 163.393 0.0521 
0.0567 1.0160 1.0440 134.782 0.1046 
0.0729 1.0187 1.0553 121.394 0.1333 
0.0891 1.0219 1.0679 107.319 0.1621 
0.1013 1.0247 1.0778 95.878 0.1825 

T=323.15 K 
0.0242 1.0047 0.8831 183.493 0.0321 
0.0323 1.0057 0.8881 167.095 0.0595 
0.0564 1.0094 0.9064 133.354 0.1326 
0.0724 1.0122 0.9189 118.630 0.1698 
0.0886 1.0156 0.9325 102.785 0.2056 
0.1006 1.0179 0.9435 96.502 0.2324 

30 mass% of 1.4-dioxane +water 
T=303.15 K 
0.0228 1.0222 1.401] 151.177 0.0172 
0.0304 l.02J3 1.4079 137.205 0.0419 
0.0532 1.0271 1.4304 110.028 0.1015 
0.0684 1.0306 1.4465 88.123 0.1334 
0.0835 1.0340 1.4639 75.162 0.1640 
0.0950 1.0366 1.4781 67.946 0.1866 

(Conlinued) 
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Table 2. Continued. 

c (mol dm- 3
) . p (gcm-3) 11 (mPa s) V<l> (cm 3 rnol- 1

) (lJ/(lJO - l))j .J(7 

T=313.15K 
0.0227 1.0176 1.2553 177.402 0.0321 
0.0303 1.0184 1.2622 166.643 0.0595 
0.0530 1.0217 1.2874 135.974 0.1326 
0.0680 1.0246 1.3046 116.533 0.1698 
0.0830 1.0276 1.3233 102.933 0.2056 
0.0944 1.0301 1.3385 93.194 0.2324 
T=323.15K 
0.0225 1.0113 1.0790 195.492 0.0220 
0.0301 1.0122 1.0859 177.004 0.0559 
0.0527 1.0158 1.1087 136.183 0.1346 
0.0677 1.0190 1.1254 112.285 0.1783 
0.0826 1.0227 1.1421 90.893 0.2154 
0.0939 1.0253 1.1582 81.367 0.2510 

Pure water 
T=303.15 K 
0.0241 0.9990 0.8028 105.474 0.0444 
0.0322 1.0006 0.8083 90.164 0.0769 
0.0563 1.0063 0.8262 53.905 0.1530 
0.0723 1.0105 0.8395 37.408 0.1967 
0.0884 1.0150 0.8542 23.726 0.2401 
0.1004 1.0189 O.H654 10.921 0.2695 

T=313.15K 
0.0240 0.9956 0.6577 1 () 1.072 0.0465 
0.0321 0.9970 0.6625 93.144 ().0815 
0.0561 1.0014 0.67H I 7H.570 0.1625 
0.0720 1.0044 0.6878 73.075 0.1986 
0.0879 1.0078 0.6988 64.982 0.2368 
0.0963 1.0096 0.7059 61.746 0.2613 

T=313.15 K 
0.0239 0.9923 0.5547 67.015 0.0931 
0.0319 0.9937 0.5586 67.201 0.1209 
0.0558 0.9980 0.5704 65.308 0.1829 
0.0717 1.0009 0.5793 64.192 0.2222 
0.0876 1.0038 0.5873 63.482 0.2500 
0.0959 1.0053 0.5920 63.350 0.2667 

temperature of the solutions and amount of I ,4-dioxane in the mixtures increases. Since 
Sv is a measure of ion-ion interactions, the results indicate the presence of weak ion
ion interactions in the solutions at all experimental temperatures and these interactions 
further decrease with a rise in temperature and mass% of I ,4-dioxane in the solutions. 
This is probably due to more violent thermal agitation at higher temperatures and lower 
dielectric constants of the aqueous I ,4-dioxane mixtures, resulting in a diminishing 
force of ion--ion interactions (ionic dissociation) [II]. However, these interactions 
increase in water at higher temperatures, which results in a decrease iri hydnttion of 
ions, i.e. more and more solute in accommodated in the void space left in the packing of 
water molecules [II]. 

Partial molar volumes (VJ) at infinite dilution were fitted to a second order 
polynomial in terms of absolute temperature (T): 

(3) 
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Table 3. Limiting apparent molar volumes (Vg) and experimental slopes (Sv) for sodium molybdate in different aqueous 1,4-dioxane mixtures at different temperatures. 

Mass% of 1,4-dioxane 

(J (water) 
10 
20 
30 

303.15K 

193.96 (±0.013) 
162.66 (±0.014) 
215.91 (±0.012) 
231.96 (±0.011) 

Standard ~rrors are given in parenthesis. 

ii'.J 

f1 (cm3 mol- 1
) 

313.15K 

138.28 (±0.013) 
232.88 (±0.012) 
254.04 (±0.013) 

. 260.93 (±0.015) 

323.15K 

71.53 (±0.0 II) 
242.16 (±0.013) 
265.30 (±0.012) 
305.89 (±0.012) 

-c:\ '., 
~~?> 
r I ' ~ ' 

303.15 K 

-578.82 (±0.022) 
-267.93 (±0.011) 
-366.91 (±0.014) 
-538.69 (±0.013) 

.. _~::z:.::-.~ 

S{i (em~ dm 1 ·~ mol-.;'') 

313.15K 

-246.92 (±0.015) 
-384.50 (±0.021) 
-498.57 (±0.013) 
-547.73 (±0.014) 

-~':'; 

·;ji.;\; 
~-

', ~ 

323.15K 

-26.77 (±0.013) 
-470.70 (±0.014) 
-542.25 (±O.lll1) 
-740.63 (±0.012) 

:<:: 
~ 
l:::l 
>:::, 

""' >:::: 
:::, 

~ 
:::. 

21 
~ ...,_ 
g: 
..=l~ 

--:·:; .--::_~-0.-:·--t?t~:-:.~,.,..-f 

!j~~:Kl ~'!- ..... 

"' ---.-



I New XM L Templale (2006) 
/TANDF _FPP}Gpch/GPCH_A_208315.3d 

[I R. 1.2007- 7:35pm] 
(OPCH) 

II -12] 
[Firs! Proof] 

I 

Ionic interactions in aqueous binary mixtures 7 

Values of the coefficients a0 , a 1 and a2 for different sodium molybdate solutions along 
with their standard errors (a) are reported in table 4. From the values of coefficients the 
following equations were obtained: 

115 For I 0 mass% I ,4-dioxane + 90% water solutions, 

v: = -30891.740 (cm3 mol- 1) + J94.809T (cm 3 mol- 1)- 0.305T2 (cm3 mol- 1
) (4) 

For 20 mass% 1 ,4-dioxane + 80% water solutions, 

·v~ = -13694.068 (cm3 mol- 1)+86 .. 613T(cm3 mol- 1)+0.134T2 (cm3 mol-1) (5) 

For 30 mass% 1 ,4-dioxane + 70% water solutions, 

V~ = 6943.536 (cm3 mol- 1
)- 46.374T (cm3 mol- 1) + 0.080T2 (cm3 mol- 1

) (6) 

120 For 100 mass% water solutions, 

· v: = -3372.559 (cm3 mol- 1) + 28.544T (cm3 mol-1)- 0.055f2 (cm3 mol-1
) (7) 

The partial molar expansibilities (¢~) at infinite dilution can be obtained by 
differentiating equation (3) with respect to temperature: 

¢~ == C87) P =a,+ 2a2T. (8) 

125 Values of¢~ for different solutions of the studied electrolyte at 298.15, 308.15, and 
318.15 K are reported in table 5. It is found from table 5 that the values of¢~ decrease 
with a rise in temperature as well as an increase in the amount of I ,4-dioxane in the 
mixtures up to 20 mass% of I ,4-dioxane, however, for 30 tllass% of 1 ,4-dioxane 

1.10 mixtures, the solutions behave in an opposite manner. F9r aqueous solutions of sodium 
molybdate, the same trend as observed for the 10 and 20 mass% of 1,4-dioxane 

Table 4. Values of the coenicients or equation (3) for sodium molybdate in diiTerent aqueous 
I ,4-dioxanc mixlurcs. 

Mass% of !,4-dioxnne a0 (cnr'mol- 1
) a 1 (em :I mol- 1) a2 (em> mol- 1

) 

0 (water) -3372.559 28.544 -0.055 
10 -30891.740 194.809 -0.305 
20 -13694.068 86.613 -0.134 
30 6943.536 -46.374 0.080 

Table 5. Limiting partial molar expansibilitics (</>~) for sodium molybdate in various aqueous 
1.4-dioxane mixtures at different temperatures. 

<{1~ tcm-'mo1- 1 K- 1
) 

Mass% of 1.4-dioxane 303.15 K 313.15K 323.15K (o.PVoT)p 
0 (water) -4.802 -5.902 -7.002 Negative 

10 9.887 3.787 -2.312 Negative 
20 5.187 2.501 -0.185 Negative 
30 2.069 3.667 5.265 Positive 
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solutions was observed. This can be ascribed to the absence of caging or packing 
effect [11, 12]. 

According to Hepler [13], the sign of (82 0J/c5T2)p is a better criterion than Sv in 
135 characterising the long-range structure-making and breaking capacity of electrolytes in 

solution. The general thermodynamic expression used is: 

(c5Cp) = _ (82 
VCJ,) . 

8P T 81'2 p 

(9) 

If the sign of (82 V~J8T2)r is positive, the electrolyte is a structure-maker and when the 
sign of (82 f1,/8T2)P is negative, it is a structure-breaker. As is evident from table 5, the 

140 electrolyte under investigation is a structure-breaker in all the experimental solvent 
mixtures except 30 mass% 1,4-dioxane solutions. 

145 

Viscosity data of solutions of sodium molybdate in 10, 20 and 30 mass% 
1 ,4-dioxane +water mixtures as well as pure water have been analysed using the 
Jones-Dole [14] equation; 

(10) 

(77/(~- 1)) =A+ B,/C (11) 

where l)o and 17 arc the viscosities of solvent/solvent mixtures and solution, respectively. 
The coefficients A and B were estimated by a least-squares method arid are reported in 

150 table 6. A perusal of table 6 shows that values of the A coefficient are negative for all the 
solutions under investigation at all temperatures. These results indicate the presence of 
weak ion-ion interactions, and these interactions decrease with an increase in the 
amount of I ,4-dioxane to the mixture. 

The B-coefficient [ 15] ret1ects the effects of ion-solvent interactions on solution 
1.55 viscosity. T)1e viscosity B-coefficient is a valuable tool to provide information 

concerning the solvatia.n of solutes and their effects on the structure of the solvent in 
the near environment of solute molecules or ions. Table 6 indicates that values of the 
B-coefficient of sodium molybdate in the studied solvent systems are positive, thereby 
suggesting the presence of strong ion-solvent interactions, and these types of 

I 60 interactions are strengthened with a rise in both temperature and mass% of I ,4-dioxane 
in the solutions. Similar results were reported earlier by us for resorcinol in aqueous 
I ,4-dioxane mixtures [3]. 

A number of studies [16, 17] report that dB/d Tis a better criterion for determining the 
structure-making/breaking nature of any solute rather than the B-coeflicient. Table 6 

165 indicates that values of the B-coefficients increase with a rise in temperature (positive 
dBjdT), suggesting the structure-breaking tendency of sodium molybdate in. the studied 
solvent systems. A similar result has been reported in a study [ 18] of the viscosity of 
various salts in propionic acid+ ethanol mixtures. 

The adiabatic compressibility (f3) was evaluated from the following equation: 

(I 2) 
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Tabk 6. Values of A and B coetlicients for sodium molybdate in different aqueous 1,4-dioxane mixtures at different temperatures. 

~·· 

~ 
C), 

Mass% of I ,4-dioxane 

0 (water) 
10 
20 
30 

303.!5K 

-0.172 (±0.011) 
-0.065 (±0.011) 
-0.132 (±0.011) 
-0.145 (±Q.Oll) 

Standard errors are given in parenthesis. 

A lcm312 mol~ 1 ·2) 

313.15K 323.15K 

-0.162 (±0.012) -0.079 (±0.021) 
-0.077 (±0.013) -0.098 (±0.012) 
-0.122 (±0.023) -0.0!61 (±0.012) 
-0.162 (±0.014) -0.195 (±0.013) 

<'> 

B (cm'mol- 1
) - §· 

--~-------------------------- ~ 
303.15K 313.15K 

1.384 (±0.012) 1.356 (±0.013) 
0.478 (±0.011) 0.608 (±0.012) 
0.909 (±0.0!1) 0.953 (±0.012) 
1.071 (±0.015) 1.278 (±0.022) 

323.15K ;;:· 
C) 

1.116(±0.011) ~ 
1.192 (±0.014) ~ 
1.236 (±0.021) 1:; 
1.439 (±0.0!1) ~ 
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Figure I. Plots of partial molar volumes (t.l~;) and viscosity B-coeflicicnts (t.B) of trimsfer from water to 
din'erent aqueous I ,4-dioxane mixtures against mass% of I ,4-dioxane in the mixtures at different 
temperatures. 303.15K <•); 313.15K (e); 323.1SK (A). 

I 70 where p is the soiution density and u is the- sound speed in the solution. The apparent 
molal adhibatic compressibility (¢K) of the solutions was determined from the relation, 

. lvf/3 . IOOO(fJPo - f3oP) 
¢K=-+-----

Po mppo 
(13) 

where {30, f3 are the adiabatic compressibility of the solvent and solution, respectively 
175 and m is the molality of the solution. Limiting partial molal adiabatic compressib~lities 

(¢~) and experimental slopes (Sj() were obtained by fitting ¢K against the square root 
of molality of the electrolyte (..;m) using the method of least squares. 

(14) 

Values of m, 11, {3, ¢K, ¢~ and Si( are presented in table 7. A perusal of table 7 shows 
1 :::o that¢~ values are positive and Si( values are negative for all the ternary solutions. Since 

the values or cp~ and Si( are measures or ion-solvent and ion-ion Interactions, 
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Table 7. Molality (111), density (p), sound speed (u), adiabatic compressibility (/3), partial molal adiabatic _ 
compressibility (¢~:.), limiting pai'tial adiabatic compressibility (q>~). and experime.ntal slope (Sji..) of sodium 

molybdate in differeilt aqueous I ,4-dioxane mixtures at 303.15 K. 

10 mass% or 1:4-dioxane+water 
0.0240 1530.1 4·.2349 
0.0320 1532.5 4.2160 
0.0561 1541.5 4.1504 
0.0'/24 1548.5 4.1006 
0.0884 1557.2 4.0442 
0.1005 1564.9 3.9963 

20 mass% or I ,4-dioxane +water 
0.0242 1572.2 3.979 
0.0323 1573.2 3.970 
0.0567 1577.0 3.977 
0.0729 I 580.3 3.911 
0.089 I I 584.5 3.879 
0.10 13 1588.6 .3.850 

30 mass% of 1.4-dioxane +water 
0.0224 1579.9 3.919 
0.0299 I580.4 3.913 
0.0524 1584.1 3.880 
0.0674 1586.4 3.855 
0.0824 1590.0 3.826 
0.0937 1593.4 3.799 

Pure water 
0.0243 
0.0324 
0.0567 
0.0729 
0.0891 
0.1012 

I510.2 
1515.0 
1529.9 
1542.7 
1555.8 
1564.9 

4.389 
4.354 
4.246 
4.158 
4.070 
4.008 

Standard errors are given in parenthesis. 

PK X 10Hl 
(m3 mol- 1 Pa- 1) 

-1.134 
-1.353 
-1.807 
-2.034 
-2.224 
-2.416 

0.390 
1.650 

-3.080 
-5.240 
-7.450 
-9.200 

0.400 
0.182 

.,...0.380 
-0.640 
-0.864 
-1.030 

-2.960 
-3.250 
-3.770 
-4.150 
-4.410 
-4.540 

¢'~<_X 1010 

(m3 mol- 1 Pa- 1) 

0.051 (±0.0 12) 

1.599 (±0.011) 

J. 756 (±0.024) 

- 1.454 (±0.0 12) 

Si<. x to' 0 

(m3 mol-312 Pa- 1 kg 112) 

-7.770 (±0.024) 

-7.901 (±0.013) 

-9.159 (±0.01 1) 

-9.R29 (±0.0 II) . 

Table 8. Partial molar vol~mes (t:.l"$) anc\ viscosity B-coeflicients (t:.B) of transfer 
from wuter ttl different aqueous 1,4-dioxane mixtures for sodium molybdate at 

different temp·erntures. 

Muss % of 1,4-dioxane ·V'J AI"$ B t.B 

303.15K 
0 (water) 193.96 (±0.0 13) 0.00 1.384 (±0.012) 0.00 

10 1'62.66 (±O:OI4) '-31.30 ' o:478 (±O.Oll) -0.906 
20 215.91 (±0.012) 21.95 0.909 (±0.011) ·-0.475 
30 231.96 (±0.0 II) 

: ' 38.00 1.071 (±0.0 IS) -0.313 

313.15 K 
a (wacet') 138.28 (±0.013) a.ao 1.356 (±0.013)' . 0.00. 

10 232.88 (±O.OI2) 94.60 0.608 (±0.0 12) -0.748 
20 254.04 (±0.0 13) I 15.76 0.953 (±0.012) -0.403 
30 260.93 (±0.015) 122.65 1.278 (±0.022) -0,078 

323.15K 
0 (water) 71.53 (±0.0 II) 0.00 1.116 (±0.011) 0.00 

10 242.16 (±0.013) 170.63 1.192 (±0.014) 0.076 
~0 265.JO (±0.0 12) L9J.77 1.236 (±0.021) 0.120 
~() 305.89 (±0.0 I:!) 2~4.36 1.439 (±0.0 II) 0.323 
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respectively, the results are in good agreement wit~ those drawn from the values of VJ 
and Sv discussed earlier. 

Partial molar volumes (D. VJ) and viscosity B-coefficients (liB) of transfer from water 
1~5 to aqueous 1,4-dioxane solutions have been determined using the relations [19,20], 

D. Vl = Vl(Aqueous 1,4-dioxane solution)- Vl(Water) 

liB= B(Aqueous 1,4-dioxane solution)- B(Water). 

(15) 

(16) 

The value of D. vg is by definition free from ion-ion interactions and therefore provides 
190 information regarding ion-ion interactions [19]. As can be seen from figure 1, the value 

of D. VJ is negative at 303.15 K for 10 mass% of I ,4-dioxane solution but becomes 
positive at higher temperatures. D. VJ is positive and increases monotonically with 
mass% of I ,4-dioxane in the remaining mixtures. These results further confirm the 
presence strong ion--solvent interactions in the chosen solvent mixtures for sodium 

195 molybdate. liB values [20] shown in table 8 and figure I also support the results 
obtained from D. VJ values. 
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