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Abstract−The intention of this review article is to review the knowledge about interactions in organic binary liquid

mixtures. Molecular interactions in organic binary liquid mixtures are interesting due to their extensive use in many

fields of solution chemistry. The thermodynamics of component molecules present in various systems interacting are

particularly interesting because they display fantastic results. Studies of different organic liquid mixtures represent the

different modes of interactions prevailing in the component molecules. The number of parameters required describing

the properties of a given class of mixtures increases sharply with the number of segment types involved. In recent years,

the theoretical and experimental investigations of interactions between unlike molecules have been conveniently carried

out using excess thermodynamic functions. The properties of liquid mixtures depend on the forces between molecules

and on the nature and volume of these molecules, and change with the composition of the mixtures. This change, in

turn, is reflected in the thermodynamic properties of the mixtures. The influence of significant contributions of a chem-

ical, physical and geometrical nature that change excess thermodynamic properties is considered and explained in detail.

Keywords: Thermodynamic Parameters, Organic Mixtures, Intermolecular Interactions, Volumetric Properties, Viscomet-

ric Studies, Ultrasonic Properties

INTRODUCTION

The precious sources of information that may be used to observe

the association between the internal structure of the system, nature

of intermolecular interactions and the physical properties of the solute,

solvent studied are diverse studies of thermodynamic properties of

solution [1-12]. By means of experimentation, the thermodynamic

properties acquired are the essential basis for the development of

empirical, semi-empirical or theoretical models employed to repre-

sent and predict the behavior of fluids [13]. The volumetric proper-

ties of solutions have proven to be a very useful tool in elucidating

the structural interactions (i.e., solute-solvent, solute-solute, and sol-

vent-solvent) occurring in solution, because they provide an indi-

rect insight into the conformational feature of the components in

solution. Precise calculations of densities and refractive indices of

solutions have immense significance in designing engineering pro-

cesses in chemical and biological industries [14-16]. The density,

refractive index and thermodynamic parameters have been widely

utilized to examine different kinds of association, extent of molec-

ular interactions and molecular packing in solutions. In addition,

these properties are also used to check the applicability of differen-

tial data and give the information regarding the nature and extent

of molecular interactions in solution. Apparent molar volumes and

limiting apparent molar volumes of dilute solutions are useful param-

eters for the development of molecular models to describe the ther-

modynamic behavior of solutions.

The appropriate design and development of separation processes

in the chemical industry are accustomed by a sufficient knowledge

of physico-chemical properties of liquid mixtures. An examination

of the literature [17] demonstrates few available measurements of

physical properties for binary mixtures of DMF with 1-alkanols at

single temperature (lower 1-alkanols [18-22] and higher 1-alkanols

[23-27]) and even less at numerous temperatures [28-31]. The excess

properties of binary mixtures of N,N-dimethylformamide with 1-

octanol, 1-nonanol and 1-decanol using experimental data have been

reported [32]. Ali and co-workers are actively involved in the studies

of thermodynamic, physicochemical and acoustical properties of

molecular interactions in binary, ternary, industrially important mono-

mers and solute-solvent interactions in solutions containing aro-

matic hydrocarbons/monomers/esters/amines/cycloalkanes [33-42].

The excess properties of binary liquid solutions are essential for

designing the industrial equipment and the interpretation of the liquid

state, mainly when polar-polar or polar-non polar liquids are the

components of the mixtures. The thermodynamic and physicochemi-

cal properties of binary mixtures are studied for many reasons, the

most important of which is to provide information about intermo-

lecular interactions and internal structure present in the liquid phase.

This review is a condensation of research activities developed in

recent years as a result of a better understanding of interactions pre-

vailing in various organic liquid mixtures. The use of binary solvent

mixtures is a highly versatile and very powerful means of altering

(increasing or decreasing) the solubility of a solute. Binary solvent

mixtures can alter the solubility of an extremely wide variety of sol-

utes. In some cases, solubility can be improved by several orders of

magnitude in solvent mixtures [43-46]. Considerable efforts have

been made to advance the scientific knowledge through observa-

tions made to classify the behaviour based on the physiochemical

properties of binary liquid mixtures over the last two decades. The

physiochemical properties of pure components and of binary or even

high-order constituent interactions are needed in a wide variety of
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multicomponent condensed phase scientific and engineering mod-

els [47-50]. It was van’t Hoff [51], after 1887, who first applied the

powerful methods of thermodynamics to solutions in a systematic

manner.

One of the classical challenges of the physical chemistry of liq-

uids is to understand the relation between microscopic molecular

interactions and macroscopic thermodynamic properties. In partic-

ular, the problem of the microstructure and molecular dynamics in

aqueous solutions has attracted much experimental and theoretical

attention [52-55]. Emphasis is placed on the advantages for inter-

pretation inherent in the contemporaneous observation of all these

properties. Hydrogen bonding plays an important role in the inter-

molecular interaction, recognition, and conformations of both small

and large molecules. Thus, scientific interest is because many ques-

tions regarding the properties of hydrogen bonded systems have

not yet been completely answered. Binary liquid mixtures rather

than pure liquids, find practical applications in most chemical pro-

cesses as their properties are less known.

THERMODYNAMIC STUDY OF ORGANIC BINARY 

MIXTURES

The methodical study of thermodynamic properties has immense

significance to acquire the information about the molecular interac-

tions among the constituents of mixtures. For the appropriate design

of industrial processes, the knowledge of thermodynamic properties

is vital. The nature and relative strength of molecular interactions

operating among the components of liquid mixtures have been suc-

cessfully predicted by measuring their thermodynamic properties

like excess molar volumes, excess molar enthalpies, excess Gibbs

free energies of mixing and isentropic compressibilities changes of

mixing and analyzing them in terms of topology of constituents of

mixtures. Industry requires consistent and accessible reference data

on the thermodynamic properties like excess molar volumes, excess

molar enthalpies, and excess isentropic compressibilities of a large

variety of liquid mixtures. These properties not only provide con-

sistent data and empirical rules for science and technology, but also

enhance the understanding of the behavior of liquid mixtures. In

recent studies the topology of the constituents of mixtures has been

utilized to (i) extract information about the state of components in

pure and mixed state along with nature and extent of interactions

operating among them, and (ii) predict thermodynamic properties

of binary and ternary mixtures [56-59].

Thermodynamic properties of liquid mixtures can be utilized to

extract information about the existence of intermolecular interac-

tions among the constituents of mixtures. The knowledge of ther-

modynamic properties is essential for the proper design of industrial

processes, chemical engineering etc. and for optimizing thermody-

namic model/theories development. The thermodynamic and acous-

tic properties are very essential for understanding the physicochemical

behavior of the binary and multi-component liquid mixtures. Inter-

est in the thermodynamic properties of binary liquid mixtures ex-

tended over most of the 19th century. Excess properties of liquid

systems, such as molar volumes, are required for testing the theories

of solutions, development of separation techniques and equipment,

and for other industrial applications. Therefore, industrial develop-

ment demands reliable and accessible reference data on the physi-

cal and chemical properties of pure components and mixtures. The

data are required in the development of models for process design,

energy efficiency and evaluation of environmental impacts. For these

reasons the collection of experimental data not only increases the

empirical knowledge by creating a database, but it is also useful

for better generalization of models of the solvent, and binary (or

more complex) systems. These are interesting challenges for chem-

ists, physicists, engineers, biotechnologists and many other research-

ers working in different fields. The composition and temperature

dependences of the volumetric properties of multi-component liquid

mixtures have proved to be a useful indicator of the existence of

significant effects resulting from intermolecular interactions [60-64].

Liquid-liquid mixtures due to their unusual behavior have attracted

considerable attention [65]. The physico-chemical properties (den-

sity, viscosity, refractive index or speed of sound and the thermo-

dynamic behavior of binary mixtures) have been studied for various

reasons. One of the most important of which is that these proper-

ties provide information about molecular interactions. Many engi-

neering problems require quantitative data of the viscosity and den-

sity of liquid mixtures. Such data find extensive application in solu-

tion theory and molecular dynamics [66]. Furthermore, these prop-

erties are used for the interpretation of data obtained from biochemical

and kinetic studies [67]. As the excess thermodynamic functions

are sensitively dependent on different in intermolecular forces and

size of the molecules, so these properties have been widely used to

study the intermolecular interactions between the various species

present in the liquid mixtures.

Also, excess and deviation functions are conducive for under-

standing the types of interactions between components of mixtures.

Binary liquid mixtures are of considerable interest [68-78] of their

own right. The entire studies require the complete knowledge of a

set of properties of the studied mixtures involving bulk properties.

Nevertheless, chemists use binary liquid mixtures as solvents for

chemical equilibria and for media in which to carry out chemical

reactions between solutes. This is because the experimental infor-

mation available in the literature concerns the properties of solutes

in binary aqueous mixtures. Indeed, the properties of such mixed

solvent systems are of great importance in helping to understand

the nature of molecular aggregation that exists in binary mixtures.

It is thus not surprising that various theoretical studies have been

carried out to understand the nature of the component molecules in

liquid mixtures and they depend on two aspects. One of these is

the randomness associated with dispersion of the two species, or of

their constituent elements in the case of complex molecules. The

other aspect relates to the interactions between neighbouring mole-

cules and, in particular, to the difference in the interactions between

unlike and like neighbour pairs [79-81]. However, intermolecular

interactions are the result of a combination of several energetic con-

tributions [82].

Thermodynamic properties are essential since the change in prop-

erties caused by distinction of temperature, pressure and composi-

tion will determined without any reference to assumption, models

or hypothesis [83]. The data produced from these properties is neces-

sary for an understanding of the relations between the structure and

reactivity of molecules; this justifies the importance of the study of

key compounds from several classes of compounds because such

data permit classification of the chemical behavior of the correspond-



A review of molecular interactions in organic binary mixtures 1507

Korean J. Chem. Eng.(Vol. 31, No. 9)

ing species. The number of parameters required describing the prop-

erties of a given class of mixtures increases sharply with the number

of segment types involved. Moreover, steric, inductive and intermo-

lecular effects are known [84] to change considerably the values of

these parameters for individual components of the mixtures. There

are two major objectives of thermodynamic properties of binary

liquid mixtures. One of these is to describe the properties of compo-

nent molecules when it exists in what is called an equilibrium state,

a condition in which its properties show no tendency to change.

The other objective is to describe processes in which the properties of

a system undergo changes, and to relate these changes to the energy

transfers in the form of interactions, which accompany them [85].

Recent developments in the investigation of weak association com-

plexes in solution [86,87] have shown a need for improved approxi-

mations for the thermochemical properties of a solute or solutes in

binary systems, to allow compensation for the effects of solution

non-ideality. To provide a firm thermodynamic basis for these approx-

imations, much similar systems must be studied, establishing the

qualitative and, if possible, the quantitative trends of behaviour of

solutes in binary solvent systems of nonspecific (or physical) inter-

actions [88].

Intermolecular interactions are universal in nature and are present

in gas, solid and in liquid phase. It is an interesting and challenging

problem to theoreticians and experimentalists when investigating the

liquid state. In liquid state the molecules cannot be studied either as

free molecules in gases or as the structurally fixed crystalline arrange-

ment of solids. Understanding of liquids is largely empirical, since

liquid has solid-like behavior in many aspects. Liquids are said to

have a short-range order and long-range disorder. A certain range

of disorder gives liquid the characteristic property of fluidity. The

concept of cell theory of the liquid state [89,90] implies some amount

of organization of structure in it. However, many experimental tech-

niques like differential scanning calorimetry, nuclear magnetic reso-

nance, Raman spectroscopy, infrared spectroscopy, ultraviolet spec-

troscopy are used to get detailed information at molecular level in

the liquids.

Liquid mixtures frequently appear in chemical processes. For

proper design of the chemical process and to test theories of solu-

tions, there is a constant need for the thermodynamic excess prop-

erty data. In addition, excess properties provide information about

the intermolecular interactions and macroscopic behavior of liquid

mixtures and can be used to test the predictive capability of ther-

modynamic models and methods. In recent years, there has been a

considerable upsurge in the theoretical and experimental investiga-

tions of the excess thermodynamic properties of binary and ternary

liquid mixtures [3]. Thermodynamic properties of liquids and liq-

uid mixtures can be interpreted successfully by treating the mole-

cules as consisting of various groups or segments and to determine

the single set of parameters, which characterize the molecular struc-

ture and group interactions. These properties generally show devia-

tion from a rectilinear dependence on composition [91,92] and there

is evidence [93,94] that the sign and magnitude of such deviations

depend on the strength of interactions between the component mole-

cules in the mixtures. Such deviations from the ideal behaviour are

expressed by the excess thermodynamic properties. There are two

possible contributions towards the total excess properties of mixing:

the positive effect caused by breaking up of the associated structures

into fragments or molecules (such as breaking up of self - association),

and the negative one, due to the physical interactions (for example

hetero - association) or geometrical fitting or cooperative accom-

modation into each other’s structure due to difference in size and

shape of the component molecules [95,96]. The interactions leading

to positive and negative excess functions may compete; the sign

and magnitude of such functions depend on the relative strength of

these interactions. The deviation of the physicochemical properties

of mixtures from their additive values is maximum near the equimo-

lar composition. This makes reasonable analysis of the predictive

power of the calculation methods either for the composition corre-

sponding to the maximum deviation from additivity, or for all the

systems at the equimolar composition. From the above description,

it is understood that the acoustic, thermodynamic and physicochemi-

cal properties provide useful and interesting information about the

intermolecular interactions in the binary liquid mixtures.

The study of excess thermodynamic properties of mixtures offers

a convenient means to understand the inter-relationship between

the observed macroscopic properties of the mixtures and the micro-

scopic interactions among like and unlike molecules. The advantage

of in-depth and wide study of this inter-relationship is twofold: first,

it provides experimental background to develop, test and improve

thermodynamical models for calculating and predicting fluid phase

equilibria; second, it offers a wide range of possibilities for contin-

uous adjustment of physical properties of a given solvent [97]. The

equilibrium properties of liquids are strongly dependent on struc-

ture, often expressed in terms such as packing density, free volume,

or more exactly in terms of the radial distribution function. The prop-

erties of liquid mixtures depend on the forces between molecules

and on the nature and volume of these molecules, and change with

the composition of the mixtures. This change, in turn, is reflected

in the thermodynamic properties of the mixtures. Either contribu-

tions of this nature have been ignored all together, or corrections to

a state of null volume change on mixing have been adopted as a

means of compensating for the effects referred to [98]. This device

alters the various properties of the mixtures caused by the changes

they would sustain if the volume were adjusted to the value linearly

interpolated between the volumes of the pure components. It will be

apparent, however, that adjustment of one thermodynamic quantity

(e.g., volume) in this manner will not, in general, affect a simulta-

neous correction of others to their linearly interpolated values. The

choice of volume as the property to be “conserved” is arbitrary, and

there is no assurance that nullity of volume change obviates con-

sideration of other characteristic properties of the liquid.

Measurements of physicochemical properties including density,

viscosity, ultrasonic speed, and refractive index of some organic

binary liquid mixtures are important and useful tools for the eluci-

dation of intermolecular interactions. Volumetric, viscometric, refrac-

tive index and ultrasonic speed and their derived and excess func-

tions provide a convenient tool, not easily obtained by other means,

for the study of intercomponent interaction in mixed solvents [99].

The precise data of pure components as a function of temperature

and composition are very important for the successful interpretation

of binary systems and application of the modern solution theories.

Considerable interest has been given on theoretical and experimen-

tal investigations to explain the molecular interactions. In principle,

the interactions between the molecules can be established from the
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study of the deviations from the ideal behavior of physical proper-

ties such as molar volume, compressibility, viscosity and molar re-

fraction etc. The negative or positive deviations of a physical prop-

erty from ideal value depend on the type and extent of the interac-

tions between the unlike molecules, as well as on the temperature.

For example, in the case of excess molar volume, when the interac-

tions between the molecules of the mixed components are weaker

than in the pure component, the excess molar volume will be po-

sitive, whereas when the association between the mixed compo-

nents predominates, the excess molar volume will be negative. It

has been pointed out [100,101] that the physical interactions, which

involve mainly dispersion forces, lead to positive deviations of the

excess molar volumes from the ideal value, whereas the chemical

or specific interactions, which involve hydrogen bond formation or

charge - transfer type interactions, lead to negative deviations. The

variation of the compressibility is analogous of that of the excess

molar volume, whereas the change in molar refraction and refrac-

tive index tends to show an inverse trend with composition of the

mixtures.

From these thermodynamic studies, an assessment of the molec-

ular interactions between the components has been obtained [102,

103]. The problem becomes more interesting when the interactions

between like and unlike molecules in liquid mixtures are probed by

using these properties. Apart from the experimental studies, many

of the thermodynamic and acoustic properties of mixtures have been

theoretically derived [104,105] from those of the pure components

by assuming that the dissimilar molecules are non-interacting. This

case exists in mixtures where both the components are non-polar.

In the binary mixtures where one component is polar and the other

is non-polar, appreciable interaction has been observed. Even if the

interaction between polar and non-polar molecules is weak, there

will be considerable change in the molecular environment. In such

a case the physicochemical and thermodynamic properties are likely

to be affected by the intermolecular hydrogen bonding, dipole-dipole,

dipole-induced-dipole and charge transfer interaction between the

unlike molecules [106,107].

The study of intermolecular interactions in organic binary liquid

in the light of physicochemical properties have been a matter of

great interest during the last few decades [108-111]. Several work-

ers [112-113] have made a correlation of the strength of interaction

with thermodynamic parameters.

Here, we have studied the physicochemical and thermodynamic

properties of suitably chosen binary mixtures with a view to under-

stand the strength and nature of intermolecular interactions. The

interactions sometimes lead to formation of new species depend-

ing upon the nature and magnitude of their specific behavior. In the

past few years, substantial attempts have been made on the meas-

urement, analysis and interpretation of basic thermodynamic prop-

erties such as excess volume and density, viscosity, excess volume

and enthalpy, and excess enthalpy of binary mixtures containing

alkoxyethanols [114-123].

ELUCIDATION OF INTERACTIONS

BY VOLUMETRIC STUDIES

Volumetric properties provide significant information for the char-

acterization of molecular interactions, which result from an inter-

play of solute-solute, solvent-solvent, solute-solvent and structural

effects [124,125]. Volumetric properties and other thermodynamic

studies of liquid mixtures are very important for the design of separa-

tion processes of liquids. The knowledge of these properties is a

potential source of information about the molecular structure of mix-

tures. In binary liquid mixtures excess molar volume of mixing V
E
,

has been used as a qualitative guide to study the intermolecular inter-

action and complex formation between the component molecules.

It has been considered as a tool for the characterization of intermo-

lecular forces that are present in solutions and liquid mixtures [126,

127]. The molecular interactions in these systems are complex, and

mixing volume data certainly provide valuable information for under-

standing their molecular packing. The volume data are also needed

for testing of theories of solutions. The mixing of different com-

pounds give rise to solutions that generally do not behave ideally.

The deviation from ideality is expressed by many thermodynamic

variables particularly by excess properties. Excess thermodynamic

properties of mixtures correspond to the difference between the actual

property and the property if the system behaves, ideally, and thus

are useful in the study of molecular interactions and arrangements

[128]. Among the excess thermodynamic properties, excess molar

volume is considered as a first-order thermodynamic quantity and

it is very sensitive to change the structure (i.e., order) or random-

ness during the mixing processes. Thus, order creation and order

destruction processes in solution can be determined through exper-

imental data of excess molar volumes. In fact, volume changes for

a mixed system result from changes in free volume of liquids, since

the bond lengths and bond distances in the molecules themselves

do not change. The optimum packing condition in a system is directly

related to differences in molecular size and intermolecular interac-

tions, in particular when hydrogen bonding occurs between unlike

molecules creating association complexes, as well as being affected

by the breaking of interactions between the molecules.

Excess molar volumes represent the first derivative of the excess

Gibbs function with respect to the pressure, V
E
=(∂G

E
/∂P)T,n, the perti-

nent partial volume corresponds to the variation of the chemical

potential with pressure Vi

E
=(∂μi/∂P)T, nj. Excess molar volumes may

also be used to test different mixing rules for equations of state of

gases as well as the liquid state. In general, large and positive values

of excess molar volume V
E
, represent an intercalation packing effect,

that is, an expansion of the mixture, while negative values of excess

molar volume V
E
 indicate strong interaction among the components

of the system or when unlike interactions prevail over self-association.

V
E
 values are positive and increase with increase in chain length of

acrylic esters for binary mixtures of benzene with acrylic esters and

for binary mixtures of acrylic esters with alkanols [129,130]. These

workers explained the increase in V
E
 values based on non-specific

interactions between the component molecules. The excess molar

volumes of vinyl acetate with cyclohexane, n-alkanes were obtained,

and V
E
 values were found to be positive, which increase slightly

with the chain length of n-alkanes [131]. Similar study for the binary

mixtures of acetyl acetone with aliphatic alcohols and for binary

mixtures of 2, 2, 2-trifluoroethanol with 1-alcohols was carried out

by other research groups [132,133]. This is because as the chain

length increases the strength of hydrogen bonding of alcohol mole-

cules decreases. It is reported that interaction between N, N-dimeth-

ylacetamide (DMA) and alkanols becomes increasingly weak as
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we move from methanol to 1-propanol [134] and more negative

for 1-octanol+DMA [135]. The V
E
 values were well explained for

the binary mixtures of cyclohexanone+aromatic hydrocarbons and

for the acrylic esters+aliphatic hydrocarbon mixtures [136-138]. For

the former systems, the results were explained based on the bulki-

ness of aromatic hydrocarbons, which increases the values of V
E
,

and becomes more and more positive. Bulky groups are not able

to fit themselves properly in voids created by other components in

liquid mixtures, resulting in increase in V
E
 values while in case of

later systems the results were controlled by dispersion interactions.

The compared V
E
 values of tetrachloroethylene+branched alcohols

with tetrachloroethylene+normal alcohols showed that the V
E
 val-

ues are more positive for former systems than the later [139,140].

This indicates that normal alcohol interact more strongly with tetra-

chloroethylene than branched alcohols. This may be attributed to

the steric hindrance of the methyl groups in branched alcohols. It is

observed that V
E
 values are positive for the binary mixtures of methyl-

metacrylate+cyclohexane [141]. Similar behavior of V
E
 was also

reported for the binary mixtures of acrylic esters+alkyl aromatic

hydrocarbons [142].

The observed V
E
 values can be discussed in terms of several effects

which may be divided into physical, chemical and structural con-

tributions [143]. Physical contribution comprises dispersion forces

and non-specific physical interactions that add positive terms to V
E
,

chemical contributions consider the breaking up of the H-bonding

structure, which tends to increase V
E
 and specific interactions such

as the formation of hydrogen bonds and charge transfer complex

between unlike molecules, resulting in a decrease in volume. Struc-

tural contributions arising from geometrical fitting of one compo-

nent into the voids created by the other are due to differences in molar

volume and free volume between components and lead to negative

contribution to V
E
.

The study on mixtures of amides with water analyzed the vol-

ume changes based on molecular size differences [144]. According

to them, the ideal binary mixing without volume change is most

frequently found in mixtures of molecules of similar size. Mole-

cules of very different sizes exhibit a variety of volume changes. The

free volume of liquids is a substantial fraction of the molar volume

and does not vary greatly for many liquids with temperature. When

solute of small molecules is dissolved in a fluid of large molecules,

the molecules of former liquid are fitted into voids of the later. For

instance, the molar volumes of dimethysulphoxide, acetone and sty-

rene at 298.15K are 7.1319×10−5, 7.3857×10−5 and 11.5338×10−5m3

mol−1, respectively, which might allow the components to fit into

each other’s structure [145], thereby reducing the volume of the

mixture. The free volume, pertaining to a large molecule in its own

environment, is being reduced, since the centers of the small mole-

cules can approach large molecules more closely than other large

molecules would. If the large molecules were embedded in a con-

tinuum, their corresponding void volumes would disappear com-

pletely and a large volume decrease would be observed in dilute

solutions even in the absence of specific interactions in the solvent.

The negative values of V
E
 for the system DMF+benzene, toluene

and ethylbenzene [146], DMSO+tetrahydrofuran and methyltet-

rahydrofuran [147], methylcyclopentane+ketones (acetone, butanone

and 2-pentanone) [148], 1-alkanol+alkylamines [149], 1-butanol+1,

3-butanediol [150], 1-butanol+glycerol [151] not only arise due to

specific interactions between the unlike molecules, but also due to

sizes and shapes of the component molecules in the mixtures. Simi-

lar explanation is given for DMF+toluene, bromobenzene [152],

DMF+water [153], binary mixtures.

It has been observed that excess molar volumes V
E
 are negative

for the mixtures of 3-pentanone+ethylbenzene and o-xylene [154].

Negative V
E
 values for both systems indicate the predominance of

dipolar interactions and the absence of specific interactions between

the component molecules. It has also been shown that the experi-

mental values of V
E
 for the mixtures of diisopropylether with several

alkanols are negative [155]. Excess molar volumes are also negative

due to specific interactions. The probability of complexation between

diisopropyl ether and the alkanols must be lower. This is due to the

influence of the hydrocarbon chain on the charge distribution, which

produces these negative trends in V
E
. However, when the complex

DIPE-alkanol is formed, the ether can polarize the alkanol increas-

ing the energy of the interaction and diminishing the volume of the

complex.

The observed experimental values of V
E
 for equimolar mixtures of

benzene+toluene are slightly positive, that for benzene+chlorobenzene

is almost zero, and for benzene+bromobenzene is negative [156].

Since this change in the magnitude of V
E
 is brought by the introduc-

tion of -CH3, -Cl, or -Br groups into the aromatic ring, this behavior

can be due to the size effect [157] of the molecules. Thus, the excess

molar volume may be given as the sum of the two terms as V
E
=

V
E

size+V
E

interaction. Since the sizes of aromatic hydrocarbons like tolu-

ene, chlorobenzene, bromobenzene and that of cyclohexane are all

nearly equal, the V
E
 size effect for benzene+toluene, benzene+chloro-

benzne, benzene+bromobenzene is almost same. On the other hand,

for toluene+bromobenzene and toluene+chlorobenzene, V
E

size has

been put equal to V
E

expt. V
E

interaction so calculated for different mixtures

at equimolar composition shows a systematic trend with the increas-

ing π-electron density of the aromatic hydrocarbon in first three mix-

tures. Thus, the excess volumes are influenced by specific group

interactions. The bulky groups also play an important role in con-

tributing towards the positive value of excess volume, as the com-

pounds with bulky groups are not able to orient themselves properly

in the other component liquid mixtures. For instance, greater V
E

values for DMF+2-methyl-1-propanol binary mixtures were observed

[158] and similar behavior was observed for benzene+methyl acry-

late/ethyl acrylate/butyl acrylate and styrene binary mixtures [159].

V
E
 values for N, N-dimethylmethanesulphonamide+aliphatic alco-

hols were observed to be greater [160] than those for N, N-dimethyl-

acetamide+aliphatic alcohols [161] binary mixtures. This is because

of the presence of more bulky groups in amide molecule in the former

mixtures than that in the later one, which causes steric repulsion of

appreciable magnitude between the component molecules. Thus,

the excess molar volume can provide the evidence of complex for-

mation between unlike molecules even in the cases where the U. V.

and N. M. R spectroscopy fail completely to detect the presence of

charge transfer interactions. This is because if the complex forma-

tion is due to the intermolecular bonding of the donar-acceptor type

of the molecules, the strength of such type of bonding would be

extremely weak [162]. However, if the complex formation is due

to intermolecular hydrogen bonding between the component mole-

cules, the strength of such bonding would be appreciably strong in

magnitude. For instance, Benson et al. [163] observed the formation
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of hydrogen bonds between acetone and alcohol molecules leading

to negative V
E
 values for acetone+cyclopentanol binary mixture and

Clara et al. [164] observed positive V
E
 values for binary mixtures of

1-pentanol+R-(+)-limonene. This would indicate that interactions

between unlike molecules are weaker than interactions between like

molecules in the pure liquids and that dispersion forces dominate

the behaviour of the solution. An expansion in free volume is con-

sidered to occur, making the mixtures less compressible than the

ideal mixture, which ultimately leads to positive values of V
E
.

The positive V
E
 values for N, N-dimethylformamide+higher ali-

phatic alcohols (C7-C10) observed suggested strong dipolar interac-

tions, which decrease with increase in the carbon chain-length of

alcohols, introducing a steric effect between the molecules [165].

In binary mixtures of nitromethane with {2-methoxyethanol+2-

butoxyethanol} systems, the V
E
 values were found to be positive

[166]. The variation of positive V
E
 values is easily explicable, that

is, an expansion in volume (which is due to the breaking of hydro-

gen bonds during the mixing process) makes the mixture more com-

pressible than the ideal mixture, which ultimately culminates in posi-

tive values of V
E
 [166]. The large volume expansion in trifluoro-

ethanol+1-alcohol over the whole composition range with positive

excess molar volume, where the V
E
 increases, as the chain length

of alcohol increases has been well documented [167]. This positive

deviation results due to the formation of new hydrogen bonding

OH-----F and breaking of hydrogen bonding of self-association in

trifluoroethanol. The experimental values of V
E
 for the binary mix-

tures of chloroform+alkanols have also been observed [168]. V
E

values were more positive for chloroform+propan-1-ol than for butan-

1-ol. Since the change in V
E
 is brought by the self association of

alkanols which decreases as the chain length increases so that the

breaking of intermolecular interactions in butan-1-ol is much easier

than in propan-1-ol. Other workers [160,169-171] observed similar

behavior of interactions in binary systems.

The excess molar volumes acquired are positive for mixtures of

2-alkanols+1,2-dichloethane [172]. The positive V
E
 values can be

ascribed to dominance of H-bonds between 2-alkanols and physi-

cal interactions over dipole-dipole interactions between 2-alkanols

and 1,2-dichloroethane molecule. V
E
 (>0) increases from 2-propanol

up to 2-octanol as the length of the 2-alkanol chain increases. The

increase in V
E
 in this case, may be attributed to a weak interaction

of type dipole-dipole between 2-alkanols and 1,2-dichloroethane,

probably due to the decrease of the polarizability of 2-alkanols with

the alkyl chain length, as was suggested by authors [173,174]. As

the temperature of the mixtures increases, dissociation of the asso-

ciated spaces takes place, and thus V
E
 increases.

ULTRASONIC SPEED PROPERTIES OF BINARY 

MIXTURES

Lagemann and Dunbar [175] were the first to point out the sound

velocity approach for qualitative determination of the degree of as-

sociation in liquids. Intermolecular interactions play an important

role in liquid mixtures. They influence the arrangement, orientation

and conformations of the molecules in solutions. Multicomponent

liquid mixtures are frequently used as media for many chemical,

biological and industrial processes, because they provide a wide

range of properties [176-179]. During the last two decades, ultra-

sonic study of liquid mixtures has gained much importance in as-

sessing the nature of molecular interactions present in the mixtures.

The deviation from linearity in the values of ultrasound velocity

when studied as a function of concentration exhibits interesting varia-

tions in the case of liquid mixtures. Ultrasonic technique has become

a powerful tool for studying the molecular behavior of liquid mix-

tures [180]. This is because of its ability of characterizing physico-

chemical behavior of liquid medium. Binary liquid mixtures due to

their unusual behavior have attracted considerable attention [181,

182]. The propagation of ultrasonic waves is essentially related to

the physico chemical behavior of mixtures, such as molecular asso-

ciation or dissociation. Many investigations are concerned with theo-

retical aspects of the acoustic properties of solutions and mixtures.

The developments and applications of ultrasonic techniques have

been adequately employed in understanding the molecular interac-

tions in pure liquids, and their binary mixtures [183-185]. This tech-

nique has been used by various workers with a great success for

characterizing physicochemical behaviour of pure liquids, mixtures,

gels etc. [90,186,187].

Nowadays, the interest for industrial multicomponent process is

increasing. Thus, the recent developments made it possible to use

ultrasonic speed in medicine, engineering, agriculture and chemical

industry. It has been found useful in studying the chemical pro-

cesses and play major role in the synthesis of various chemical sub-

stances. Another area where ultrasonics is nowadays used is for ob-

taining information about microstructure. The technique involves

measurement of ultrasonic velocity and attenuation through the metal.

Furthermore, the ultrasonic techniques have yielded useful results

in estimating the crack density changes and identifying the crack

nucleation mechanisms, besides providing supporting evidences of

microstructural changes in the study of other seismic precursors

such as acoustic emissions, electrical resistivity and electromagnetic

emissions at laboratory scale. Use of ultrasonics in chemical syn-

thesis is a highly active research area. The chemical effects of ultra-

sound energy are quite distinct from other conventional sources.

The application of ultrasonic waves in chemistry was viewed as

a convenient technique [188]. Many studies have been carried out

and it is well documented that the advantages of ultrasound proce-

dure are good yield, short reaction time and mild conditions [188,

189]. It has been found that ultrasound affects both homogeneous

and heterogeneous chemical systems. It can allow the use of cruder

chemicals than the expensive purer ones. It can reduce the number

of steps in a multistep chemical synthesis or in some cases com-

pletely switch the reaction pathway.

Ultrasonic study has been found to be a very powerful tool for

investigating the departure of real liquid mixtures from the ideality

in terms of certain excess thermodynamic properties. These prop-

erties provide a wealth of information about the nature and strength

of intermolecular interactions in binary liquid mixtures. An ultra-

sonic wave is a pressure wave that can be treated as a series of com-

pressions and rarefactions traveling along a material such that molec-

ular planes are displaced from their mean positions. It is assumed

that the compressions and rarefactions are both reversible and adia-

batic [190].

A considerable advancement has been taken place in the last few

years in the theoretical and experimental investigations of the excess

thermodynamic properties of liquids and solutions. The most sig-
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nificant reasons are, first, the study of solutions, which show dif-

ferent behavior from the pure liquids, and second, they provide a

way for studying the forces acting between two molecules of differ-

ent species. The most interesting of these are the new types of phase

equilibra, which arise from the extra degrees of freedom, which are

introduced by the variation in the proportion of pure components.

Due to the importance of multicomponent liquid systems in prod-

uct formulation in chemical industries, some predictive methods

for the evaluation of properties in liquid solutions have gained enor-

mous interest [191,192].

The mixing of liquids is accompanied by structural and thermo-

dynamic variations, which are reflected in the acoustical properties

of the mixtures. Correlation between structure of liquid, its thermo-

dynamic properties and acoustic parameters is the main thrust area

nowadays [193]. Studies on these properties play a vital role role in

understanding the nature and physicochemical behavior of inter-

molecular interactions [191,194]. This is achieved through evalua-

tion of derived properties, the most important of which is the iso-

thermal compressibility, kT[=−(1/V)(∂V/∂P)T]. Accurate data are

frequently required in physics, chemistry and chemical engineer-

ing for this thermodynamic property. Unfortunately, the conven-

tional methods for measuring kT either tend to be of low precisions

or are excessively tedious. Fortunately, determination of the isen-

tropic compressibility ks[=−(1/V)(∂V/∂P)s] provides an indirect but

for more accurate and convenient means of calculating kT. The prime

object of sound velocity measurements in liquid systems is to esti-

mate the value of isentropic compressibility, which cannot be done by

any other method [195]. Isentropic compressibility has been widely

used to study the molecular interactions through its excess functions.

On the other hand apart from kT, it can also be used to deduce other

useful thermodynamic properties, e.g., heat capacity ratio, internal

pressure (πi), cohesive energy density (CED), non-linearity para-

meter (B/A) etc. Isothermal compressibility and heat capacities ratio

are two key parameters in molecular thermodynamics of fluid phase

equilibria [196-201].

Investigation of interactions occuring in liquid phase is still under

development. It is a generally accepted fact that ultrasonic speed is

very promising in this area, as this quantity can be measured with

very high accuracy. The effect of intermolecular interactions on the

sound velocity was analyzed using very simple assumptions, like

those of Jocobson [202], Schaaffs [203] and others [204,205], but

also using advanced numerical techniques [206]. Very recently, ultra-

sonic speed has acquired increased importance as a useful physical

property for the study of molecular interactions in liquid and solutions

[167,170,207-215]. Recently the measurement of physical proper-

ties such as density, ultrasonic speed and viscosity of binary mix-

tures of N-methyl-2-pyrrolidone with methyl acetate, ethyl acetate

and butyl acetate over the complete composition range at different

temperatures has been investigated [216]. Various excess quantities

such as excess molar volume, excess isobaric thermal expansion

coefficient, excess isentropic compressibility and excess ultrasonic

speed are calculated from the experimental data to get insight into

the intermolecular interactions that are present in these mixtures

[216]. Ultrasonic speeds and densities and of difurylmethane+(metha-

nol or ethanol or propan-1-ol or butan-1-ol or pentan-1-ol or hexan-

1-ol) binary mixtures have been measured over the entire composi-

tion range at T=298.15K and atmospheric pressure [117]. By utiliz-

ing the measured ultrasonic speeds and density data, excess isentropic

compressibility, excess ultrasonic speed, and excess intermolecular

free length have been calculated for each of the binary systems over

the entire composition range. In a recent study ultrasonic speeds in

formamide+1-butanol or 2-methyl-1-propanol or 2-methyl-2-pro-

panol mixtures have been measured at 298.15K and 308.15K [218].

The measured ultrasonic speed data were correlated by correlations

like Nomoto’s relation, Van Dael’s mixing relation and impedance

dependence relation. Excess isentropic compressibility was calcu-

lated from experimental ultrasonic velocity and excess volume data.

The ultrasonic speed in binary and multicomponent systems was

figured out theoretically by various workers [219-225] using empir-

ical and semi-empirical relations, and therefore it is also worth to

mention the efforts made by other research groups in this field [154,

224-235]. Pandey et al. [236,237] applied Flory theory [238,239]

and the hard sphere model of liquid to deduce ultrasonic speed of

pure liquids. Several workers [219,222,240] to compute ultrasonic

speed in binary liquid mixtures have used Flory theory.

Various experimental and theoretical investigations have revealed

that a representation in terms of derived thermodynamic parame-

ters from ultrasonic speed is intermolecular free length (Lf), provides

a better view in order to understand the intermolecular interactions

in binary liquid mixtures. The variation of ultrasonic speed in solu-

tion depends upon the increase or decrease of intermolecular free

length after mixing the components according to a model proposed

by Eyring and Kincaid [230]. Hence, it is obvious that intermolec-

ular free length is a predominating factor in determining the nature

and variation of ultrasonic speed. Several attempts have been made

in the past [241,242] to discuss the interactions in solutions in terms

of intermolecular free length. Dependence of intermolecular free

length on temperature has also been examined [241,242]. Jacob-

son [243] gave an empirical relation correlating intermolecular free

length with isentropic compressibility for pure liquids. Kaulgud [244]

has extended the concept of free length to binary solutions. The free

length can be evaluated through ultrasonic speed [245] and ther-

modynamic [246] methods.

It was assumed during early studies of wave propagation that

the amplitude of the propagating wave was infinitely small, and

because of this, the characteristics of both the medium and ultra-

sonic wave propagating through it should not be affected by one

another. However, for all practical purposes it is observed that the

intensity of sound waves coming out from transducer is finite. How-

ever, measurements of ultrasonic propagation constants become

unreliable [247,248] when sound waves of finite amplitude are made

to propagate in liquids, because nonlinear effects like acoustics stream-

ing and distortion of wave front occur due to greater attenuation of

high frequency constant compared to low frequency ones. For most

liquids, the velocity of sound is 5 to 10 times as great as the average

kinetic velocity of gas molecule.

TRANSPORT PROPERTIES VARIATION AND 

DEGREE OF INTERACTION IN BINARY MIXTURES

Viscosity is a transport property, and depends on the transport of

momentum that moving molecules offer to the neighboring mole-

cules in the flow process of a fluid. It is called the resistance produced

by moving molecules for the flow of the fluid. Fluidity is defined
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as the reciprocal value of viscosity. Knowledge of viscosity of liquid

mixtures at ambient and higher or lower temperatures is required

in several industrial computations and in analytical sciences. Deter-

mination of flow in pipelines and capillaries, heat transfer and mass-

transfer operations, liquid and semi solid pharmaceutical formulation

processes, developing separation methods like HPLC and capillary

electrophoresis could be considered as the example applications of

viscosity information. In the pharmaceutical area, the sedimentation

rate of suspensions, creaming of emulsions and drug release from

aqueous solutions, are the important processes, which could be af-

fected by the viscosity [249]. Viscosity is a characteristic property

of fluids. The viscosity of binary liquid mixtures has been studied

by many investigators to predict the effect of its variation on the

type and degree of interaction between the component molecules.

Viscosity deviation is related to the resistance of a mixture to flow;

therefore, negative values indicate that the resistance to flow of the

mixture is less than the resistance to flow of the pure compounds.

In contrast, positive deviations of viscosity values for the mixtures

are a consequence of a higher resistance to flow than those of pure

compounds. If the viscosity data for the mixtures are obtained as a

function of composition, the existence or non-existence of specific

interaction between component molecules may be studied by estimat-

ing the strength of these interactions. Rowlinson et al. [70] reported

the positive deviations from the linear dependence of viscosities on

mole fraction or volume fraction and the occurrence of maxima where

the component molecules interact more strongly. Negative devia-

tions occur where London forces or dispersion forces are responsi-

ble for the interactions [250]. The occurrence of viscosity maxima

or minima in viscosity versus composition curves have been attrib-

uted to the complex formation between unlike molecules. For in-

stance, the well-defined maximum in viscosity against composition

curves for amide+water binary mixtures has been observed [251].

The maxima are large for N, N-disubstituted amides whereas the

extent of maxima was found to decrease for N-monosubstituted

amides. For such systems, on dilution with water, there occured mearly

an interchange of hydrogen bonding between donor - acceptor mole-

cules. For N, N-disubstituted amides the maxima reflect an interac-

tion of strong association with water through multiple hydrogen

bonding greater in number than pure disubstituted amides.

The measurement of viscosity provides information about liquid

systems, which are of considerable interest because of their exten-

sive applications in many industrial processes. The interest shown by

many workers in this field led to the formulation of a large number

of methods for correlating or predicting the viscosity-composition

data of liquid mixtures [252-257]. Among all the physical properties

of fluids needed to optimize the industrial process design, viscosity

is one of the most important property. In the chemical industry, knowl-

edge of viscosity is necessary for hydraulic calculations, fluid trans-

port through pipes and pores surfaces, and in many mass and energy

transfers. The viscosity of n-decane has also been investigated at

high temperatures and pressures [258].

Deviation in viscosity Δη is a useful parameter, which helps us

in deduction of intermolecular interactions in binary mixtures. The

deviation in viscosity was reported to be negative for benzene+cy-

clohexane and benzene+ethylene dichloride mixtures [106]. In these

systems, complexes are not formed or complexes of low stability

are formed. Postigo et al. [259] reported negative values for hexane+

diethylamine system, indicating small interactions between the com-

ponent molecules, which are close to ideal behavior and in hexane

+1-decanol and 1-decanol+diethylamine mixtures. Δη values were

reported to be positive because of the change in the associated struc-

ture of alkanols. Negative values were also reported for DMSO+

methanol mixtures, which may be due to the difference in molecu-

lar size between the component molecules [260]. The binary mix-

tures of benzene+cyclic ethers have been investigated and Δη values

were found to be negative, suggesting weakening of dipole-dipole

interactions [261]. Positive Δη values for toluene+cyclic ethers have

also been reported, indicating the formation of new specific inter-

actions in binary mixtures. Negative Δη values for 3-pentanone+

ethylbenzene and o-xylene binary mixtures have also been reported

[152]. Negative trends reported for the both systems indicate the

predominance of dipolar forces and the absence of specific interac-

tions. Negative values of Δη were also reported for binary mix-

tures in which both the components were polar and one or both com-

ponents were self-associated. For instance, the negative values for

N, N-dimethylacetamide+aliphatic alcohols and benzyl alcohol+

isoamyl alcohol, isopropyl alcohol [262] binary mixtures have been

well-documented [134]. It was explained that these trends of Δη

are not only due to size differences but also due to the association

between component molecules through hydrogen bonding. Different

research groups [39,263-272] also reported a similar type of asso-

ciation between unlike molecules.

The viscosity of mixtures strongly depends on the entropy of the

mixtures, which is related to the liquid structure and its enthalpy

(and consequently with molecular interactions between the com-

ponents of the mixture) [273]. So, the viscosity deviations are con-

sidered as the function of molecular interactions between different

molecules. Positive viscosity deviations indicate strong interaction,

whereas negative Δη values suggest the absence of strong specific

interactions between the unlike molecules in the mixture. The inter-

actions that make the flow easier (i.e., the breaking of the intermo-

lecular associates, because of the motion of individual species is

less difficult than that of big molecular complexes) are negative con-

tributions to Δη, while the interstitial arrangement and interactions

that produce the formation of intermolecular associates hinder the

flow, so the sign of their contribution to viscosity properties is posi-

tive. There is evidence for the weak complex formation between

benzene and CCl4, a system involving weak dipole interaction [274].

The Δη is positive for mixtures in which maxima in the viscosity

vs. composition curve is observed, indicating the formation of stable

complexes. For example, stable complexes are formed in the DMSO

+water [275], DMSO+acetic acid, acetone+water [106], DMSO

+tri-n-butyl phosphate [276], N-methyl-2-pyrrolidone+substituted

benzenes [277], diethylene glycol monoethyl ether+water [278],

glycol monomethyl ether+water [279] binary mixtures.

The zero values for Δη of non-electrolytes (ideal solution) binary

mixture can be theoretically predicted only in homologous non-

associating binary mixtures where the component molecules have

about equal molar volumes [280]. However, in some cases, Δη is

effectively zero; for instance, it is zero for benzene+chloroform and

benzene+carbon tetrachloride except at high concentration of ben-

zene [106]. Interaction between benzene and chloroform is said to

involve a weak bond intermediate between a hydrogen bond and

formation of an electron-transfer complex [281]. A negative trend
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in Δη values for 2-pentanol with alkanes was observed, which reveals

that as the temperature increases, Δη values tend towards ideality

(become less negative) [282]. In the study halo hydrocarbons with

2-methyl-1-propanol, negative trends for deviation in viscosity for

all systems were observed [283]. The halogenated compounds show

weak dipole-dipole interactions in pure state. Mixtures of these com-

pounds with chlorinated derivatives show negative values of Δη,

lower than those with brominated compounds. This is due to the

larger size of brominated derivatives, which allow a better interstitial

accommodation than chlorinated derivatives do, so the flow would

become more difficult for the systems containing bromobenzene

and bromocyclohexane. Similar behavior has also been observed

in other systems involving haloalkanes and butanols [284,285].

In the viscosity results of hydrogen bonded liquids mixtures (diol+

water or alcohol), negative value of Δη for 1, 2- and 1, 4-butane-

diol in pentanol have been found [286-290]. A negative deviation

in viscosity corresponds to the destruction of the intermolecular struc-

tures existing in pure components. Less structured entities created

in the solution make the flowing of 1, 2- and 1, 4-butanediol+alcohol

mixtures easier than that of the pure diols. The investigated viscos-

ity for 1-alkanol+cyclohexane, 2-alkanol+cyclohexane and 1-alkanol

+methyl cyclohexane revealed Δη to be negative for all binary mix-

tures [291]. The magnitude of negative deviations increases with

the increase in the chain length of 1-alkanol molecules. Similar nega-

tive deviations have also been reported for ethanol+cyclohexane

and 1-hexanol+cyclohexane [292,293]. In recent studies, negative

deviations of Δη in various binary mixtures have been observed

[164,166,294-297]. A positive deviation in viscosity of dimethyl-

sulphoxide and acetic acid system has been observed, which indi-

cates that the solutions are highly non-ideal and the interaction be-

tween the components of the mixture is quite strong [298].

CONCLUSIONS

The composition and temperature dependence of excess proper-

ties of binary liquid mixtures provides extensive information regard-

ing the intermolecular interactions between the component molecules.

These thermodynamic properties at different temperatures and con-

centrations of pure chemicals and their binary liquid mixtures over

the whole composition range are useful for practical chemical engi-

neering purposes and many biological systems. Clearly, over the

years, there has been considerable advancement in the experimen-

tal investigation of the excess thermodynamic properties of liquid

mixtures in the chemical industry. Studies on different physicochemi-

cal and thermodynamic properties of liquid binary mixtures within

wide ranges of compositions and temperatures are important sources

of information that may be used to examine the relationship between

the internal structure of the system, nature of intermolecular inter-

actions, and the physical properties of the mixed solvent studied.

REFERENCES

1. A. Awasthi, B. S. Tripathi and A. Awasthi, Fluid Phase Equilib.,
287, 151 (2010).

2. H. Illoukhani and K. Khanlarzadeh, J. Chem. Eng. Data, 51, 1226
(2006).

3. K. Khanlarzadeh and H. Iloukhani, J. Mol. Liq., 187, 24 (2013).

4. C.M. Kinart and W. J. Kinart, Phys. Chem. Liq., 38, 155 (2000).
5. C.M. Kinart, M. Klimczak and W. J. Kinart, J. Sol. Chem., 145, 8
(2009).

6. C. M. Kinart and M. Maj, Phys. Chem. Liq., 49, 508 (2011).
7. C.M. Kinart, M. Klimczak and A. Cwiklinska, J. Mol. Liq., 155,
127 (2010).

8. C.M. Kinart, M. Maj, A. Cwiklinska and W. J. Kinart, J. Mol. Liq.,
139, 1 (2008).

9. C.M. Kinart, A. Cwiklinska, A. Bald and Z. Kinart, J. Chem. Ther-
modyn., 50, 37 (2012).

10. H. Iloukhani, M. Rezaei-Sameti, J. Basiri-Parsa and S. Azizian, J.
Mol. Liq., 126, 117 (2006).

11. G. P. Dubey and K. Kumar, J. Chem. Thermodyn., 50, 7 (2012).
12. P.K. Thakur, S. Patre and R. Pande. J. Chem. Thermodyn., 58, 226

(2013).
13. R.Q. Nolasco, L.A. Galicia-Luna and O. Elizalde-Solis, J. Chem.

Thermodyn., 44, 133 (2012).
14. A. Chandra and B. Bagchi, J. Phys. Chem. B, 104, 9067 (2000).
15. A. Chandra and B. Bagchi, J. Chem. Phys., 113, 3226 (2000).
16. M.T. Zafarani-Moattar and F. Izadi, J. Chem. Thermodyn., 43, 552

(2011).
17. M. S. AlTuwaim, K.H.A. E. Alkhaldi, A. S. Al-Jimaz and A.A.

Mohammad, J. Chem. Thermodyn., 48, 39 (2012).
18. P. P. Singh, D.V. Verma and P. S. Arora, Thermochim. Acta, 15, 267

(1976).
19. M. S. Bakshi and G. Kaur, J. Chem. Eng. Data, 42, 298 (1997).
20. R. Gopal and S. Agarwal, J. Chem. Thermodyn., 8, 1205 (1976).
21. M.A. Saleh, S. Begum and M.H. Uddin, J. Mol. Liq., 94, 155 (2001).
22. M.A. Saleh and M.H. Uddin, Phys. Chem. Liq., 37, 701 (1999).
23. M.A. Rauf, M. Arfan and A. Farhataziz, J. Chem. Thermodyn., 15,

1021 (1983).
24. H.C. Zegers and G. Somsen, J. Chem. Thermodyn., 16, 225 (1984).
25. K. P. Rao and K. S. Reddy, Phys. Chem. Liq., 15, 147 (1985).
26. B. Garcia, R. Alcalde, J.M. Leal and J. L. Trenzado, J. Phys. Org.

Chem., 10, 138 (1997).
27. H. Iloukhani and Z. Rostami, J. Solution Chem., 32, 451 (2003).
28. V.A. Aminabhavi, T.M. Aminabhavi and R.H. Balundgi, Ind. Eng.

Chem. Res., 29, 2106 (1990).
29. M. I. Aralaguppi and J. G. Baragi, J. Chem. Thermodyn., 38, 434

(2006).
30. C. Yang, Y. Sun, Y. He and P. Ma, J. Chem. Eng. Data, 53, 293

(2008).
31. M.M.H. Bhuiyan and M.H. Uddin, J. Mol. Liq., 138, 139 (2008).
32. M. S. AlTuwaim, K.H.A. E. Alkhaldi, A. S. Al-Jimaz and A.A.

Mohammad, J. Chem. Thermodyn., 58, 367 (2013).
33. A. Ali, S. Khan and F. Nabi, J. Serb. Chem. Soc., 72, 495 (2007).
34. A. Ali and M. Tariq, J. Mol. Liq., 128, 50 (2006).
35. A. Ali, S. Tasneem and F. Nabi. Z. Naturforsch A, 65, 749 (2010).
36. A. Ali, F. Nabi, F. A. Itoo and S. Tasneem, J. Mol. Liq., 143, 141

(2008).
37. A. Ali, M. Tariq and F. Nabi, J. Pure Appl. Phys., 46, 545 (2008).
38. A. Ali, M. Tariq, F. Nabi and Shahjahan, Chin. J. Chem., 26, 2009

(2008).
39. A. Ali, F. Nabi, N. A. Malik, S. Tasneem and S. Uzair, J. Surfact

Deterg., 17, 151 (2014).
40. A. Ali and F. Nabi, Acta Physico Chimica Sinica., 24, 47 (2008).
41. A. Ali, R. Patel, Shahjahan and N.H. Ansari, Int. J. Therm. Phys.,



1514 F. Nabi et al.

September, 2014

31, 572 (2010).
42. A. Ali, S. Sabir, Shahjahan and S. Hyder, Chin. J. Chem., 24, 1547

(2006).
43. D. Wei, H. Li, Y.-N. Li and J. Zhu, Fluid Phase Equilib., 316, 132

(2012).
44. D.W. Wei, L.M. Chen, C. Liu and C. Zhang, J. Chem. Eng. Data,

54, 1163 (2009).
45. D.W. Wei and L.M. Chen, J. Chem. Eng. Data, 54, 1129 (2009).
46. D.W. Wei and L.M. Chen, J. Chem. Eng. Data, 54, 1098 (2009).
47. I. Cibulka, Collect. Czech. Chem. Commun., 47, 1414 (1982).
48. B. Jasinski and S. Malanowski, Chem. Eng. Sci., 25, 913 (1970).
49. F. Kohler, Monatsh Chem., 91, 738 (1960).
50. O. Redlich and A. T. Kister, Ind. Eng. Chem., 40, 345 (1948).
51. J. H. Van’t Hoff, Z. Phys. Chem., 1, 481 (1887).
52. J. D. Bernel and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
53. D. Eisenberg and W. Kauzman, The stucture and properties of

water, Oxford University Press, London (1969).
54. J. S. Rowlinson and F. L. Swinton, ‘Liquids and Liquid Mixtures,

Buttersworth, London (1982).
55. E. S. Eberehardt and R. T. Rainer, J. Am. Chem. Soc., 116, 2149

(1994).
56. V. K. Sharma and S. Kumar, J. Sol. Chem., 34, 199 (2005).
57. V. K. Sharma and S. Kumar, Thermochim. Acta, 428, 83 (2005).
58. Dimple, J. S. Yadav, S. Kumar, K. C. Singh and V.K. Sharma, Ther-

mochim. Acta, 475, 8 (2008).
59. V.K. Sharma, R.K. Siwach and Dimple, J. Chem. Thermodyn., 43,

39 (2011).
60. L. Maravkova and J. Linek, J. Chem. Thermodyn., 35, 1139 (2003).
61. G. P. Dubey and M. Sharma. J. Chem. Thermodyn., 40, 991 (2008).
62. Y. Sun, L. Su and H. Wang. J. Chem. Thermodyn., 41, 1154 (2009).
63. F. Nabi, C.G. Jesudason, M.A. Malik and S.A. Al-Thabaiti, Chem.

Eng. Commun., 200, 77 (2013).
64. F. Nabi, M.A. Malik and C.G Jesudason, Asian J. Chem., 23, 3898

(2011).
65. M.B. Ewing, B. J. Levien, K.N. Marsh and R.H. Stokes, J. Chem.

Thermodyn., 2, 689 (1970).
66. A. Mchaweh, A. Alsaygh, Kh. Nasrifar and M. Moshfeghian, Fluid

Phase Equilib., 224, 157 (2004).
67. C.M. Kinart and W. J. Kinart, Phys. Chem. Liq., 38, 155 (2000).
68. K. N. Marsh, Pure Appl. Chem., 55, 467 (1983).
69. K. N. Marsh, Phys. Chem., 91, 209 (1994).
70. J. S. Rowlinson, F. L. Swinton, Liquids and liquid mixtures, Butter-

worths, 3rd Edn., London (1982).
71. G. Scatchard, Chem. Rev., 8, 321 (1931).
72. E. A. Guggenheim, Liquid Mixtures, Clarendon Press, Oxford

(1952).
73. J. H. Hildebrand and R. L. Scott, Solubility of non-electrolytes,

Reinhold, New York, 3rd Edn. (1950).
74. J. H. Hildebrand, J. M. Prausnitz and R. L. Scott, Regular and

related solutions, Van Nostrand Reinhold, New York (1970).
75. A. G. Williamson, An introduction to non-electrolyte solutions,

Oliver and Boyd, Edinburgh (1967).
76. Y. Koga, J. Phys. Chem., 100, 5172 (1996).
77. L. S. Darken, Trans. Metallurg. Soc. A.M.E., 239, 80 (1967).
78. A.D. Pelton and C.W. Bale, Metallurg. Trans., 17 A, 211 (1986).
79. L. Bernazzani, M.R. Carosi, C. Duce, P. Gianni and V. Mollica, J.

Solution Chem., 35, 1567 (2006).

80. J.D. Pandey, S. Pandey, S. Gupta and A.K. Shukla, J. Solution
Chem., 23, 1049 (1994).

81. S. Singh, S. Parveen, D. Shukla, M. Yasmin, M. Gupta and J. P.
Shukla, J. Solution Chem., 40, 889 (2011).

82. A. J. Stone, In The Theory of Intermolecular Forces, Clarendon
Press, Oxford (1996).

83. S. T. Osinska, Chem. Soc. Rev., 22, 205 (1993).
84. G.N. Swamy, G. Dharmaraju and G.K. Raman, Can. J. Chem., 58,

229 (1980).
85. T.W. Leland Jr., edited by G.A. Mansoori, Basic Principles of Clas-

sical and Statistical Thermodynamics (2001).
86. G. L. Bertrand, J. Phys. Chem., 79, 48 (1975).
87. G. L. Bertrand and T. E. Burchfield, Analytical Calorimetry, Vol.

3, R.S. Porter and J.F. Johnson Edn., Plennum Press, New York
(1974).

88.W.E. Acree and G. L. Bertrand, J. Phys. Chem., 81, 1170 (1977).
89. H. Eyring and J. O. Hirschfelder, J. Phys. Chem., 41, 249 (1937).
90. J. O. Hirschfelder, J. Chem. Edu., 16, 540 (1939).
91. H.V. Kehiaian, K. Sosnkwska-Kehiaian and R. Hryniewicz, J.

Chem. Phys., 68, 922 (1971).
92. S. Prakash, J. Singh and S. Srivastava, Acustica., 65, 263 (1988).
93. S. S. Joshi, T.M. Aminabhavi and R.H. Balundgi, J. Chem. Eng.

Data, 35, 185 (1990).
94. B. Jacobson, Arkiv. Kem., 2, 177 (1950).
95. K.C. Reddy, S. Subramanyan and J. Bhimasenachar, Trans. Fara-

day Soc., 58, 2352 (1962).
96. K. Nakanshi and H. Shirae, Bull. Chem. Soc. Jpn., 43, 1637 (1970).
97. I. Vibhu, M. Gupta and J. P. Shukla, WCU Paris., 7, 1355 (2003).
98. J. H. Hildebrand, R. L. Scott, Regular solutions, Prentice-Hall,

Englewood Cliffs, N. J, 8 (1962).
99. B. Hawrylak, K. Gracie and R. Palepu, J. Solution Chem., 27, 17

(1998).
100. M.R. Sameti, H. Iloukhani and M. Rakhshi, Asian J. Chem., 22,

5001 (2010).
101. U. S. Vural, V. Muradoglu and S. Vural, Bull. Chem. Soc. Ethiop.,

25, 111 (2011).
102. C. M. Romero and M. S. Páez, J. Sol. Chem., 36, 237 (2007).
103. M. Rodrigues and A. Z. Francesconi, J. Sol. Chem., 40, 1863

(2011).
104. J.D. Pandey, K. Mishra and V. Mishra, Acoustics Lett., 15, 2310

(1992).
105. L. Moravkova and J. Linek, J. Chem. Thermodyn., 35, 1119 (2003).
106. R. J. Fort and W.R. Moore, Trans. Faraday Soc., 62, 1112 (1996).
107. R. J. Fort and W.R. Moore, Trans. Faraday Soc., 61, 2102 (1965).
108. Y. Marcus, Introduction to liquid state chemistry, Wiley Inter-

science, New York (1977).
109. R. H. Stokes and R. Hills, Viscosity of electrolytes and related

properties, Pergamon Press, New York (1965).
110. H. Erying and M.S. John, Significant liquid structures, John Wiley

& Sons Inc., New York (1969).
111. G.A. Krestov, Thermodynamics of solutions, Ellis Horwood, New

York (1991).
112. K. Sheshadri and K. C. Reddy, Acustica., 29, 59 (1973).
113. B. Garcia, R. Alcalde, J.M. Leal and J. S. Matos, J. Chem. Soc.

Farady Trans., 93, 1115 (1997).
114. T. Singh and A. Kumar, J. Chem. Thermodyn., 40, 417 (2008).
115. A. Kumar, T. Singh, R. L. Gardas and J. A. P. Coutinho, J. Chem.



A review of molecular interactions in organic binary mixtures 1515

Korean J. Chem. Eng.(Vol. 31, No. 9)

Thermodyn., 40, 32 (2008).
116. S. Aznarez, M.M.E. F. de Ruiz Holgado and E. L. Arancibia, J.

Mol. Liq., 139, 131 (2008).
117. J. A. González, J. C. Cobos, I. Mozo and I. G. de la Fuente, J. Mol.

Liq., 126, 99 (2006).
118. T. Minamihonoki, H. Ogawa, S. Murakami and H. Nomura, J.

Chem. Thermodyn., 37, 1186 (2005).
119. J.A. González, J. C. Cobos, F. J. Carmona, I.G. de la Fuente, V.R.

Bhethanabotla and S.W. Campbell, Phys. Chem. Chem. Phys., 3,
2856 (2001).

120. D. Sena and M.G. Kimb, Fluid Phase Equilib., 303, 85 (2011).
121. D. Sen and M. G. Kimb. Fluid Phase Equilib., 280, 94 (2009).
122. D. Sen and M. G. Kimb Fluid Phase Equilib., 285, 30 (2009).
123. N.V. Sastry, R. R. Thakor and M.C. Patel J. Mol. Liq., 144, 13

(2009).
124. R. B. Torres, A. Z. Francesconi and P. L.O. Volpe, J. Mol. Liq.,

131, 139 (2007).
125. L. Su and H. Wang, J. Chem. Thermodyn., 41, 315 (2009).
126. H. A. Zarei, J. Chem. Eng. Data, 51, 1597 (2006).
127. H.A. Zarei and H. Iloukhani, Thermochim. Acta, 427, 201 (2005).
128. R.D. Perlta, R. Infante, G. Cortez, J. L. Angulo and J. Wisniak,

Phys. Chem. Liq., 40, 649 (2002).
129. R.D. Perlta, R. Infante, G. Cortez, A. Cisneros and J. Wisniak, Ther-

mochim. Acta, 398, 39 (2003).
130. N.V. Sastry and M.K. Valand, Phys. Chem. Liq., 38, 61 (2000).
131. C. Gonzalez, J.M. Resa, J. Lantz and M.A. Martinez de Ilarduya,

J. Phys. Chem. Data, 3, 183 (1997).
132. M. Kato and N. Suzuki, J. Chem. Thermodyn., 10, 435 (1978).
133. M. Sassi and Z. Atik, J. Chem. Thermodyn., 35, 1161 (1998).
134. L. Pikkarainen, J. Chem. Eng. Data, 28, 344 (1983).
135. A. Bhattacharjee and M.N. Roy, J. Chem. Eng. Data, 55, 5914

(2010).
136. M. I. Aralaguppi, C.V. Jadar and T.M. Aminabhavi, J. Chem. Eng.

Data, 44, 446 (1999).
137. N.V. Sastry and P.N. Dave, Int. J. Thermophys., 17, 1289 (1996).
138. N. V. Sastry and P. N. Dave, Proc. Indian Acad. Sci., 109, 211

(1997).
139. D. Venkatesulu, P. Venkatesu and M.V.P. Rao, J. Chem. Eng. Data,

41, 819 (1996).
140. H. Jloukhani, K.D. Reddy and M.V.P. Rao, Thermochem, 78, 269

(1984).
141. B. Luo, S. E.M. Hamam, G.C. Benson and B. C.Y. Lu, J. Chem.

Eng. Data, 32, 81 (1987).
142. S. L. Oswal, B.M. Patel, A.M. Patel and N.Y. Gael, Fluid Phase

Equilib., 206, 313 (2003).
143. B. Garcia, R. Alcalde, J.M. Leal and J. S. Matos, J. Chem. Soc.

Faraday Trans., 92, 347 (1996).
144. P. Assarson and F. R. Eirich, J. Phys. Chem., 72, 2710 (1968).
145. A. Ali and F. Nabi. J. Dispersion Sci.Tec., 31, 1326 (2010).
146. S. J. Peng, H.Y. Hou, C. S. Zhou and T. Yang, J. Chem. Thermo-

dyn., 39, 474 (2007).
147. F. Comelli, R. Francesconi, A. Bigi and K. Rubini, J. Chem. Eng.

Data, 52, 639 (2007).
148. B. Gonzalez, A. Dominguez and J. Tojo, J. Chem. Thermodynam-

ics., 38, 707 (2006).
149. S. L. Oswal, P. Oswal and R. Phalak, J. Solution Chem., 27, 507

(1998).

150. E. Zorebski, M. Zorebski and J. Nurek, Z. Phys. Chem., 216, 1323
(2002).

151. E. Zorebski and J. Nurek, Z. Phys. Chem., 216, 895 (2002).
152. L. Pikkarainen, J. Chem. Eng. Data, 32, 429 (1987).
153. P. Rajasekhar and K.S. Reddy, Thermochim. Acta, 117, 379 (1987).
154. R.C. Katyal, S. Sing, V.K. Rattan, P. Kanda and S. Acharya, J.

Chem. Eng. Data, 8, 1262 (2003).
155. A. Pineiro, Fluid Phase Equilib., 216, 245 (2004).
156. R.K. Nigam and P. P. Singh, Trans Faraday Soc., 65, 950 (1969).
157. R. P. Rastogi, J. Nath and J. Mishra, J. Phys. Chem., 71, 1277

(1967).
158. K. P. Rao and K. S. Reddy, Thermochim. Acta, 91, 321 (1985).
159. A. Ali, F. Nabi and M. Tariq, Int. J. Therm. Phys., 30, 464 (2009).
160. L. Pikkarainen, J. Chem. Eng. Data, 32, 429 (1985).
161. L. Pikkarainen, J. Chem. Thermodyn., 21, 1177 (1989).
162. W.A. Duncan, J. P. Sheriden and F. L. Swinton, Trans. Faraday

Soc., 62, 1090 (1966).
163. O. Kiyohara, S. C. Anand and G.C. Benson, J. Chem. Thermo-

dyn., 6, 355 (1974).
164. R.A. Clará, A. C.G. Marigliano, V.V. Campos and H.N. Sólimo,

Fluid Phase Equilib., 293, 151 (2010).
165. M.A. Rauf, M. Arfan and F. Aziz, J. Chem. Thermodyn., 15, 1021

(1983).
166. A. Cwiklinska and C. M. Kinart, J. Chem. Thermody., 43, 420

(2011).
167. M. Sassi and Z. Atik, J. Chem. Thermodyn., 35, 1161 (2003).
168. U.B. Kadam, A. P. Hiray, A. B. Sawant and M. Hasan, J. Chem.

Eng. Data, 51, 60 (2006).
169. A. Cooney and K.W. Morcom, J. Chem. Thermodyn., 20, 237

(1988).
170. M. Gepert and S. Ernst, J. Solution Chem., 32, 831 (2003).
171. R. Jadot and F. Fraiha, J. Chem. Eng. Data, 33, 237 (1988).
172. H. Daoudi and A. Ait kaci and O.T.-Igoudjilene. Thermochim. Acta,

543, 66 (2012).
173. M.T. Lorenzana, C. Franjo and E. Jiménez, J. Chem. Thermodyn.,

26, 809 (1994).
174. M. N. M. Al-Hayan, J. Chem. Thermodyn., 38, 427 (2006).
175. R.T. Lagemann and W.S. Dunbar, J. Phys Chem., 49, 428 (1945).
176. T. Takagi, J. Chem. Eng. Data, 41, 1325 (1996).
177. M. Habibullah, I.M.M. Rahman, M.A. Uddin, M. Anowar, M.

Alam, K. Iwakabe and H. Hasegawa, J. Chem. Eng. Data, 58, 2887
(2013).

178. M.B. Ewing, B. J. Levian and K.N. Marsh, J. Chem. Thermodyn.,
2, 689 (1970).

179. S. C. Bhatia, R. Rani and R. Bhatia, J. Chem. Eng. Data, 56, 1675
(2011).

180. L. Maravkova and J. Linek, J. Chem. Thermodyn., 35, 1139 (2003).
181. C. Yang, Z. Liu, H. Lei and P. Ma, J. Chem. Eng. Data, 51, 457

(2006).
182. M.V. Rathnam, D.R. Ambavadekar and M. Nandini, J. Chem.

Eng. Data, 58, 3370 (2013).
183. S. S. Bhatti, J. S. Virk and D. P. Singh, Acustica., 50, 291 (1982).
184. S. Prakash, K. S. Narayana and Omprakash, Can. J. Chem., 58,

942 (1980).
185. K. S. Reddy and P. R. Naidu, Ind. J. Chem., 19 A, 942 (1980).
186. M. Postigo, S. Canzonieri and A. Mariano. J. Mol. Liq., 143, 115

(2008).



1516 F. Nabi et al.

September, 2014

187. A. Pal and A. Kumar, Fluid Phase Equilib., 161, 153 (1999).
188. T. J. Mason and J. L. Luche, In Chemistry under extreme or non-

classical conditions, R.V Eldick, C.V. Hubbard, Wiley, New York,
317 (1997).

189. F. Aquino, W. Bohrath, L. Couturier, H. Pauling and S. Villiane,
Cost workshop, Santorini (1997).

190. M. J. Blandamer, Introduction to chemical ultrasonics, Academic
Press, London (1973).

191. R. L. Scott, Discussion Faraday Soc., 15, 113 (1953).
192. F. Corradini, A. Marchetti, M. Taghazucchi and L. Tossi, Bull.

Chem. Soc. Jpn., 68, 3373 (1995).
193. S. Ernst, J. Glinski and B. J. T. Towska, Acta Phys. Pol., A55, 501

(1979).
194. A. Pal and H. Kumar, J. Chem. Thermodyn., 26, 173 (2004).
195. G. Douheret, M. I. Davis, J.C.R. Reis and M. J. Blandamer, Chem.

Phys. Chem., 2, 148 (2001).
196. J. D. Pandey, B. R. Chaturvedi and N. Pant, Acoustic Lett., 4, 92

(1980).
197. D.K. Majumdar and A.R. Purkait, Ind. J. Pure Appl. Phys., 19,

973 (1981).
198. N. Pant, C.V. Chaturvedi and G.D. Chaturvedi, Z. Physik. Chem.,

264, 513 (1983).
199. J. D. Pandey and U. Gupta, Z. Physik. Chem., 268, 477 (1987).
200. S. J. Tangeda, S. Boodida and S. Nallani. J. Chem. Thermodyn.,

38, 1438 (2006).
201. J.K. Das, S.K. Dasha, N. Swain and B.B. Swain, J. Mol. Liq., 81,

163 (1999).
202. B. Jacobson, J. Chem. Phys., 20, 927 (1952).
203.W. Schaffs, Acustica., 33, 272 (1975).
204. J. Thamsen, Acta Chem. Scand., 19, 1939 (1965).
205. H. Pfeiffer and K. Hermans, Chem. Phys. Lett., 361, 226 (2002).
206. J. Glinski, J. Chem. Phys., 118, 2301 (2003).
207. J.D. Pandey, V. Vyas, Y. Akhtar, R. Wadhiwani and V. Dhari, Acus-

tica-Acta Acustica., 8, 976 (1998).
208. J. Acosta, A. Arce, E. Rodil and A. Soto, J. Chem. Eng. Data, 46,

1176 (2001).
209. L. Mosterio, E. Mascato, B.E. De Coninges, T. P. Iglesias and J. L.

Legido, J. Chem. Thermodyn., 33, 787 (2001).
210. S. Baluja, J. Indian Chem. Soc., 79, 142 (2002).
211. M.N. Roy, A. Sinha and B. Sinha, J. Sol. Chem., 34, 1311 (2005).
212. A. Arce, A.A. Jr., E. Rodil and A. Soto, J. Chem. Eng. Data, 45,

536 (2000).
213. V.K. Misra, I. Vibhu, R. Singh, M. Gupta and J. P. Shukla, J. Mol.

Liq., 135, 166 (2007).
214. M.M. Palaiologou, G. K. Arianas and N. G. Tsierkezos, J. Sol.

Chem., 35, 1551 (2006).
215. A. F. F. S. Mendonca, F. A. Dias and I. M. S. Lampreia, J. Sol.

Chem., 36, 13 (2007).
216. D. B. K. Kumar, K. R. Reddy, G. S. Rao, P. B. Sandhyasri, Z.

Begum and C. Rambabu, J. Mol. Liq., 183, 31 (2013).
217. B.T. Mmereki, I. Oathotse and W.A.A. Ddamba, J. Chem. Ther-

modyn., 42, 1346 (2010).
218. M. Rani, S. Gahlyan, H. Om, N. Verma and S. Maken, J. Mol. Liq.,

194, 100 (2014).
219. J. D. Pandey, R. Dey and D.K. Dwivedi, Pramana - J. Phys., 52,

187 (1999).
220. R. Dey, A.K. Singh and J.D. Pandey, J. Mol. Liq., 124, 121 (2006).

221. R. Mehra and R. Israni, J. Indian Chem. Soc., 79, 145 (2002).
222. K. Rajagopal and S. Chenthilnath. Chin. J. Chem. Eng., 18, 804

(2010).
223. J. George and N.V. Sastry, J. Chem. Eng. Data, 48, 977 (2003).
224. J.N. Nayak, M. I. Aralaguppi and T.M. Aminabhavi, J. Chem.

Eng. Data, 48, 1152 (2003).
225. B. Thanuja, G. Nithya and C.C Kanagam. Ultrasonics Sonochem-

istry, 19, 1213 (2012).
226. S. L. Oswal, M.M. Maisuria and R. L. Gardas., J. Mol. Liq., 109,

155 (2004).
227. V. Vyas and T. Nautiyal, Pramana - J. Phys., 59, 663 (2002).
228. Altenberg, Z. Phys. Chemie., 217, 71 (1961).
229. K. Arakawa and M. Doi, Bull. Chem. Soc. Jpn., 47, 2639 (1938).
230. H. Eyring and J. F. Kincaid, J. Chem. Phys., 6, 620 (1938).
231. S. Singh, I. Vibhu, M. Gupta and J. P. Shukla, Chinese J. Phys.,

45, 412 (2007).
232. S. Kamila and V. Chakravortty, Int. J. Appl. Sci. Eng., 7, 11 (2009).
233. R. Natarajan and P. Ramesh, J. Pure Appl. Ind. Phys., 1, 212

(2011).
234. K.M. Krishnan, K. Rambabu, P. Venkateswarlu and G.K. Raman,

J. Chem. Eng. Data, 40, 128 (1995).
235. J. Rajasekhar and P.R. Naidu, J. Chem. Eng. Data, 41, 373 (1996).
236. J.D. Pandey, J. Chem. Soc. Faraday Trans., I 175, 2160 (1979).
237. J. D. Pandey and K. Mishra, Acoustic Lett., 6, 148 (1983).
238. P. J. Flory, J. Am. Chem. Soc., 87, 1833 (1965).
239. P. J. Flory and A. Abe, J. Am. Chem. Soc., 87, 1838 (1965).
240. J.D. Pandey, Shikha, A.K. Shukla and A.K. Singh, Pramana.,

43, 353 (1994).
241. I. Vibhu, A. Misra, M. Guptha and J. P. Shukla, Pramana J. Phys.,

62, 1147 (2004).
242. J.D Pandey, V. Sanguri, M.K. Yadav and A. Singh, Ind. J. Chem.,

47A, 1020 (2008).
243. B. Jacobson, Acta Chem. Scand., 6, 1485 (1952).
244. M. V. Kaulguad, Acustica., 15, 383 (1965).
245. K. C. Reddy and K. Seshadri, Acustica., 29, 59 (1973).
246. J.D. Pandey and R. L. Mishra, J. Chem. Phys., 73, 5301 (1980).
247. J. D. Pandey and S. N. Srivastava, Acustica., 51, 66 (1982).
248. C. V. Suryanarayana and J. Kuppusami, J. Acoust. Soc. India.,

IV(3), 75 (1976).
249. A. Martin, P. Bustamanta and A.H.C. Chun, Physical pharmacy,

4th Ed., Lea and Febiger, Philadelphia (1993).
250. Liler, Kosanovic, Hydrogen bonding, Hadzi, Pergamon Press, Lon-

don (1959).
251. P. Assarson and F. R. Eirich, J. Phys. Chem., 72, 2710 (1968).
252. W.D. Monnery, W.Y. Svrcek and A.K. Mehrotra, Can. J. Chem.

Eng., 73, 3 (1995).
253. V. Rodriguez, H. Artigas, C. Lafuente, F.M. Royo and J. S. Uri-

eta, J. Chem. Thermodyn., 26, 1173 (1994).
254. E. Jimenez, C. Franjo, L. Segade, J. L. Legido and M. I. P. Andrade,

J. Sol. Chem., 27, 569 (1998).
255. L. Mussari, M. Postigo, C. Lafuente, F.M. Royo and J. S. Urieta,

J. Chem. Eng. Data, 45, 86 (2000).
256. C. Infante, H. Artigas, C. Lafuente, A.M. Mainar and J. S. Urieta,

Phys. Chem. Liq., 39, 739 (2001).
257. H. Artigas, C. Lafuente, S. Martin, J. Pardo and J. S. Urieta, Int. J.

Thermophys., 22, 1629 (2001).
258. L.D. Naake, G. Weigand and E.U. Franck, Z. Phys. Chem., 216,



A review of molecular interactions in organic binary mixtures 1517

Korean J. Chem. Eng.(Vol. 31, No. 9)

1295 (2002).
259. M. Postigo, A. Mariano, L. Mussari and S. Canzonieri, J. Sol.

Chem., 30, 1081 (2002).
260. T.A. Back and K. Anderson, Acta Chem. Scand., 12, 1367 (1958).
261. A. Villares, S. Rodriguez, C. Lafuenta, F. M. Royo and M. C.

Lopez, J. Sol. Chem., 33, 1119 (2004).
262. M. R. Islam and S. K. Quodri, Thermochim. Acta, 115, 1335

(1987).
263. M.M.H. Bhuiyan, J. Feadaush and M.H. Uddin, J. Chem. Ther-

modyn., 39, 675 (2007).
264.W.R. Liau, M. Tang and Y. P. Chen, J. Chem. Eng. Data, 43, 826

(1998).
265. J. T. Chen and W.C. Chang, J. Chem. Eng. Data, 50, 1753 (2005).
266. F. Comelli, R. Francesconi, A. Bigi and K. Rubin, J. Chem. Eng.

Data, 51, 1711 (2006).
267. H. Djojoputro and S. Ismadji, J. Chem. Eng. Data, 50, 2003 (2005).
268. B. S. Lark, M. Mehra, S. L. Oswal and N.Y. Ghael, Int. J. Therm.

Phys., 24, 475 (2003).
269. N.G. Tserkezos and J.E. Molinou, Z. Phys. Chem., 216, 961 (2002).
270. A. Rodriguez, J. Canosa, A. Dominguez and J. Tojo, J. Chem. Eng.

Data, 48, 146 (2003).
271. T. J. Chen and W.C. Chang, J. Chem. Eng. Data, 50, 1991 (2005).
272. H. Iloukani, M.R. Sameti and H.A. Zarei, Therm. Chim. Acta,

438, 9 (2005).
273.W. Kauzman and H. Eyring, J. Am. Chem. Soc., 62, 3113 (1940).
274. O. Goates and Budge, J. Phys. Chem., 66, 138 (1962).
275. J.M.G. Cowie and P.M. T. Oporowski, Can. J. Chem., 39, 2240

(1961).
276. K. Tiwari, C. Patra, S. Paadhya and V. Chakrovorthy, Phys. Chem.

Liq., 21, 254 (1996).
277. D. B. K. Kumar, K. R. Reddy, G. S. Rao, G. V. R. Rao and C.

Rambabu, J. Mol. Liq., 174, 100 (2012).
278. X. Li, G. Xu, Y. Wang and Y. Hu, Chin. J. Chem. Eng., 17, 1013

(1009).
279. X.-X. Li, W.-D. Zhou, X.-Y. Li, J.-L. Sun and W. Jiang. J. Mol. Liq.,

148, 73 (2009).
280. A. Bondi, Rheology, Vol. I, F. R. Eirich Edn., Academic Press Inc.,

New York (1956).
281. G.A. Krestov, Thermodynamics of solutions, Ellis Horwood, New

York (1991).
282. B. Gonzalez, A. Dominguez, J. Tojo and R. Cores, J. Chem. Eng.

Data, 43, 580 (1998).
283. H. Artigas, M. Dominguez, A.M. Mainar, M.C. Lopez and F.M.

Royo, J. Chem. Eng. Data, 43, 580 (1998).
284. H. Artigas, P. Cea, J. Pardo, F.M. Royo and J. S. Urieta, Int. J. Ther-

mophys., 17, 347 (1996).
285. C. Lafuente, H. Artigas, J. Pardo, F.M. Royo and J. S. Urieta, J.

Solution Chem., 25, 303 (1996).
286. G. Czechowski and J. Jadzyn, Z. Naturforsh., 58a, 317 (2003).
287. G. Czechowski and J. Jadzyn, Z. Naturforsh., 58a, 321 (2003).
288. G. Czechowski, A. Rabiega and J. Jadzyn, Z. Naturforsh., 58a, 569

(2003).
289. G. Czechowski, P. Jarosiewicz, A. Rabiega and J. Jadzyn, Z. Natur-

forsh., 59a, 119 (2004).
290. P. Jarosiewicz, G. Czechowski and J. Jadzyn, Z. Naturforsh., 58a,

559 (2004).
291. S. L. Oswal, K.D. Prajapati, P. Oswal, N.Y. Ghael and S. P. Ijar-

dar, J. Mol. Liq., 116, 73 (2005).
292. G. E. Papanastasiou and I. I. Ziogas, J. Chem. Eng. Data, 36, 46

(1991).
293. M.A. Chowdhury, M.A. Majid and M.A. Saleh, J. Chem. Ther-

modyn., 33, 347 (2001).
294. G. P. Dubey, K.K. Mehra and M. Sharma. J. Chem. Thermodyn.,

42, 234 (2010).
295. M. Gowrisankar, P. Venkateswarlu, K. S. Kumar and S. Sivaram-

babu, J. Mol. Liq., 173, 172 (2012).
296. M. Hasan, A. B. Sawant, R.B. Sawant and P.G. Loke. J. Chem.

Thermodyn., 43, 1389 (2011).
297. M.L. Kijevcanin, E.M. Zivkovic, B.D. Djordjevic, I. R. Radovic,

J. Jovanovic and S. P. Šerbanovic. J. Chem. Thermodyn., 56, 49
(2013).

298. M.A. Saleh, O. Ahmed and M. S. Ahmed, J. Mol. Liq., 115, 41
(2004).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


