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( i ) 

ABSTRACT 



(ii) 

The thesis entitled, 'A Study on the Transport 

Behaviour of Single and Mixed Electrolytes', consists 

of 5 chapters. 

A general introduction to the study made in the 

thesis is given in Chapter I. In Chapter II we have desc­

ribed the experimental techniques used and also the compu­

tation methods used for the treatment of experimental 

data . 

In Chapter III densities and electrical conductances 

of [xNaSCN+(1-X)KSCN]+RHpO system were measured as functions 

of x,R and temperature. The mixed alkali effect (MAE) on 

electrical conductance has been found to be negligible 

when R >10 and it increased sharply with increase in concen­

tration in the range R < 10. It has been pointed out that 

the value of R at whipii the MAE on electrical conductance 

starts becoming significant falls in the concentration 

range (lower one) where specific conductance maximum of 

one of the two constituent electrolytes of the mixed electro­

lytic solution occurs. The occurrence of the MAE on electri­

cal conductance has been explained in terms of the. anion 

polarization model. In the experimental temperature range 



(iii) 

(283K to 323K) the MAE on electrical conductance is found 

to be almost independent of temperature. 

The concentration dependence of molar conductance 

(A) of both single (x=0.0 and 1.0) and mixed (x^O.O or 

1.0) electrolytic solutions has been described satisfacto­

rily by an empirical equation of the form 

A =ApLj^ exp (B'^C+C'^C^) (A.1) 

where A is the Falkenhagen-Leist-Kelbg(FLK) equation 

for A, c is the molar concentration and the parameters 

Bl and C| are the empirical constants. The best-fit para­

meters of this equation, viz., a (ion-size parameter), 

B^ and C.', are tabulated. Ĉ ' is found to have always nega­

tive values. The value of B'. is found to be positive for 

electrolytes exhibiting negative viscosity (relative visco­

sity < 1 ) and IS negative otherwise. 

In the experimental temperature range from 283K-

to 323K A shows a slight non-Airrhenius type of dependence 

on temperature. The A versus T data are therefore fitted 

to the Vogel-Tammann-Fulcher (VTF) equation. From the 

best-fit values of the VTF parameters activation energies 

(E ŷ  ) for conductance flow are calculated.- The plot of E . 

versus concentration exhibits minimum in the case of both 

single and mixed electrolytic solutions . 



(iv) 

In Chapter IV density and electrical conductance 

measurements of [xNaNO,+(1-x)KNO^]+RH2O system were made 

as functions of x,R and T. The MAE on electrical conductance 

has been found to be negligible upto R=25 and becomes 

significant beyond R<20. In this system the value of R 

at which the MAE on electrical conductance starts becoming 

significant has no correlation with the concentration 

range where specific conductance maximum of one of the 

two constituent electrolytes of the mixed electrolytic 

system occurs unlike the case with the [xNaSCN+(1-x)KSCN]+RH2O 

system. On the other hand, it has been found that in mixed 

electrolytic system the concentration range at which the 

MAE on electrical conductance starts becoming significant 

coincides with the concentration range at which the plot 

of AA versus R deviates from linearity where AA is the 

difference in A of the two pure electrolytic solutions 

(x=0.0 and 1.0). From the plots of AA versus R drawn for 

different pairs of electrolytes, it has been observed 

that the dependence of AA on R follows a general trend. 

The concentration dependence of molar conducta^nce A 

has been described satisfactorily by equation(A. 1) . The • 

low value of the ion-size parameter a obtained for pure 

KNO^ solution has been discussed. The BL parameter has 

been correlated to the activation energy required per 
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mole of water to change the equilibrium position near 

to the ion to one near to the bulk water. 

The dependence of A of [ xNaNO^+( 1-x)KN02]+RH2O 

system on T in the range from 283K to 313K is also found 

to be slightly non-Arrhenius type. 

In Chapter V an attempt has been made to provide 

a theoretical basis to the above empirically introduced 

isothermal equation(A. 1) . This has been" achieved by expres­

sing the drift velocity v, of an ion in solution as 

* , , (A.2) 

^d " ^d P̂ ™̂  

where p(m) is the probability that the ion possesses the 

minimum requirement necessary for the ionic transport 

to take 'place and is dependent on the concentration (m) 

of the solution, v,* is equal to v, only when p(m) is 

approximated to 1 . v,* is evaluated using the Debye-Huckel 

ionic atmosphere concept. The Falkenhagen-Leist-Kelbg 

approach has been employed to obtain an expression for A 

which is of the form, A= A„,„p(m). p(m) has been evaluated 

separately from the transition state theory, the free 

volume model and the configuration entropy model. In all 

the cases equation (A.I) for A has been deduced after 

using the solution of infinite dilution as the reference 
frame of p(o) = 1 . An expression for p(m) has also been 



(vi) 

obtained directly in the light of a newly proposed simple 

two-state model. The applicability of equation{A.1) has 

been further tested by fitting the reported A versus con­

centration ' data of several 1:1 electrolytic solutions.. 

Equation (A.I) was reduced to the form of a ,modified 

Wishaw-Stokes equation given by 

^ = ̂ FLK ^ ^ o / ^ ) " (A.3) 

where n is a numerical constant, n and r\ are the viscosities 

of water and solution, respectively. Equation (A.3) was 

also applied to describe the concentration dependence 

of A of several electrolytic solutions. 

v.* 
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ABSTRACT 



(ii) 

The thesis entitled, 'A Study on the Transport 

Behaviour of Single and Mixed Electrolytes', consists 

of 5 chapters. 

A general introduction to the study made in the 

thesis is given in Chapter I. In Chapter II we have desc­

ribed the experimental techniques used and also the compu­

tation methods used for the treatment of experimental 

data . 

In Chapter III densities and electrical conductances 

of [xNaSCN+(1-x)KSCN]+RH~0 system were measured as functions 

of x,R and temperature. The mixed alkali effect (MAE) on 

electrical conductance has been found to be negligible 

when R >10 and it increased sharply with increase in concen­

tration in the range R < 10. It has been pointed out that 

the value of R at which the MAE on electrical conductance 

starts becoming significant falls in the concentration 

range (lower one) where specific conductance maximum of 

one of the two constituent electrolytes of the mixed electro­

lytic solution occurs. The occurrence of the MAE on electri­

cal conductance has been explained in terms of the anion 

polarization model. In the experimental temperature range 



( i l l ) 

(283K to 323K) the MAE on electrical conductance is found 

to be almost independent of temperature. 

The concentration dependence of molar conductance 

(A) of both single (x=0.0 and 1.0) and mixed (x^O.O or 

1.0) electrolytic solutions has been described satisfacto­

rily by an empirical equation of the form 

A = \ L K ^^P (B'^C+C'^C^) • (A.I) 

where Â rt/ is the Falkenhagen-Leist-Kelbg (FLK) equation 

for A, c is the molar concentration and the parameters 

Bi and Ci are the empirical constants . The best-fit para­

meters of this equation, viz., a (ion-size parameter), 

Bi and C}, are tabulated. C.' is found to have always nega­

tive values. The value of B', is found to be positive for 

electrolytes exhibiting negative viscosity (relative visco­

sity < 1 ) and is negative otherwise. 

In the experimental temperature range from 283K 

to .323K'A shows a slight non-Arrhenius type of dependence 

on temperature. The A versus T data are therefore fitted 

to the Vogel-Tammann-Fulcher (VTF) equation. From the 

best-fit values of the VTF parameters activation energies 

(E yy ) for conductance flow are calculated. The plot of E, 

versus concentration exhibits minimum in the case of both 

single and mixed electrolytic solutions . 
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In Chapter IV density and electrical conductance 

measurements of [xNaNO^+(1-x)KNO^]+RH2O system were made 

as functions of x,R and T. The MAE on electrical conductance 

has been found to be negligible upto R=25 and becomes 

significant beyond R<20. In this system the value of R 

at which the MAE on electrical conductance starts becoming 

significant has no correlation with the concentration 

range where specific conductance maximum of one of the 

two constituent electrolytes of the mixed electrolytic 

system occurs unlike the case with the [xNaSCN+(1-x)KSCN]+RH_0 

system. On the other hand, it has been found that in mixed 

electrolytic system the concentration range at which the 

MAE on electrical conductance starts becoming significant 

coincides with the concentration range at which the plot 

of AA versus R deviates from linearity where AA is the 

difference in A of the two pure electrolytic solutions 

(x=0.0 and 1.0). From the plots of AA versus R drawn for 

different pairs of electrolytes, it has been observed 

that the dependence of AA on R follows a general trend. 

The concentration dependence of molar conductance A 

has been described satisfactorily by equation(A. 1) . The 

low value of the ion-size parameter a obtained for pure 

KNO-, solution has been discussed. The B'̂  parameter has 

been correlated to the activation energy required per 
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mole of water to change the equilibrium position near 

to the ion to one near to the bulk water. 

The dependence of A of [ xNaNO,+( 1-x )KNO, ]+RH2O 

system on T in the range from 283K to 313K is also found 

to be slightly non-Arrhenius type. 

In Chapter V an attempt has been made to provide 

a theoretical basis 'to the above empirically introduced 

isothermal equation(A. 1) . This has been achieved by expres­

sing the drift velocity v, of an ion in solution as 

v^ = v^*p(m) ^^-2^ 

where p(m) is the probability that the ion possesses the 

minimum requirement necessary for the ionic transport 

to take place and is dependent on the concentration (m) 

of the solution, v,* is equal to v, only when p(m) is 

approximated to 1 . v,* is evaluated using the Debye-Huckel 

ionic atmosphere concept. The Falkenhagen-Leist-Kelbg 

approach has been employed to obtain an expression for A 

which is of the form, A= A„,i/P(ni)- p(ni) has been evaluated 

separately from the transition state theory, the free 

volume model and the configuration entropy model. In all 

the cases equation (A.I) for A has been deduced after 

using the solution of infinite dilution as the reference 

frame of p(o) = 1 . An expression for p(m) has also been 
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obtained directly in the light of a newly proposed simple 

two-state model. The applicability of equation(A.1) has 

been further tested by fitting the reported A versus con­

centration data of several 1 :1 electrolytic solutions. 

Equation (A.l) was reduced to the form of a modified 

Wishaw-Stokes equation given by 

where n is a numerical constant, n and n are the viscosities 

of water and solution, respectively. Equation (A.3) was 

also applied to describe the concentration dependence 

of A of several electrolytic solutions. 



CHAPTER - I 

GENERAL INTRODUCTION 



One of the aims of physical chemistry since its 

earliest days has been to study the thermodynamic (equili­

brium) and transport (non-equilibrium) properties of electro­

lytic systems. Out of these two types of properties of 

electrolytes, the transport properties are relatively more 

difficult to deal with and have provided a most challenging 

field for experimental as well as theoretical research. 

Most commonly studied transport properties are electrical 

conductance, viscosity and diffusion. An inter-relation 

exists between these three properties as evident from Stokes-

Einstein and Nernst-Einstein relations. A large amount 

of the systems whose transport properties have been investi­

gated may be classified as solutions of single inorganic 

salts in various solvents. Aqueous medium is obviously 

the most extensively used solvent medium. Organic and molten 

solvents are normally used as the non-aqueous medium. In 

addition, pure molten salts (systems with no solvent medium 

or solutions of infinite concentration) form another inte­

resting type of system for investigating transport proper­

ties and mechanism of transport. 

The transport properties of a system like its thermo­

dynamic properties have dependence on temperature, pressure 



and concentration (if the system is a solution) . In the 

last few decades, interpretation of the behaviour pattern 

of transport properties with respect to temperature, pressure 

and concentration has been a subject of active research. 

A brief review of this is made below. The discussion is 

mostly confined to electrical conductance since our study 

in this work deals with only electrical conductance of 

electrolytic systems. 

1.1 Temperature Dependence 

Normally Arrhenius-type (temperature independent 

activation energy for the transport) of temperature depen­

dence of electrical conductance is observed at high tempera­

tures which changes over to non-Arrhenius-type at lower 

temperatures. The temperature range at which switch-over 

from Arrhenius to non-Arrhenius-type of behaviour takes 

place depends upon the system under consideration. The 

non-Arrhenius behaviour is more pronounced if the transport 

property is measured over a wide range of temperature. 

Therefore, sometimes when the transport property measurement 

is made over a narrow temperature range the non-Arrhenius 

behaviour is not observed. A return to the Arrhenius-type 

behaviour at very low temperature is also known./ The devia­

tion from the familiar Arrhenius-type of temperature depen­

dence of transport property therefore necessitated a rethinking 



about the transport mechanism in liquid or electrolytic 

1—6 systems leading to the development of several empirical 

7-13 as well as statistical-mechanical models for describing 

the transport mechanism in liquids/electrolytes. Some of 

these models are discussed in the following section. 

1.1.1 Models 

The most widely used expression for describing the 

non-Arrhenius-type of transport property versus temperature 

1 -3 behaviour .is the Vogel-Tammann-Fulcher{VTF) equation 

of the form 

Y = A exp[-B /(T-T )] (1.1) 

where Y is the electrical conductance. Y can be fluidity 

or diffusion coefficient also. A , B and T are empirical 
y' y o '̂  

constants and T is the absolute temperature. Although the 

VTF equation was originally reported as an empirical equa­

tion, it may now be derived from theoretical models. The 

first model which provided a theoretical basis to the VTF 
4 

equation or to the Doolittle's empirical equation is the 

free volume model of Cohen and Turnbull. This model is 

based on the following assumptions: (i) A hard-sphere poten­

tial function is considered for the liquid. (ii) It is 

possible to associate a local volume v of molecular scale 

with each molecule, (iii) When v reaches some critical value 



V , the excess v-v is regarded as free volume, (iv) Molecu-

lar transport occurs only when voids having a volume greater 

than some critical value v* approximately equal to the 

molecular volume v are formed by the redistribution of 
m -̂  

the free volume or by the density fluctuation, (v) No local 

free energy is required for free volume redistribution. 

According to this model any transport property Y is propor­

tional to p(v), the probability that the moving species 
7 

has free volume v. Cohen and Turnbull derived that 

p(v) = exp(-YV*/Vj) (1 .2) 

where V* and V^ are the critical volume and the average 

free volume, respectively, per mole, y is a factor which 

corrects for the overlapping of free volumes. Since V^°^(T-T ), 

equation (1 .1) is deducible from this free volume model. 
9 

Naghizadeh showed that in the neighbourhood of the average 

free volume per molecule, v,, even if the void energy varies 

linearly with the void volume, the expression of Cohen 

and Turnbull for transport property holds good. Recently 

1 3 Cohen and Crest formulated more precisely the free volume 

model by the introduction of the percolation theory. Angell 

14-21 and coworkers initiated the extensive use of the Cohen-

Turnbull model to describe the transport properties of 

glass-forming molten salt systems and concentrated electro­

lytic systems. 



Macedo and Litovitz used the concept of both energy 

and free volume requirement for the molecular transport 

to take place and obtained a hybrid-type equation for trans­

port property of liquids. A similar equation was later 

22 23 

derived theoretically by Chung also. Brummer, however, 

made a comment on the inadequacy of this hybrid equation 

to account for the density dependence of the activation 

energy at constant volume. 

Other two models which also account for the non-

Arrhenius-type of temperature dependence of transport pro-

24 perty are the significant liquid structure model and 

the environmental relaxation model. These models are, 

however, relatively less used. The significant liquid struc­

ture model is although based on a sound concept and one 

of the best models to describe the thermodynamic properties 

of liquids, its effective application to describe the trans­

port properties still requires an improved alternative 

treatment. 

Another statistical-mechanical model which is very 

frequently employed to describe the non-Arrhenius-type 

of temperature dependence of transport property is the 
o 

Adam-Gibbs configurational entropy model. This model is 

many a times considered to have an edge over the free volume 
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model. For instance, it can qualitatively, if not quantita­

tively, account for the volume dependence of constant volume 

activation energy for transport processes, whereas the 

free volume model fails to explain this. ' Since this 

model has been employed here to describe the temperature 

dependence of transport property of mixed alkali systems, 

it would be useful to give the description of this model. 

In this model the system is assumed to be an isobaric-iso-

thermal ensemble of N independent, equivalent and distingui­

shable subsystems composed of z particles each. Any transport 

property is then considered to be proportional to the proba­

bility of rearrangement of the subsystems from one configu­

ration into another independent of the environment. This 

probability is known as the transition probability. The 

cooperative rearrangement is controlled by the energy require­

ment and can occur due to a sufficient fluctuation in energy. 

Therefore, out of the N subsystems only n may be in states 

which allow a cooperative rearrnagement. Moreover, for 

the transition to occur the size of the subsystem must 

be larger than a critical size, z* . Based on such a model 

Adam and Gibbs derived an expression for the transition 

probability, w(T) of the form 

w(T) = A exp(-B/TS ) (1.3) 

where A and B are constants and S is the conf igurational 
c 



entropy of the system. T is the absolute temperature and 

B is directly related to the activation free energy per 

particle. Any transport property, Y like electrical conduc­

tance, diffusion coefficient or fluidity may be directly 

correlated to this transition probability and therefore 

Y = A' exp (-BVTS^) (1.4) 

A' and B' are again empirical constants corresponding to 

the transport property, Y. S is estimated from the relation 

T 
S = ^/ AC dlnT (1 .5) 

o ^ 

where AC is the difference in the heat capacities of 

the melt and the glass. T is the same term which appears 

in the VTF equation (1.1). Generally, AC is assumed to 

be temperature independent and equation (1.5) becomes 

S = AC ln(T/T ) (1.6) 
c p o 

Equation (1 .4) is reduced to the VTF equation by approxima­

ting at temperature not too far above T that Tln(T/T )cr(T-T ) 

1 .1 .2 Glass Transition Phenomenon 

In the VTF equation T is a very significant para­

meter known as the ideal glass transition temperature. 

In order to realize its significance better, a brief account 



of the glass transition phenomenon is given below. 

In the conventional sense the temperature range 

of the liquid state is usually considered to be from the 

normal boiling point (upper limit) to the equilibrium freez­

ing point (lower limit). It is, however, possible to extend 

this normal temperature range of the liquid state by by­

passing both the upper and lower limits. The upper limit 

may be extended by performing measurements either in closed 

vessels or, in general, at pressures higher than the atmos­

pheric pressure. In- such cases the upper boundary for the 

liquid state is more appropriately taken as the critical 

temperature, T . The lower limit may like-wise be bypassed 

by supercooling a liquid as liquids have a tendency to 

remain in a state of internal equilibrium even below their 

normal freezing points. In nature some of the liquids, 

e.g., hydrate melts or highly concentrated aqueous electro­

lytes, have inherent tendency to supercool whereas in the 

rest of the liquids supercooling may be induced. The inherent 

tendency of some of the liquids to supercool may be under-

stood in terms of the model developed by Turnbull and Cohen 

based on the kinetic considerations of crystallization. 

In the absence of a foreign nucleating agent crystalliza­

tion is governed by the two parameters, AG. and AG^. AĜ  is 

the kinetic free energy barrier to the nucleation and 

AG^ is the kinetic free energy barrier to the growth of the 
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finite crystal. In any system, if one of these energy terms 

has a high value then crystallization of such a system 

will be hindered. In liquids which do not have an inherent 

tendency to supercool, crystallization may be averted by 

the sudden quenching of the system such that there may 

not be sufficient time for the crystal nuclei to form. 

The tendency of a liquid to supercool as well as 

the duration of its existence in the supercooled state 

vary considerably from system to system. If the properties 

of a supercooled liquid are measured at increasingly low 

temperatures without the onset of crystallization, a point 

is eventually reached at which equilibrium properties can 

no longer be determined for the liquid due to the interven­

tion of a non-equilibrium process, the glass transition. 

Therefore, glass is a supercooled liquid which has undergone 

the glass transition. The transition of a supercooled liquid 

into glass is characterized by a more or less sudden decrease 

in the intensive thermodynamic properties like heat capacity, 

expansion coefficient and compressibility from liquid-like 

values to values which are very close to, but generally 

greater than, those of the crystalline phase of the sub­

stance. In the temperature region where transition occurs, 

the viscosity increases rapidly, but not discontLnuously, 

1 3 to values in the vicinity of 10 P. It must be emphasized 

that changes in the thermodynamic properties do not occur 
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merely because the viscosity becomes high, rather the changes 

must occur in order to save from the occurrence of a thermo-

27 dynamic catastrophe as pointed out by Kauzmann viz., 

the production of an amorphous phase of lower entropy than 

the crystalline phase of the same substance at the same 

temperature. The value of experimental glass transition 

temperature depends upon the cooling and heating rates 

of the system. However, the glass transition, although 

it is a non-equilibrium phenomenon, possesses many of the 

characteristics of a second order thermodynamic transition. 

It may be pointed out that the experimental glass transition 

temperature, T is generally ca. 10-20K higher than the 

ideal (reversible) glass transition temperature T obtainable 

from curve-fitting of the transport properties to the VTF 

equation. 

1 .2 Pressure Dependence 

Generally one expects an increase in electrical 

conductance of a melt/electrolytic solution with increasing 

temperature. The experiments carried out by Grantham and 

28 — 31 
Yosim on pure melts at high temperatures, however, 

showed for the first time that a decrease in the electrical 

conductance of molten salts takes place with increase in 

temperature in the very high temperature region. This revealed 

the dependence of conductance on density also besides having 
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temperature dependence. Since the density of a system varies 

by changing the temperature, the temperature dependence 

of conductance also includes an inherent volume dependence 

part of conductance. A precise interpretation of the tempe­

rature dependence of electrical conductance therefore requi­

res separation of the temperature and volume dependence 

parts of the conductance. This prompted, in fact, the measu­

rement of electrical conductance as a function of pressure 

as well as the PVT measurements of electrolytes. For com­

pletely ionized melts with increasing pressure the molar 

conductance decreases whereas for partially ionized molten 

salts it exhibits an initial increase with increase in 

32 

pressure before showing a decreasing trend. In general, 

electrical conductance decreases with decreasing density 

of a fully ionized system. In fact, in the supercritical 

region where the density can be varied continuously by 

applying pressure without the interference of any phase 

change a change-over from an ionic conductor to insulator 

has been observed. 

In aqueous electrolytic solutions the dependence 

of pressure on electrical conductance is slightly different 

34 because of the effect of pressure on solvent structure. 

At infinite dilution and ambient temperatures the molar 

conductance increases with pressure to a maximum in the 
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vicinity of 1 to 1 .5 kbar and thereafter it decreases conti-

nuously. ' Such a behaviour is attributed to the break­

down of water structure with increasing pressure as reflected 

by the viscosity of water which passes through a minimum 

at 1 kbar. Above 4 0°C the molar conductance of electro­

lytic solutions at infinite dilution decreases monotonically 

with increase in pressure without exhibiting any maximum. * 

This behaviour of conductance is attributed to the fact 

that the minimum observed in the viscosity of water around 

37 

1 kbar disappears above 30°C. The decrease in molar conduc­

tance with increasing pressure (beyond ~1 .5 kbar at ambient 

temperatures) is due to the decrease in the mobility of 

ions at higher pressures. Similar behaviour of molar conduc­

tance with respect to pressure is observed for completely 

dissociated electrolytes like alkali halide solutions even 

at finite concentrations. ' ' Molar conductance of 

associated electrolytes at finite concentrations also exhibi-

4 0-4 3 

ts a similar behaviour with respect to pressure. How­

ever, in this case the ascending portion of the molar conduc­

tance versus pressure or density curve is predominantly 

due to the increased ionization of the electrolyte. At 

the conductance maximum the electrolyte is completely ioni­

zed. With increasing concentration of the associated electro­

lytes the conductance maximum is shifted to higher pressu­

res. At high temperatures, the dependence of molar conductance 
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of fully ionized electrolytic solutions on pressure becomes 

4 5-52 similar to that of associated electrolytes . This is 

because at high temperatures due to lowering in the dielec­

tric constant of water even fully ionized electrolytes, 

e.g., alkali halide solutions, are appreciably associated. 

As the pressure increases the dielectric constant of the 

solvent also increases causing increase in the degree of 

dissociation which in turn increases the conductance of 

the solution. Beyond a particular pressure again dependence 

of ionic mobility on pressure dominates resulting in the 

decrease of molar conductance with pressure. Therefore, 

the dependence of molar conductance on pressure is the 

same in the case of both partially ionized molten salts 

and electrolytic solutions. In general, increase in pressure 

or density enhances the degree of dissociation of an electro­

lyte . 

1 .3 Concentration Dependence 

Concentration dependence of transport properties 

of electrolytic systems has been bothering the physical 

chemists from the time of Ostwald (1888) onwards. Several 

empirical, semi-empirical and theoretical equations have 

been reported for expressing the concentration dependence 

of transport properties which are compiled comprehensively 
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53 in the recent review work of Horvath. It may, however, 

be pointed out that despite intensive work over several 

decades in both the theoretical and experimental areas, 

there still does not exist a satisfactory equation which 

explains the concentration dependence of the electrical 

conductivity of simple electrolytes in the high concentra­

tion range. Yet it is precisely this range of concentration 

that is used in practical electrochemical devices. 

Two approaches are generally being used to tackle 

4-u- ui ^ ^ 4-u V, 18,21,54-57 ,̂ 

this problem. One lOf these approaches ' uses the 

available theory for the transport processes in liquid 

or molten salt systems, for e.g., configurational entropy 
o 

model which is already outlined above. In this approach 

an isothermal equation to describe the concentration depen­

dence of transport property is obtained by substituting 

in equation (1.1) the concentration dependence of A , B and 
T . Since the concentration dependence of T dominates, o "̂  o ' 
variations in A and B with concentration are sometimes 

Y y 

ignored. In the other approach extensions of the existing 

electrostatic hydrodynamic theories are made by introducing 

empirical or semi-empirical parameters. All the electrosta­

tic hydrodynamic theories use the primitive model (solvent 

as a dielectric continuum) and are essentially based on 

the ionic-cloud concept of Debye-Hiickel. One of the electro-

/o^3. 
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static hydrodynamic equations widely used for interpreting 

the concentration dependence of equivalent or molar conduc­

tance of electrolytic solutions was derived by Falkenhagen, 

58 Leist and Kelbg. It is of the form 

A = 

.1 
B^ C^ 

A • r 

° 1+B a c' o o 

1 -
2. O 

r 
2 1+B a c o o 

(1.7) 

where A =equivalent or molar conductance at infinite dilu-o ^ 
O 1 1 [T 

tion, B =50.29x10 /(e T ) ^ Bi=82.5/(n (e Tf), 65 = 8.204x10 / 
i ' ^ 1 

( e T)^and F = [ exp ( 0 . 29 29B a cM-1 ] / ( 0 . 2929B a c M . c is 
o o 0 0 0 0 

the concentration in mol.dm" , a is the ion-size parameter, 

e is the dielectric constant of water, ri is the viscosity o ' o -̂  

of water. All the expressions hitherto reported for descri­

bing the concentration dependence of A of concentrated 

electrolytic solutions are obtained by doing modification 

to the above equation (1.7) of Falkenhagen, Leist and Kelbg 

(FLK) . 

The first modification to the FLK equation (1.7) was 

59 made by Wishaw and Stokes by multiplying the right hand 

side of equation (1.7) by (n /n), the reciprocal of the 

relative viscosity of the electrolytic solution. n is the 

viscosity of the solution. The Wishaw-Stokes (WS) equation 

is therefore of the form 

^ = = (Vn) 
B.c^ "" 

A ! 1 
° 1+3 a ĉ  o o 

1 
B^c^F 
2 o 

r 
1+B a ĉ  o o 

(1.8) 
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This modification was suggested by Wishaw and Stokes in 

the light of the Walden rule which postulates an inversely 

proportional relation between ion mobility and medium visco­

sity. Equation (1 .8) has been found to fit with moderate 

success the conductance data of electrolytic solutions 

upto fairly high -concentrations. However, equation (1.8) 

fails to reproduce the conductance data when the viscosity 

ratio, n / n > becomes very high (at high concentrations) . 

Postler ' proposed a modification by using instead of 

n /r\ term an adjustable term equal to exp(-B'c) where B' 

is an empirical parameter. In the work of Postler the modifi-

cation was, however, introduced in the Pitts equation. 

One obtains the same result if the FLK equation (1 .7) is 

used instead of the Pitts equation. Recently Monica et 

al. made another modification to equation (1 .7) by 

taking into account the dependence of electrophoretic term 

B^ on the solution viscosity. From the expression for B^ 

it is obvious- that B^ is inversely dependent on the visco­

sity of the solvent, r\ . Monica et al. modified the expres­

sion for B. by substituting the viscosity of the solution, 

n in the place of n . This modification was, however, incor­

porated by Monica et al. in equation (1 .8) rather than 

in the FLK equation (1 .7) and the new equation can be written 

as 
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A = = (V^) A -o 
^in^ 

1+B a ĉ  o o 

1 
B„c^F 2 o 

1+B a ĉ  o o 

(1.9) 

where B. =B.n /r\ . Equation (1.9) was found to describe 

the concentration dependence of ^ of several 1:1 electrolytes 

upto high concentrations. 

A comment can, however, be made on the success of 

equation (1 .9) . After writing equation (1 .8) in the form 

A = o^ ^m^ 
1+B a c o o 

1 
B^c^F 

1 2 o 
1 - 1 

1+B a ĉ  o o 

(1.10) 

it may be realized that in the WS equation (1 .8) itself 

the effect of solution viscosity on the B^ parameter has 

been taken into account. In fact, this may partly be the 

reason why the modification of Wishaw and Stokes to equation 

(1 .7) extends the applicability of the latter to higher 

concentration. The combined effect of the viscosity correc­

tions to ionic mobility (WS equation) and to the electropho-

retic term (Monica's correction), therefore, makes equation 

(1.9) applicable at still higher concentrations. 

Goldsack et al. made another modification to equa­

tion (1.7) by taking into account the effect of ionic hydra­

tion on a . This modification actually introduces into o ^ 
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equation (1 .7) the concentration dependence of a . The 

variation of a with concentration was also studied by o 
fi 7 

Monica et al. and observed that the nature of the concentra­

tion dependence of a is different for different electro-
o 

c o 

lytic solutions. In another recent modification to equa­

tion (1.7) viscosity and dielectric constant of the solu­

tion were substituted for those of the solvent in equation 

(1.7). Although the form of this modified equation remains 

the same as that of equation (1 .7), in the new equation 
B , B, and B-, become concentration dependent unlike the 
o I 2 ^ 

case in equation (1,;7). Dielectric constant of electrolytic 

solutions decrease with increasing concentration. This 

new equation with only one adjustable parameter a has 

been found to explain satisfactorily the concentration 
_3 

dependence of A of NaCl, LiCl and KF solutions upto 5 mol.dm 

1.3.1 Mixed Alkali Effect 

Almost all the studies on the above type of concentra­

tion dependence of electrical conductance are made using 

electrolytic solutions containing single salts in aqueous 

or non-aqueous media. A mixture of aqueous and non-aqueous 

solvents is also used sometimes. Much interest has been 

shown recently on a different type of concentration depen­

dence of transport properties observed originally in glassy 

medium. This phenomenon is known as the mixed alkali effect 
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(MAE) and has long been known to occur in a glassy or molten 

medium. ~ It is a phenomenon observable only in mixed 

electrolytic systems and refers to deviations from additi-

vity in isotherms of various physical properties as a func­

tion of composition which is being varied by progressively 

replacing one alkali ion by another in a glass or melt. 

In a more general term this effect is known as a mixed 

monovalent cation effect. Systems in which MAE may be obser­

ved can be classified as a ternary system containing in 

a chosen medium, glass or melt, a mixture of two alkali 

salts with constant alkali ion content. The deviations 

from additivity in isotherms of various properties are 

found to be negative with only one exception reported very 

75 recently. Normally MAE is more pronounced for properties 

related to ionic transport. For example, in systems like 

(XNa20 + (1-X)K20)+3Si02 where all of the electrical current 

is carried by the Na and/or K ions, the conductivity 

4 5 of mixed glasses can be reduced by a factor of 10 to 10 

compared with that of single-alkali glasses measured at 

7 ft 

the same temperature. Such large deviations from additi­

vity indicate a major breakdown of the principle of indepen­

dent migration of ions, which works well for dilute aqueous 

electrolytes. Other properties like viscosity and alkali 

ion diffusion also show similarly large deviations from 

additivity. In contrast to transport properties, equilibrium 
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properties such as molar volume are additive or sometimes 

nearly additive functions of composition even when transport 

properties show a large MAE. 

Continuing interests are being shown on the MAE 

mainly because of the following reasons. Firstly, it has 

a direct relevance to glass industry. A knowledge about 

the MAE helps a glass technologist in deciding about the 

glass compositions for achieving glasses with specific 

properties. Secondly, the problem of providing a completely 

satisfactory explanation for the existence of MAE is not 

yet settled. Thirdly, curiosity has recently arisen among 

workers to look for the MAE in media other than glass or 

melt of rigid network structure. Investigations made using 

the hydrate melt medium also revealed the presence of MAE, 

. . . T . .68,75,77—81 but to a lesser extent. ' ' 

It may be worthwhile to introduce here some of the 

explanations given for the existence of MAE. Many theories 

have been developed, but no one theory has received universal 

acceptance. Some of them have now been shown experimentally 

to be incorrect, e.g., the theory that the MAE is due to 

phase separation. Most theories have been developed speci­

fically to explain the effect on electrical conductivity 

and it is difficult to see what result they would predict 
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'for properties such as viscosity which do not depend simply 

77 

on the cationic mobilities. Moynihan classified the exist­

ing theories into two general categories: cationic inter­

action theories and structural/mechanistic theories. The 

cationic interaction theories, in general, suggest that 

partial replacement of one monovalent cation by a second 

leads to some sort of attractive interaction among the 

cations. This in turn causes a relative reduction in the 

average ionic mobilities resulting in a negative deviation 

of conductance from additivity. An example of a structural/ 

8 2 
mechanistic theory ' of the MAE is that of Stevels. In 

Stevels theory it is assumed that a variety of monovalent 

ion sites exist in a glass or liquid. When the glass or 

liquid contains a mixture of monovalent ions, each kind 

of ion preferentially occupies sites which are energetically 

most favourable to it. These most favoured sites are consi­

dered to be different for different types of ions. Mixing 

of the alkali or monovalent ions might lead to a net reduc­

tion in the number of ions loosely bonded to the solvent 

network of glass or liquid. This could cause a relative 

reduction in conductivity if ions loosely bonded to the 

solvent network are responsible for the electrical conduc­

tance . 

In the present work our interest on the MAE is because 
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of the third reason listed above, i.e., to investigate 

the MAE in media other than glass or melt of rigid network 

structure. One such most convenient medium for examining 

the MAE is the aqueous medium itself. Therefore, in this 

work we have studied the behaviour of electrical conductance 

of mixed inorganic salts in aqueous medium. The outline 

of the work done is given below. 

1.4 Scheme of the Present Work 

Density and ._ electrical conductance measurements 

of [xNaSCN+(1-x)KSCNl+RH20 (Chapter III) and [xNaNo2+(1-x) 

KNO^l+RH-O (Chapter IV) systems are made as functions 

of X, R and temperature. Presence of MAE in these systems 

has been examined. An attempt has been made to deduce 

a new isothermal equation (Chapter V) to describe the 

concentration dependence (dependence on R) of molar conduc­

tance of several electrolytic solutions containing single 

(x=0.0 or 1.0) and mixed (xf̂ O.O or 1.0) salts. 
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CHAPTER II 

EXPERIMENTAL TECHNIQUES AND TREATMENT OF DATA 
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2.1 Sample Preparation 

The experimental systems were prepared using the 

recrystalized solutes. Brand names of the solutes used are 

mentioned in the respective chapters. All the solutions 

were prepared by weight (molal solutions). Conductivity 

water (conductance ~1-2iiS) was used for solution preparation. 

In this work concentrations of solutions are repre­

sented by R which is equal to the water/salt ratio. This 

concentration unit was first introduced by Angell and Gruen 

and It is particularly more useful than the conventional 

units like molarity or molality when one discusses composi­

tion region where there are insufficient water molecules 

to fill more than one or two hydration shells per cation 

or anion. For example, 11.111m (m=mol.kg ) concentration 

IS equivalent to R=55.555/ 11.111=5. 

2.2 Temperature Control 

A thermostated water bath was used to control the 

temperature during the measurement of density and electrical 

conductance. The water bath of about 10 litre capacity 

consisted of an immersion heater (1.5 kW), stirrer (Remi 

make), mercury contact thermometer and a calibrated check 

thermometer. A mercury vertical relay (Jumo-type GKT 15-0, 

220V, 15A) was used to control the variations in tempera­

tures . The temperature control of the thermostat was improved 



31 

(<±0.02°C) by connecting the immersion heater through an 

additional voltage divider whose output voltage was adjusted 

by the trial-and-error method depending upon the temperature 

to be maintained. 

2.3 Density Measurement 

Density measurements were made by using a pycnometer 
3 

of approximately 7cm capacity having a stem of about 9cm 
3 

length graduated to about 0.01cm divisions. Each mark 

on the stem of the pycnometer was calibrated using n-octane 

(Fluka A.G.) as a reference liquid. The density of n-octane 

at different temperatures required for calibration is given 

by 

p = 0 .71848-0 .8239x10~^t+0.4459x10"^t^-5 .293x10"^t^ 

where t is the temperature in °C. Calibration of the pycno­

meter was repeated to get reproducible values. Solutions 

were introduced into the pycnometer by using a hypodermic 

syringe {10cm capacity) with ca 10cm long needle. Densities 

were determined by recording the volume changes as a func­

tion of temperature. Measurements were made in the ascending 

order of temperature. Reproducibility of density data was 

checked by duplicate measurements. Data within ±0.1% repro­

ducibility limit were accepted. 

2.4 Electrical Conductance Measurement 

For measuring conductance solutions were taken in 
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a closed corning glass container. A dip type CDC 304 conduc­

tivity cell was then introduced into the solution and the 

container was closed. The closed container containing the 

solution and the conductivity cell was clamped in the thermo-

stated water bath. CDC 304 conductivity cell has three 

electrodes m the form of pure platinum bands on a glass 

tube. The top and bottom bands are connected and grounded 

to chassis through the shield of the coaxial cable, while 

the centre band is connected to the centre conductor of 

the cable. This arrangement provided optimal electrical 

shielding of the, current flowing between the electrodes. 

All the three bands of the cell are covered with the test 

solution. Conductivity of the solutions were measured at 

IkHz using the CDM 83 conductivity meter (Radiometer, Copen­

hagen). The instrument was calibrated by adjusting the 

cell constant knob of the instrument till the specific 

conductance value of the reference solution (O.lmol.dm" KCl) 

was displayed. Data reproducible within ±0.75% accuracy 

were accepted. ' 

2.5 Treatment, of Experimental Data 

The experimental data on density and molar (or equi­

valent) conductance as functions of concentration and tempe­

rature were analysed by fitting the data to different equa­

tions explained in succeeding chapters. For this purpose, 

basically two types of computer programs were used. In 
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the simple least-squares method, values of the empirical 

parameters of the equations used were computed by directly 

minimizing the square of the deviation in a single cycle. 

In the other method, an iterative least-squares method 

was used. In this program, developed essentially on the 

2 3 basis of Newton-Raphson method, ' approximate values of 

the unknown parameters of the equations used were initially 

fed into the computer. The computer then improves the values 

of the parameters in every cycle by minimizing the square 

of the deviation. Refined values of the parameters become 

their initial values for the next cycle. Like this, cycles 

were continued till minimum square of the deviation (best-

fit) was obtained. The deviation of the calculated values 

from the observed values has been expressed in terms of 

2 standard deviation defined as [(cal. value-obs.value) / 

number of data points] The computer programs were written 

in BASIC language and a HCL Busybee PC was used for the 

data analysis. 

2.6 Symbols and Units 

Throughout this work we have used CGS units to repre­

sent the different physical quantities. However, the corres­

ponding SI units are also listed below for the sake of 

ready reference . 
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Physical quantity 

wi th symbol 

Defini t ion / Symbol of unit 

CGS SI 

Temperature, T 

Density, p 

Specific conductance, ic 

Molar conductance, A 

Equivalent conductance A 

K 

g.cm 

S.cm 

K 

3 -3 
lO^kg.m ^ 

lO^S.ra"^ 

(S is Siemens = ohm ) 

S.cm. mol 

c 2 -1 
S.cm .equ 

10 S.m .mol 

.n-'tc 2 -1 10 S.m .equ 

Concentration: molar i ty, c,^ mol.Jit in3 , -3 10 mol.m 

(mol.dm" ) 

molal i ty, m mol. 10 g~ mol.kg 
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3.1 Introduction 

As mentioned in Chapter I properties of ternary 

systems containing two alkali metal ions in a fixed glassy 

medium are interesting due to the existence of a phenomenon 

known as the mixed alkali effect(MAE) which has got both 

1 2 
practical and theoretical importances. ' This phenomenon 

refers to non-additivity of various physical properties 

caused when the relative amounts of the alkali metal ions 

are varied keeping the concentration of the glassy medium 

constant. Normally MAE is most pronounced for properties 

related to ionic transport . 

Attempts are being made to look for the MAE in media 

other than glass. In the hydrate melt medium also MAE is 

3 — 8 
found to exist, but to a lesser extent. Another suitable 

medium for investigating the MAE is the aqueous medium. 

Investigation of the MAE on transport properties in aqueous 

medium involves a two-fold interest, (i) Data on the proper­

ties of mixed aqueous electrolytes are necessary because 

many systems of practical, biological or geological as 

well as chemical, interest involve mixed aqueous electro­

lytes . studies on the transport properties of mixed aqueous 

electrolytes have, however, been relatively less compared 

to those on their thermodynamic properties. There are some 

very old reports on the conductivities of mixed aqueous 

9 
electrolytes containing alkali halides and nitrates. In 
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recent years only one report is made on the study of MAE 

in aqueous medium. (ii) One of the characteristics of 

the MAE is that it shows a complicated dependence on the 

total alkali metal ion conceni:ration. To examine this aspect, 

aqueous medium is a more convenient one. With a view to 

understanding better the dependence of the MAE on̂  the total 

alkali metal ion concentration we made the electrical conduc­

tance measurements of a mixture of NaSCN and KSCN in aqueous 

medium with varying amounts of water at different tempera­

tures . 

3.2 Experimental Section 

NaSCN (SD, Reagent Grade) and KSCN (SD, Reagent 

Grade) were recrystallized from their aqueous solutions 

prepared in doubly distilled water. Recrystallized salts 

were dried for several days over CaCl- in vacuum desiccator. 

Using these salts molal solutions were prepared. Electrical 

conductivity and density of these solutions were measured 

as described in Chapter II . 

3.3 Results and Discussion 

The experimental values of molar conductance (A) of 

[xNaSCN+{I-x)KSCN]+RH20 system as functions of x,R and tem­

perature are presented in Table 3.1 . The density data are 

presented as a function of temperature in Table 3 .2 . The 
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present values of A of NaSCN (at 293K and 298K) and KSCN (at 

293K) solutions are found to be in good agreement with 

11 12 the reported data ' as also apparent from Fig.3.1. The 

measured values of conductance were found to be reproducible 

within +0.75% accuracy. 

Variation of A with x. The variation of A with x at diffe­

rent R values and at one particular temperature is shown 

in Fig .3.2. Similar variation of A with x is observed at 

other experimental temperatures. A is additive above a 

particular R value and deviates from additivity below this 

R value thereby indicating the presence of MAE on electrical 

conductance in the present system under investigation. 

In Figs .3.3 and 3.'z- the dependence of A on x is illustrated 

at various temperatures for R=10 and 4, respectively. Al­

though the deviation of A from additivity is expected to 

be temperature dependent, this dependence is negligible 

in the present experimental range of temperature as apparent 
3 

from Figs .3.3and 3A. Moynihan suggested that r-factor defined 

as r= /I jj/ A is a better term to estimate the deviation 

of A from additivity because r being a ratio can have more 

precise values. In the expression for r, A , ,= [x A.+ (1-x)A2] , 

where Â  and A^ are the molar conductances of the NaSCN 

and KSCN solutions, respectively. Therefore, the non-additi-

vity in A is also represented here in terms of r and its 

dependence on concentration is shown in Fig .3.3 at different 



40 

temperatures for x=0.5. r varies negligibly upto a particu­

lar concentration and thereafter increases sharply with 

increasing concentration. Similar trend in the variation 

of r-f actor with R is found at other x values also. Such 

a dependence of r on R therefore clearly indicates that 

MAE is dependent on the total alkali metal ion concentra­

tion. For the system under study the value of r appears 

to increase sharply above ca. 10R (ca.5.6m) concentration. 

It is interesting to note that this concentration falls 

in the range where the specific conductance of NaSCN solu­

tion becomes maximum. Moreover, in this concentration range 

the viscosity of NaSCN solution starts increasing exponen-

11-13 tially with concentration. Every electrolytic solution 

exhibits a particular concentration range of this type 

and it is identified as the region where a transition from 

primitive structure to quasi-crystalline structure takes 

14 15 place. ' For KSCN solution such a concentration range 

of structural transition falls around ca.6R (ca.9.2m). 

In a mixed electrolyte containing NaSCN and KSCN a quasi-

crystalline type structure may therefore be considered 

to start appearing from ca.lOR and the extent of quasi-

crystallinity keeps on increasing beyond this concentration. 

Therefore, in aqueous medium the MAE seems to become signi­

ficant when the solution attains a quasi- crystalline type 

structure. This inference is in accordance with the empiri-
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cal fact that the MAE is much prominent in the glassy media 

having very rigid-like structure. In the present system 

of interest the MAE observed for the highest concentration 

(4R) studied is about 8.6%, i.e., the percentage of devia­

tion of A from additivity . 

The dependence of r-factor or MAE on concentration 

1 fi 1 7 

may be explained in terms of the anion polarization model. ' 

According to this model, the thiocyanate ion is considered 

to experience an average symmetrical field when the aqueous 

medium contains either NaSCN or KSCN. When Na ions are 

partially replaced by K ions, some of the thiocyanate ions 

find themselves between fields of differing intensities. 

Due to this a competitive polarization of the anion occurs 

and the thiocyanate ion will be more polarized towards 

the smaller cation. Consequently, in the aqueous medium 

addition of KSCN to NaSCN results in a decrease in the 

internal mobility (with respect to the thiocyanate ion) 

of the Na ion whereas addition of NaSCN to KSCN increases 

the internal mobility of the K ion. However, the observed 

negative deviation of A from additivity implies that in 

the aqueous medium when both NaSCN and KSCN are present 

the decrease caused in the internal mobility of Na ion 

is always greater than the increase caused in the internal 

mobility of the K ion. Thus, according to anion polarization 

model the asymmetry created in the electric field around 
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the thiocyanate ion owing to its competitive polarization 

by the unlike cations causes the MAE on electrical conduct­

ance. Such a competitive polarization can, however, cause 

significant MAE only when the ionic concentration is large 

enough (Fig.3.^). Moreover, the effect of competitive polari­

zation is expected to be maximum when the two cations are 

in equal concentration. This is, in fact, observed as evident 

from the plot (Fig.3.6) of r vs .x at 298K which passes through 

a maximum in the range where x=; 0.5-0.6. 

Variation of A with R. A successful theoretical expression 

is not available to describe the concentration dependence 

of A in the higher concentration range (cf. Chapter I) . 

Recently we have reported an expression of the form 

A = A' exp[B'm+C'm^] (3 
o '̂  o o 

for describing the conductance of aqueous electrolytes 

upto very high concentrations. In equation (3.1) A', B' 

and C' are adjustable parameters. This equation was shown 

to be obtainable from the Adam-Gibbs configurational entropy 

1 8 model. However, equation (3.1) was found to be only partly 

successful in describing the conductance data of concen­

trated aqueous solutions. One of the draw-backs of equation 

(3.1) is that the computed value of A' for a particular 

electrolyte has been found to be considerably lower than 

the corresponding value of equivalent conductance at infi­

nite dilution, A . This indicates that the applicability 
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range of equation (3.1) cannot extend upto very low concen­

tration. Moreover, the fact that the T of a solution remains 
' o 

1 9 almost constant in the low concentration region instead 

of varying linearly with concentration also envisages devia­

tion from equation (3.1) in the dilute region. Therefore, in 

order to employ equation (3.1) to describe the concentration 

dependence of A in the range from very dilute to high con­

centration, its improvement is necessary. The incomplete 

success of equation (3.1) was attributed to the fact that 

this expression accounts only for the short-range (ion-

solvent) interactions in the solution. An attempt has been 

made here to improve equation (3.1) by also accounting 

foe the long-range (ion-ion) interactions in an empirical 

way. This is achieved by substituting A^^v term for A' term 

20 

where A„TI^ refers to the Falkenhangen-Leist-Kelbg (FLK) 

equation for A given by equation (1 .7) . The conductance 

data of the system under study were therefore least-squares 

fitted using an iteration program (Appendix A) to the equa­

tion ' 

A =^Lj^ exp(B^c+c'^c^) (3.2) 

In equation (3.2) in the exponential part wa have used 

molar concentration(c) units instead of molal concentration 

(m) units. This does not affect the fitting because B' , 

C , . BJ and C, are freely adjustable parameters. For 
o ' I I 



44 

least-squares fitting the conductance data to equation 

(3.2) we have chosen in the case of solutions with x=0 and 

21 x=1 the reported value of A and for compositions with 

X values other than 0 or 1 the A values are estimated 
o 

22 

using the additivity principle. Therefore, equation(3.2) 

essentially becomes an expression with three adjustable 

parameters, viz., a , B, and C,'. The' best-fit values of 

a , Bl and C^ corresponding to the lowest standard deviations 

were computed and are given in Table 3.3. 

At all experimental temperatures excluding T=298K, 

the vlaue of a for NaSCN solution is found to be higher 

than the value of a for KSCN solution. If a behaves strictly 
o o 

as an ion-size parameter one expects, on the contrary, 
higher a for KSCN than for NaSCN. For the mixed electrolytes 
also no regular trend in the variation of a with x has ^ o 

been observed. It may therefore be pointed out as suggested 

23 24 by others ' also that a behaves more like an adjustable 

parameter than a physically significant parameter. B.' and 

CI parameters also have dependence on x as apparent from 

Table 3.3. C.' has negative values at all x and its variation 

with X is relatively much less. On the other hand, E\ has 

negative values at all x above 303K only. At temperatures 

£303K, B^ has positive values for x=0.0 and negative values 

corresponding to x=1.0. In this temperature range, the 

value of X at which B, changes its sign is dependent on 
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the temperature (Table 3.3). For example, BJ changes its 

sign between x=0.5 and 0.6 at 283K whereas at 293K between 

x=0.3 and 0.4. This type of dependence of B̂ ' on x may be 

explained by correlating, in the light of the WS equation 

25 

(1.8), the exponential part of equation (3 .2) to the reci­

procal of viscosity of the system. Accordingly a positive 

value of B̂  and a negative value of Ĉ ' indicate that the 

solution exhibits negative viscosity upto a concentration 

own equal to B',/C' . In fact, KSCN solution (x=0.0) is kn 

1 1 to exhibit negative viscosity. For example, at 293K KSCN 

11 solution exhibits negative viscosity upto ~1.7c which 

is in good agreement with the ratio B̂ '/C', = 1 .67. In general, 

irrespective of the fact that B,' is negative or positive, 

there is always an overall decrease in the value of B,' 

25 with increasing x. In the light of the WS equation again, 

such a trend in the dependence of Bl on x may be due to 

the increase in the viscosity of the mixed electrolytic 

solution as the content of NaSCN in the solution increases, 

because NaSCN solution has higher viscosity than KSCN solu-

1 1 tion. Furthermore, it is interesting to find that at 

low concentrations, if one ignores the negligible contribu-

2 
tion made by the CJc term, equation( 3 .2) reduces to the 

Postler equation. 

Variation of A with T. In order to analyze the temperature 

dependence of A , In A has been plotted versus 1/T. Such 
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plots are shown in Figs .3.7-3.9 for x=0.0, 0.5 and 1.0, respec­

tively at 3 different R values. The plots look similar 

at other x and R values also. From the shape of these plots 

it vis apparent that the variation of A with T in the experi­

mental range of temperature is slightly non-Arrhenius-type. 

This is an expected behaviour and it becomes more pronounced 

as one extends the temperature range to further low values. 

The A vs. T data were therefore least-squares fitted using 

27-''9 an Iteration program (Appendix B) to the VTF equation 

(cf. Chapter I) of the form 

In A = InA^ - By^/(T-T^) (3.3) 

The best-fit values of the empirical parameters InA., B. and 

T are listed in Table 3.4 . No regular trend in the varia-o ^ 

tion of InA. or B. or T with R and x is observed. However, A A o 

in the higher concentration region (at low R values) the 

value of T , in general, shows an increase with decrease 

in R for all x values. This is in accordance with the obser­

vations made in electrolytic solutions containing single 

salts. Although the vlaue of T gives an idea about the 

glass transition temperature of a system, in the present 

case due to the smallness of the non-Arrhenius behaviour 

the value of T may not reflect correctly on the glass 

transition temperatures of the solutions. In such a situa­

tion T rather behaves like ,^i>^ adjustable parameter only. 
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Using the best-fit values of B. and T the activation ^ A o 

energy (E.) for conductance flow was calculated from the 
I) 

relation 

E^ = B^R[T/(T-T^)]^ (3.4) 

where R is the gas constant. The dependence of E. on concen­

tration is illustrated in Fig .3.10 for x=0.0, 0.5 and 1.0 

at 283K and 303K. The shape of this type of plots is found 

to be similar for systems of other x values. The broad 

minimum in the plot of E. vs. concentration is a general 

feature of electrolytic solutions containing single salts . 

The present study reveals that the appearance of broad 

minimum in the plot of E. vs .concentration is a general trend 

30 in the casci of mixed electrolytic solutions also. 
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Fig.3.1 Plot of A vs. nnolar concentrat ion for NaSCN and KSCN solutions 

{ A-exper imenta l , o-reported). 
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Fig.3.2 Variat ion of A of [xNaSCN+(l-x)KSCN]+RH20 system with 

X at different R values (T=298K). 
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Fig.3.3 Plot of A of [xNaSCN+( l -x)KSCN]+RH20 system vs. x at d i f fe rent 

temperatures for R=10. 
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1.05 -

Fig.3.5 Variations of r for [xNaSCN+(l-x)KSCN]+RH O system with 

R at different temperatures. 
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1.05-

Fig.3.6 Plot of r for [xNaSCN+(i-x)KSCN]+RH20 system vs. x at diffe­

rent R values. 
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Fig.3.7 Plot of InA of [xNaSCN+(i-x)KSCN]+RH20 system vs. 1/T at 

different R values for x = 0.0. 
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Fig.3.8 Plot of InA of [xNa5CN+(l-x)KSCN]+RH20 system vs. 1/T at 

different R values for x = 0.5. 
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Fig.3.9 Plot of InA of [xNaSCN+{l-x)KSCN]+RH20 system vs. 1/T 

at different R values for x = 1.0. 
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CHAPTER IV 

ELECTRICAL CONDUCTANCE OF A MIXTURE OF SODIUM 

AND POTASSIUM NITRATES IN AQUEOUS MEDIUM 
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4.1 Introduction 

With a view to understanding better the dependence 

of the MAE on the total alkali metal ion concentration 

we chose the aqueous medium and measured in Chapter III 

the electrical conductance of [xNaSCN+{1-x)KSCN]+RH2O system 

as functions of x,R and temperature. This study has shown 

that in the aqueous medium no MAE on electrical conductance 

exists in the low concentration (higher R value) region. 

Significant MAE occurs only above a particular concentration 

which IS found to be in the case of [xNaSCN+( 1-x )KSCN]+RH2O 

system the region where R <10. It has been pointed out that 

the value of R at which the MAE on electrical conductance 

starts becoming significant is related to the lower concen­

tration out of the two concentrations corresponding to 

the specific conductance maxima of the two constituent 

electrolytes of the mixed system. Furthermore, it has been 

suggested that in the region where the MAE exists the mixed 

electrolytic system has a quasi-crystalline-type structure. 

In order to examine further this type of dependence of 

MAE on R or on the total alkali' metal ion concentration, 

the electrical conductances of another mixed electrolyte, 

viz., [xNaNO-, + ( 1-X)KNOT ]+RH_0, are reported here as func­

tions of x,R and temperature. 

4 .2 Experimental Section 

NaNO,(BDH, Laboratory Reagent) and KNO^(BDH, 
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Laboratory Reagent) were recrystallized from their solu­

tions in doubly distilled water and were then dried for 

several days over CaCl„ in vacuum desiccator. Using these 

salts solutions by weight were prepared in conductivity 

water. Density and electrical conductance measurements 

were made as described in Chapter II. 

4 .3 Results and Discussion 

The experimental values of molar conductance 

of [xNaNO-,+ ( 1-x)KNO^ ]+RH^O system measured as functions 

of x,R and temperature are presented in Table 4.1 . The 

density data are presented as a function of temperature 

in Table 4,2. The measured values of conductance were found 

to be reproducible within +0.75% accuracy. A comparison 

of the present molar conductance data of aqueous NaNO, 

and KNO^ solutions with the reported data revealed an 

agreement of about +1%. In the literature we could find 

2 
one particular report on the equivalent conductance of 

[xNaNO^+{ 1-x)KNO]+ 55.56H2O system' at 298K with x=0, 0.25, 

0.5, 0.75 and 1 . With this reported data our data, obtained 

after interpolation, are found to be in agreement within 

±0 .8% . 

Variation of A with x. The variation of A with x at different 

R values is shown in Fig.^.l Upto R=25 at all experimental 

temperatures less than 1% deviation of A from additivity 
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2 
has been observed. Rysselberghe and Nutting also reported 

less than 1% deviation from additivity in A of [xNaNO-,+ 

(1-x)KNO^]+55.56H2O system at 298K. The MAE is, however, 

considered to be not very much significant when the non-addi-

tivity in A is <1%. At R=20, on the other hand, 2% deviation 

of A from additivity (Fig .4.1) has been observed for x=0.5 

at 298K thereby envisaging the occurrence of the MAE on A . 

The onset of the MAE on A around R=20 may also be realized 

by evaluating the r-factor and then plotting r against 

R as shown in chapter III . As mentioned in the introduction 

(cf. Chapter III) for observing significant MAE on electrical 

conductance in aqueous medium the R value should be above 

or fall in the concentration range where conductivity maxi­

mum of atleast one of the components of the mixed electro­

lytic solution appears. The existence of MAE at 20R in 

the [xNaNO^+l1-x)KN0^]+RH20 system is, however, contrary 

to our above suggestion since conductivity maximum has 

not been observed' or reported for KNO, solution upto satura­

tion point and for NaNO-, solution it is found at ~6.9R. 

What is then the concentration range at which the MAE on A 

becomes significant in the aqueous medium? To seek a probable 

answer to this question we have plotted in Fig,'i.2the diffe-

rence ( AA ) in the A values of (i) NaSCN and KSCN solutions 

and (11) NaNO, and KNO-. solutions as a function of R at 298K. 

It is evident from Fig .4.2 that at high R values A A depends 
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linearly on R and at some concentration range deviation 

from the linear dependence starts taking place. It is very, 

interesting to observe that the concentration range at 

which the MAE on A starts becoming significant coincides 

with the concentration range where dependence of AA on R 

deviates from linearity. Incidentally, in the case of NaSCN 

and KSCN solutions the concentration range around which AA 

deviates from linearity coincides with the range at which 

NaSCN solution exhibits specific conductance maximum. In 

Fig M.2 we also checked the dependence of AA on R for a few 

other pair of electrolytes, viz., RbCl and CsCl (at 296K), 

NaCl and KCl (at 298K) and LiCl and RbCl (at 296K), with 
1 3 4 

the help of their reported data. ' ' In all cases, the 

dependence of AA on R follows a general trend, viz., (i) 

linear dependence at large R values, (ii) at some concentra­

tion range, which depends on the pair of electrolytes consi­

dered, deviation from linearity is observed and (iii) the 

plot of AA vs . R passes through a maximum at some lower 

R value. Therefore, for mixed electrolyte systems in aqueous 

medium the concentration range at which the MAE on A begins 

to become significant can be predetermined by plotting 

the difference in A of the two pure electrolytic solutions 

versus R. Furthermore, as it was explained in Chapter III 

the deviation of A from additivity in the present system 

under study may also be described using the anion polariza-

tion model. 
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Variation of A with R. Equation (3.2) which was newly intro­

duced in Chapter III has been applied to explain the depen­

dence of A of [xNaNO,+ ( 1-x)KN0,]+RH20 system on R. In the 

present case also while fitting the A data to equation 

(3.2) it was reduced to a 3-parameter equation, by substi­

tuting the reported values of A for x=0 and x=1 and for 

other values of x the corresponding A values were estimated 
Q 

using the additivity principle. The best-fit values of a , 

BI and C.' obtained by using an iterative least-squares 

fitting program (Appendix A) are listed in Table 4.3. 

For a one normally expects a value greater than 

the sum of cirystallographic radii and less than the sum 

of solvated radii due to overlapping of the hydration spheres 
9 

of the cation and anion. a =4 .36A° at 298K for NaNO^ solu-
o 3 

tion is in accordance with this expectation . Some of the 

reported values ~ of- a for NaNO, solution vary from 
o 3 

2.7 to 5.5A°. On the contrary, a =1 .9A° computed for KNO^ 

solution is even less than the sum of the crystallographic 

radii of K and NO, ions. Kay also reported a =1.9A° 

for KNOT solution by analyzing its conductance data at 

low concentrations (upto 0.01 mol.dm" ) using the Fuoss-

Onsager equation. Such a discrepancy in the computed value 

of a was reported in the case of a few other electrolytes 

also. The variation of a with x seems to be almost linear 
o 

as apparent from Fig A.3. Kay attributed the decrease in 
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a values of alkali salts with increasing crystallographic 

radii of alkali metal ions to the increasing amount of 

ssociation. However, in the case of KNO, solution it is 

doubtful that its extremely low value of a is attributable 
-̂  o 

to ion-association since, as mentioned above, a =1.9A° 
o 

was obtained for this solution even after using its conduc­

tance data pertaining to the low concentration region only 

where appreciable amount of ion-association is not expected. 
1 4 

The viscosity correction suggested by Fuoss to account. 
for the low value of a was proved to be inadequate. ' 

3 
Goldsack et al. modified the FLK equation by introducing 

1 n it the concentration dependence of a . In order to exa-
o 

mine whether the value of a increases for KNO-, solution 
o 3 

after accounting for its concentration dependence, we fitted 

the data of this solution to the equation of Goldsack 

et al. A good fitting, but not better than the fitting 

using equation(3.2), was obtained only with negative value 

of H , the hydration number {Ho=-7). This indicates that 

the value of a remains less than the sum of the crystallo-
o •' 

graphic radii of the ions even if one considers a to be 
o 

concentration dependent as suggested by Goldsack et al . 
1 2 

A fit to the Monica equation, which is a modified WS 
1 5 

equation with the electrophoretic term corrected for 

the viscosity of the solution (cf. Chapter I), also did 

not improve the value of a for KNO-,{a =1 .83A.° was obtained) •̂  o 3 o 
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solution. We also made an attempt to analyze the concen­

tration dependence of a of KNO-, solution using the recent 

1 fi 
approach of Monica et al . Following this procedure of 

1 fi 
Monica et al. we obtained values of a of KNO-, solution 

o i 
at different concentrations. Such an analysis also provided 

extremely low values for a of KNO-, solution except at 
-' o J 

-3 one concentration, i.e., c=0 .OOlmol .dm (a =6.3A°) and 
o 

the dependence of a on concentration was found to be very 

less. Some of the typical values obtained for a are 2.3A° 

at c=0 .002mol.dm"^, 3.19A° at c=0 .OOSmol .dm""̂ , 1.56A° at 

c=0 .Olmol.dm"^, 1.37A° at c=0.02 mol.dm"^, 1 .44A° at c=0.005 

mol.dm"-^, 1 .96A° at c=0.4888 mol .dm"^ 1 .84A°at c=1.4087 
-3 -3 

mol .dm , 1 .77A° at c=2 .6559 mol .dm , etc. From Fig.'t.3 

it is also apparent that the a parameter for pure NaNO, 

solution is almost temperature independent whereas the 
a of KNO-, solution increases with increase in temperature, o 3 "̂  

This is analogous to the observation made by Goldsack et 

al. in the cases of NaCl and KCl solutions. The above 

analysis therefore emphasizes that a , although originally 

introduced in the FLK equation (1 .7) to account for the 

ion-size, behaves more like an adjustable parameter. This 

observation was made during the study of [xNaSCN+(1-x)KSCN]+ 

RHpO system also (cf. Chapter III). 

The dependences of B̂ ' and CJ parameters on x 

are also shown in Fig./f.3 at one particular temperature . 

/^cS^^, 
DiS^»' ,.•• 
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Ci which is always a negative qu'^ntity, has lowest value 

for pure KNO^ solution and Its value increase^^ rapidly 

as K ions are replaced by Na ion:3 . In the range from 

x=0.5 to x=1.0, C,' appears to remain almost independent 

of the X value. In the case of Bl, it has a highest positive 

value for KNO-, solution and its value decreases with increa­

sing X value becoming negative above a particular value 

of X. The value of x at which 3̂  becomes zero is dependent 

on the temperature. For example, at 298K B' =0 at x=0,04 

whereas at 288K Bi=0 at x=0.16. Similar behaviour was 

observed in the case of [xNaSCN+(1-x)KSCN]+RH2O system 

also. This type of dependence of B] on x may be explained 

by correlating the exponential part of equation (3.2) 

to the reciprocal of viscosity of the system as it was 

done in Chapter III. Consequently, solutions whose B", is 

positive and C' is negative may be expected to show negative 

viscosity. In fact, aqueous KNO-, solution is known to 

exhibit negative viscosity nearly upto 31BK. At 298K the 

viscosity of KNO^ solution is therefore expected to decrease 

with concentration upto c=B!,/C'=1.2 mol .dm" which is 

in good agreement with the experimentally observed value. 

Furthermore, since the exponential part of equation 

(3.2) is identified as the term which accounts for the 

ion-solvent interactions (cf. Chapter III) an attempt has 
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been made to correlate B\ or Ĉ ' to some ion-solvent inter­

action parameters. This has been done in the light of 

1 7 the model suggested by Samoilov for hydration of ions . 

According to this model hydration is measured in terms 

of the ratio of the average time a molecule of water spends 

in the equilibrium position closest to the ion in solution 

(t) to that a molecule of water spends in the immediate 
1 

vicinity of another water molecule m pure water(t). Sanoilov 

gave the relation t•/t=exp(AE/RT) where AE is the energy 

of activation required per mole of water to change the 

equilibrium position near to the ion to one near to the 

bulk water. If t./t>1, the ion is strongly hydrated and 

for such ions A E is positive. Samoilov estimated at 21.5°C 

the AE values for different ions and interestingly found 

that Na ion has positive value of AE whereas K ion has 

negative AE. Therefore, water molecule near K ion is more 

mobile than in the bulk -̂ id such ions having negative 

value for AE are said to undergo negative hydration. It 

is interesting to find that AE is similar to the B. para­

meter as both are dependent on ionic cadius and change 

their sign when Na ion is replaced by K ion. It may there­

fore be inferred that BicC-AE and positive Bl value of 

KNO , solution may be attributed to the negative hyd'-ation 

of K ion. 

Variation of A with T. From Figs.'t.'f-̂.b it may be seen that in 
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the present system also the variation of A with T in the 

experimental range of temperature (283K-313K) is slightly 

non-Arrhenius-type. The A vs .T data are therefore least-

squares fitted to the VTF equation! 3 .3) and the best-fit 

values of the VTF parameters obtained thus are listed 

in Table 4.4. In [xNaNO^+(1-x)KNO,]+RH2O system also we do 

not observe any regular trend in the variation of the 

VTF parameters with R. The energy of activation for con­

ductance flow (E.) calculated (equation (3.4)) using the 

best-fit values of the VTF parameters vary with m in the 

same fashion as E. of [xNaSCN+(1-x)KSCN]+RH2O system. 
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Fig.4.2 Plot of difference in A values of aqueous electrolytic solutions 

at 25°C vs. R[l.NaSCN k KSCN, 11. NaNO^ & KNO , III. RbCi dc 

CsCl (at 23°C), IV. NaCl & KCl and V. LiCl 6c RbCl (at 23°C)]. 
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FigA.3 Variation of a , B ' and C, of [xNaNO,+(l-x)KNO,]+RH^O 
o' ^1 

system with x. 
3-'"^^"2^ 
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CNI 

10 /{J/K) 

Fig.'f.^ Plot of In A of [xNaNO^+( l -x )KNO J + R H ^ O system vs. I / T a t 

d i f fe rent R vaiui^s for x=0.5. 
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10V{T/K) 

Fig.'f.6 Plot of in A of [xNaN0^+{l-x)KN0^]+RH20 system vs. 1/T at 

different R values for x=1.0. 
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CHAPTER - V 

ON THE ISOTHERMAL EQUATION FOR DESCRIBING 

THE CONCENTRATION DEPENDENCE OF ELECTRICAL 

CONDUCTANCE OF ELECTROLYTIC SOLUTIONS 
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5.1 Introduction 

In Chapter III and IV we used a new isothermal 

equation of the form 

A =ApLj^ exp (B-jC+Cjc^) (5.1) 

to explain the concentration dependence of A of electro­

lytic solutions containing both single and mixed salts . 

Equation (5.1) was introduced in an empirical way. In 

this chapter an attempt has been made to provide a probable 

theoretical basis to equation (5.1). 

5.2 Derivation of Equation (5.1) 

When random-walking ions are subjected to an electric 

field E they acquire a component of velocity known as 

drift velocity directed along the direction of the force. 

The drift velocity of an ion in solution may be written as 

v^ - v^*p (5.2) 

where p is the probability that the ion possesses the 

minimum requirement necessary for the ionic transport 

to take place, v, is related to mobility u of the ion 

through the expression u=v,/E and is related to the current 

density j by the expression j = zF c v, where z is the 

charge on the ion, F is the Faraday constant and c is ^ o -' o 

the concentration in moles per cubic centimeter. Therefore, 

one can eventually derive an expression for A from that 
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of V,. In electrolytic solutions the minimum requirement 

necessary for the ionic transport to take place will depend 

upon the concentration (m) and therefore p may be written 

as p(m). 

Using the primitive model one can write 

v^ = (VQ-V)p(m) (5.3) 

where v is the velocity of the ion at infinite dilution 
o ^ 

or it is the velocity in the absence of any ion-ion inter­

action, V. is the decrease in the velocity of the ion 

caused due to its interaction with the other ions at finite 

concentrations. In order to evaluate v. the Debye-Hlickel 

ionic atmosphere concept may be used according to which 

v ^E •*• ^R (5.4) 

where v and v are the decrease in velocities due to 

the electrophoretic and relaxation effects. Equation (5.3) 

may be transformed into an expression for equivalent or 

2 
molar conductance by using the Falkenhagen-Leist-Kelbg 

approach and without going into the details of the deriva­

tion it can be straight away written that 

A = A' -o 
B.c 

1+B a c o o 
1 -

B2C^F 

1+B a c o o 

p(m) (5.5) 

The different terms have their usual meaning defined in 
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chapter I (cf. equation (1.7)). A'^ is related toA^, 

the molar conductance at infinite dilution through the 

expression 

A = A ' P ( O ) (5.6) 
o o*̂  

If p(m) is considered to be 1, A =A' and equation (5.5) 

becomes identical with the FLK equation (1.7). In order 

to evaluate p(m) one can make use of the different available 

models. 

(i) Use of the Transition State Theory. According to this 

theory an ion must possess a certain amount of free energy, 

Ae before it can change its position. p(m) is then equal 

to the probability of the ion having this free energy 

of activation and is given by 

p(m) = exp[-AG(m)/RT] (5.7) 

where /iG(m) is the free energy of activation per mole 

of the ion and m inside the bracket indicates that AG 

is dependent on the concentration of the solution. The 

concentration dependence of AG may be expressed in the 

form of a polynomial as 

AG(m) = AG^+B'2m + C^m^ (5.8) 

where AG is the activation free energy required at infinite 

dilution and Bl and C' are empirical constants. Expressing 
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the dependence of AG on m in the above form is justified 

by the empirical fact that in electrolytic solutions 

activation energies for both conductance and viscous flows 

(E. and E ) vary non-linearly with m exhibiting broad 

minima (cf. Chapters III and IV). At infinite dilution 

A = A =A' exp (-AG /RT) (5.9) 
o o "̂  o 

It is interesting to note that equation (5.9) for A is 
^ o 

4 5 similar to the several expressions reported ' for A based 

on the theory of transition states. By comparing therefore 

equation (5.9) with one of the reported expression for A , 

A' may be recognised as 

eF 
A' = ° L z, 1^ (5.10) 
o 5h . 1 1 

where e is the electronic charge, h is the Planck's constant, 

F^ is the Faraday constant, z. is the charge on ith ion 

and 1. is the jump distance of ith ion. According to another 

expression for A derived by Bockris and coworkers the 

activation free enrgy AG^ is the free energy of activation 

for the diffusion process. 

Since at a particular temperature A is the maximum 

molar conductance observable for an electrolytic solution, 

we define at a given isothermal condition the solution 

of infinite dilution as the reference frame of zero activa-
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tion energy for conductance flow, i.e., 

p(o) = exp(-AG^/RT) El (5.11) 

With respect to such a frame of reference equation (5.5), 

after substituting equations (5.7), (5.8) and (5.11) in 

it, becomes 

A =A^^^ exp (B'm+C'm^) (5.12) 

where B'=•-BA/RT and C'=-CVRT. Equation (5.12) is similar o 2 o 2 ^ 

to equation (5.1) since, the unit of concentration is immate­

rial because during computation BJ and C' or B' and C ' 

are treated as freely adjustable parameters . Thus equation 

(5.1) may be derived in the light of the transition state 

theory. 

c 

(ii) Use of the Free Volume Model. According to this model, 

for the ionic or molecular transport to take place a void 

of sufficient size must exist near the species undergoing 

transport. p(m) is then equal to the probability, p(v), 

that an ion has free volume v associated with it . Using 

the Cohen-Turnbull model for deriving an expression for 

p(v) one obtains, 

• p(m) = p(v) = exp (-YV*/V^) (5.13) 

Vj is the average molar free volume and V* is the critical 

void volume per mole just required for the transport to 
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take place and y is a numerical factor to take care of 

the overlapping of the free volume. V^ is normally written 

as (V-V ) where V is the molar volume and V is the intrin­

sic volume. Correlating V^ to the ideal glass transition 

temperature, T equation (5.13) may be written as 

p(m) = exp[-B*/{T-T^)] (5.14) 

Both B* and T are functions of concentration of the electro-o 

lytic solution. Empirically it has, however, been found 

that the concentration dependence of T generally controls 

the concentration dependence of transport properties. 
7-10 By substituting in equation (5.14) the linear dependence 

of T on m and again choosing the solution of infinite 

dilution as the reference state of p(o)5l, equation (5.14) 

9 1 0 can be approximated ' to the form 

p(m) = exp(B'm + C'm^) (5.15) 

Equation (5.15) again gives equation (5.12), 

(ill) Use of the Conf igurational Entropy Model. In this 

1 1 

model the transport process is considered to be a coope­

rative phenomenon . Change in the position of ions or any 

other constituent particle of a solution is treated as 

a transition from one configuration to another configuration 

of the system and p(m) is then equal to the probability 

1 1 of this transition . Adam and Gibbs deduced an expression 
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for this type of transition probability and is of the 

form 

p(m) = exp(-B/TS ) (5.16) 

where B is a term related to the activation energy for 

the transition and S is the configurational entropy of 

1 2 
the system. It has been shown that exp(-B/TS ) can be 

approximated to exp[-B/(AC (T-T ))] where AC is the diffe­

rence in the heat capacities of the liquid and glassy 

phases of the system. This indicates that equation (5.14) 

based on the free volume model can be deduced from the 

9 1 0 configurational entropy model . Earlier we have reported ' 

that by "substituting the temperature dependence of AC 

and the dependence of T on m it is possible to obtain 

exp[-B/(AC (T-T^))] = exp(a+B^m+C^m^). Using the solution 

of infinite dilution as the reference state of p(o)=exp(a) E 1, 
2 

we get p(m)=exp( B'm+C m ) which when substituted in equa-
'̂  o o 

tion (5.5) once again provides equation (5.12). 

2 
Alternatively, p(m) ,can be shown equal to exp(B'm+C'm ) 

from a simple statistical mechanical consideration as 

described below. The configurational entropy can be evalua­

ted from the expression 

S = klnW (5-17) 
c 

Where W is the number of 'configurations available to the 
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electrolytic solution. In order to evaluate W, the effect of 

ion-solvent interactions on the structure of an electrolytic 

solution is taken into consideration. For this purpose we 
1 3 

make use of the Frank and Wen model according to which 

three different types of equilibrium positions are available 

to water in an aqueous electrolytic solution. ( 1 ) In the 

region 1 ion-dipole interaction predominates and a water 

molecule is considered to have energy e if it is around the 

cation and c' if it is around the anion. This region 

is the primary hydration sheath of cation or anion. (2) In 

the region 2 both ion-dipole and dipole-dipole interactions 

are of almost, equal magnitude. This region is the secondary 

hydration sheath of an ion and a water molecule in this 

region has energy, say e^. (3) In the region 3 water 

molecule has energy e equal to that in pure water itself . 

Only dipole-dipole interaction exists in this region just 

as in the case of pure water . It is the bulk water region. 

In the present case for the evaluation, of W for 1 : 1 

electrolytic solutions, we use a simpler two-state model by 

taking into consideration regions 1 and 3 only . Let N 

be the total number of water molecules out of which let n. 

and nl be present in the primary hydration sheaths of the 

cation and anion, respectively. Due to exchange of water mole­

cules between regions 1 and 3 several equilibrium configura­

tions will be produced given by 

W = N'./n̂  i.nj In '. (5.18) 



154 

where n =N-{n,+n;) is the number of bulk water molecules. The 
o I 1 

exchange of water molecules may be represented as (n^+n^ (H2O) ̂ ^ 

1 4 
n (H^O)-,. It may be cited here that Samoilov made use of a 

similar model to explain the hydration phenomenon by evalua­

ting the time of exchange of water molecules between regions 

1 and 3. For a particular solution of concentration m 

at isothermal condition maximising W, keeping in view 

that n.+nJ+n =N (constant) and n-e .+n'-e.' + n e = e(constant), I I 0 I I I I 0 0 

gives 

n̂  = N exp (-e'̂ /kT)/Q (5.19a) 

n:j = N exp (-e]/kT)/Q (5.19b) 

n^ = N exp (-c^/kT)/Q^ (5.20) 

where k is the Boltzmann constant and Q = exp (-e./kT)+exp 

(-e'/kT)+exp (-e /kT). Q may be called as the configurational 

partition function and is constant at constant temperature 

for a given electrolytic solution. Substituting the maximised 

value of W in equation (5.17) and applying the Sterling's 

approximation, we get 

S^(m) = [e(m)/T]-klnQ^ (5.21) 

This expression is true for an electrolytic solution of con­

centration m at temperature T. [Equation (5.21) may also 

be obtained by using the general statistical mechanical 

expression for entropy as S = -k J p. Inp. where p. is the 

probability of finding the water molecule in the state i.] 

Substitution for S m equation (5.16) gives 

p(m) = exp[-B/(£(m)-kTlnQ^)] (5.22) 
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If n° is the first hydration number of the cation and 

n^ that of the anion and presuming that the hydration 

number is independent of concentration, we may write that 

e(m) = (n°me,+n°me!) + [55.51-(n°+n° )m]e (5.23) 
+ 1 - 1 + - o 

At isothermal condition, e(m)-kTlnQ may be written as 

e(m)-k.TlnQ = a-a.m (5.24) 

where a = 55.51e -kTlnQ and a =(n°+n°) e -n°e^-n°e' . There-

fore equation (5.22) now becomes 

p(m) = exp[-B/(a-a^m)] (5.25) 

It is worthwhile to comment here that from the 

above simple two-state model it is also possible to deduce 

7 8 the expression reported by Angell ' for ths, transport 

property of electrolytic solutions which is shown below.. 

Hitherto for the transport property(Y) of an electrolytic 

solution the expression of configurational entropy model 

was employed directly as 

Y « p(m) 

Substituting for p(m) from equation (5.25), we get 

Y = A exp[-B/(a-a^m)] 

or Y = A exp [-B'/(a^-m)] (5.26) 
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A IS a proportionality constant, a =a/a- and B'=B/a^ . 

Equation (5.26) may be recognized as the same expression 

7 8 

obtained by Angell ' by introducing the empirical concen­

tration dependence of T m the expression for Y(VTF equa­

tion). In the expression of Angell concentration is expres­

sed in mole per cent instead of in m which is immaterial 

because T exhibits similar dependence with mole percent 

and m. Therefore our above simple model deduces directly 

the isothermal expression of Angell without resorting 

into the empirical nature of the concentration dependence 

of T . o 

Equation (5.25) may be approximated as 

p(m) - exp [-(B/a)(1 + (a^/a)m+(a^/2a^)m^)] 

= exp [-(B/a)+B'm+C'm^] (5.27) 
"̂  o o 

Again using the solution of infinite dilution as the refe­

rence state of p(o) = exp[-(B/a)]E 1, we obtain p(m)=exp 
2 

(B'm+C'm ) which on substitution in equation (5.5) gives 
o o 

us equation (5.12). 

5.3 Application of Equation (5.1) 

Equation (5.1) has already been successfully employed 

to describe the concentration dependence of molar conduct­

ances of NaSCN, KSCN, NaNO-, and KNO, aqueous solutions 

and also of mixed electrolytic solutions containing NaSCN+ 

KSCN and NaNO^+KNO^ in water (cf. Chapter III and IV). In 
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order to establish further the applicability of equation 

1 5-33 

(5.1) we have least-squares fitted the reported equi­

valent conductance data of several electrolytic solutions 

to (i) the FLK equation (1.7), (ii) the WS equation (1.8), 

(iii) the Monica equation (1.9) and (iv) to equation (5.1). 

The results of these fittings are given in Table 5.1. 

In all the cases equation (5.1) fitts the equivalent con­

ductance versus concentration data much better as it is 

apparent from the standard deviations of the different 

fittings. In some of the electrolytic solutions there 

could be appreciable amount of association, for example, 

in NH.NO-, solution. In such solutions c has to be substi­

tuted by ac where a is the degree of dissociation. This 

correction has not been incorporated in the present fitt­

ings since our intention is to simply make a comparison 

between the fittings of the A data to the different equa­

tions . 

Although from Table 5.1 it is obvious that equation 

(5.1) fitts the conductance data better, this success 

of equation (5.1) may be attributed to the presence of 

three adjustable parameters in it whereas the FLK, WS 

and Monica equations contain only one adjustable parameter . 

In order to rectify this particular weakness of equation 

(5.1) an attempt has been made to reduce the number of 

freely adjustable parameter in it. From the derivation 
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of equation(5.1) or (5.12) given above it is obvious that 

the exponential part of equation(5 .1) is related to the 

ion-solvent interactions . One of the properties of electro­

lytic solutions which is affected directly by the ion-

solvent interactions or solvation of the ions is the vis­

cosity of the solution. Therefore the exponential part 

of equation{5 .1) may be expected to be correlatable to 

the viscosity of the electrolytic solution. This is also 

inferred from the studies made in chapters III and IV. It 

was suggested in Chapters III and IV that by looking into 

the signs of the values of BI and Ĉ ' it is possible to 

predict whether a particular solution exhibits negative 

viscosity or not . The present analysis of the conductance 

data also confirms this. For example, from Table 5.1 KCl, 

KBr, KNO^, NH^Cl and NH^NO^ solutions would be expected 

to exhibit negative viscosity and experimentally they 

are known to do so. 

34 According to the Frenkel equation the activation 

energies for conductance (E . ) and viscous (E ) • flows 

of a .particular system are related through the expression 

E^/E^ = n (5.28) 

where n is a constant generally having a value less than 1. 

This relation has been found to hold good in molten salts ' 

and electrolytic solutions . On the basis of the transition 
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state theory used above to derive expression (5.1) or 

(5.12) it may be written, in view of equation (5.8), that 

B ̂c+C'c^ = B^m+c;^m^ = - (B^m+C^m^ )/RT = -(E^-E^^)/RT (5.29) 

where E . is the activation enerqy for conductance flow of 
oA ^^ 

electrolytic solution at infinite dilution. B'=-RTBj and 

C' = -RTC^. In the light of the relation between Eŷ  and E^ 

given in equation (5.28), we can also write equation (5.29) 

as 

(B;C+C;C^) = -n(E -E )/RT ' (5.30) 

where E is the activation energy for viscous flow of 

electrolytic solution at infinite dilution. Equation (5.30) 

indicates that Inq of any electrolytic solution is a linear 

2 
function of B:|C+C!C . We have therefore plotted in Fig.5.1 
4-K 4- .15,16,19-21,26-29 • • ̂  •, x. 
the reported viscosity values of several 
electrolytic solutions (cf. Table 5.1) versus their res-

2 pective Bjc+Cjc values and as expected these plots were 

found to be linear. Equation (5.1) may now be written 

as 

A = ApLK(exp[(-E^4-E^^)/RT])" 

= ApLKte^P(-Eg/RT)]"[exp(E^ /RT)]" 

Equation (5.31) is a better equation than equation (5.1) 

since it has only 2 adjustable parameters. Furthermore, 

there is a possibility to use equation (5.31) as an one-



160 

parameter equation also by substituting the value of n 

obtainable separately from the study of the temperature 

dependence of conductance and viscosity of an electrolytic 

solution. The conductance data of all the electrolytes 

listed in Table 5.1 were least-squares fitted to equation 

(5.31) and the results of this fitting are given in the 

last column of Table 5.1. The value of n for all the electro­

lytes except for KBr, NH.Cl and NH.NO-, solutions are found 

to be less than 1 . The fittings of conductance data to 

equation (5.31) are better than the fittings to the FLK, 

WS and Monica equations. Equation (5.31) is an improvement 

over the WS equation because the latter equation fails 

1 c 
when the relative viscosity of a solution becomes high. 
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vir-x 
lnT\ 

Fig.5. 
2 

Plot of Inn vs. [Blc+Cjc ] for different aqueous electrolytic 

solutions at 298K. 
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APPENDIX-A 
ITERATION PROGRAM OF MODIFIED FLK EQUATI0N(3.2 OR 5.1) 

20 READ N,CO,AG.B.C,R0,R1.R2 
30 DIM XI(50),XY(50),X1(50).X2(50),X3(50),X4(50),X5f50),X6C50) 
35 DIM X7(50).XSf 50),D1(50).D2(50),D3(50),D4(50 1,D5(50) ,D6r 50) 
40 DIM D7(501.YI(50),D8(50) 
45 DT=33.95*283.0 
50 FOR J=l TO 6 
60 READ SO, SI,S2,S3,S4.55.S6.S7.S8.S9 
70 AO=AO+RO 
80 B=B+R1 
90 C=C+R2 
100 FOR 1=1 TO N 
105 READ XI(I).XY(I) 
110 Xl'( I) =82. 501*XY(I)"0.5/(1. 3070E-02*DT ' O . 5) 
120 X2(I)=1.0+(0.5029*A0*10'10*XY(I)"0.5)/DT"0.5 
130 X3Cl)=(X2(I)-1.0)/A0 
140 X4(I) = (0. 8204*10"6*XY(I)"O . 5)/DT"1. 5 
150 X5(I)=0. 2929*-X3(I)*A0 
160 X6(l)=EXPfX5(I)) 
170 X7(I l = fX6fI)-l.0)/X5(I ) 
180 X8( I)=EXP(B''XY(1 )+C*XYCl 1 "2) 
190 Dl(I)=rxi(I)-X3fI)/X2(I)"2)+(X3(I)*X4(I)/X2fI) 2)*X7(I) 

*(C0-2.0*X1(I)/X2(I) ) 
200 D2(I)=(X4(I)/X2(I))*((X1(I)/X2(I))-C0)*((1.0+X6(I1 

*(X5(I)-1.0))/X5(I)*A0) 
210 D3(I)=(D1(I)+D2(I))*X8(I) 
220 D4(I) = (C0-X1( I)/X2(I) ) *• (1. 0-X4 f I) *X7 ( I )/X2 (I ) ) =-X8 (I ) 
230 D5(I)=D4(I) "XYCI ) 
240 D6(I)=D5f I) ="XYf I) 
250 D7(Il=Xiri)-D4(I) 
260 S1=S1+D3(I)'2 
270 S2 = S2 + D3(I)*D5(I ) 
280 S3=S3+D3(I)^D6(I) 
290 S4 = S4 + D5(I) 2. 
300 S5=S5 + D5f I) •'=06(11 
310 S6=S6+D6(I1 ~2 
320 S7 = S7 + D3(I ) *'D7(I) 
330 S8 = S8+D5( I 1-*D7( I 1 
340 S9=S9+D6(I)*D7(I) 



190 

350 S0=S0+D7(I)"2 
355 D8[I)=L0GfX8(I) ) 
360 NEXT I 
370 D=S1*(S4*S6-S5"2 3-S2*(S2*S6-S3*S5)+S3*(S2*S5-S3-^S4) 
380 R0=CS7*CS4*-S6-S5'2)-S2*-fS8-'-S6-S9*S5)+S3*(S8*S5-S9*S4) )/D 
390 R1=(S1*CSS*S6-S9*S5)-S7*(S2*S6-S3*S5)+S3*(,S2*S9-S3*S8) )/D 
400 R2=(Sl*(S4*S9-S5*S8)-S2*(S2*S9-S3*S8j+S7^(S2*S5-S3*S4))/D 
410 SD=(SO/N)'0.5 
420 PRINT 
430 PRINT "DELA0="R0,"DELB="R1,"DELC="R2 
440 PRINT 
450 PRINT "LAMDAAO="CO, "AO="AO, "B="'B, "C="C, "STD="SD 
460 PRINT 
470 • FOR K=l TO N 
480 PRINT XI(K),XY(K),D4(KJ 
490 NEXT K 
500 RESTORE 530 
510 NEXT J 
520 DATA N,CO,A0,B,C,R0,R1.R2 
530 DATA SO.SI,S2,S3,S4.S5,S6,S7,S8,S9 
540 DATA Xl(I),XYtll 
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APPENDIX-B 
ITERATION PROGRAM FOR VTF EQUATION(3.3) 

DIM XIC20),XY(20),YI(20),X1(20),X2(20),X3{20),X4C20) 
DIM X5f20),X6f20),X7(20),X8(20),X9f20),Dl(20),Y2(20) 
READ N,YO,Yl,Y2,AO,Al.A2 
K = 0 

14 
S3,34,S5,36,S7,S8,39,DE 

TO 
32. 

FOR K=l 
READ 31 
K=K + 1 
YO=YO+AO 
Y1=Y1+A1 
Y2=Y2+A2 
FOR 1=1 TO 
READ XI(I) 
XY(I) 
YI(I) 

N 
XY(I) 

xy(1)*io"-3 
LOG(XY(I]) 

X1(I)=1/(XICI) 
"2 
'Yl 
3 
' Yl 
'4* 

-Y2) 

Yl 

X3(I}=X1(I 
X2(I)=X3(I 
X5(I)=X1(I 
X4U)=X5( I 
X6(I)=X1(I 
31=S1+X1(I 
S2=S2+X2(I 
33=S3+X3CI 
34=34+X4(I 
S5=S5+X5(I 
36=S6+X6fI. 
X7fI)=YI(I 
X8Cl)=X7fI 
X9U)=X8( I 
S7=37+X7(I 
S8=S8+X8(I 
S9=S9+X9fI 
Dl(I)=X7f1 
DE=DE4nifI 
Y2(I)=EXP(Y0-Y1'*X1(I} ) 
NEXT I 
D=N*f 33*36-35* 34)+31* (S3* 34-31*36 1-32-* r S3 2-31-•35 1 
A0=(37* (33*36-35*341+31* ( 3=** 34-38*36 )-32* (39*33-38*35) ) /D 
A1=(N* (39*34-38*36)-37* ( 53*34-31 *36 )-32* (31*39-33 '^SS) )/D 
A2=CN*(S5*SS-S3*S9}+Sl*fSl*S9-S3*Sa)+S7*(S3'2-Sl*S5))/D 

-fY0-Y1*X1(I)) 
*X1(I) 
*X1(I) 
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350 D1=(DE/Nl 'O. 5 
360 LPRINT 
370 LPRINT"DLOGA="AG, "DE=:"A1, '•DT0="A2 
380 LPRINT 
390 LPRINT" L0GA="Y0, "B= 'Yl , "TG=-" Y2 
400 LPRINT 
410 FOR J=l TO N 
420 LPRINT XICJ),XY(J),Y2fJl 
430 NEXT J 
440 LPRINT"srD="Dl 
450 RESTORE 475 
460 NEXT K 
470 DATA N,YD,Y],Y2,AO,At,A2 
475 DATA SI,52,S3.S4,S5,S6,S7,SB,S9,DE 
480 DATA XI(I),XY(I) 
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APPENDTX-C 
10 PROGRAM FOR FLK EOUATIOM(1.71 
20 DIM X0r35),Xl(35),X2(35),X3(35),X4(35l,XIf35).XY(35),XZ(35) 
30 DIM Y0(35],Yl(35).Y2(35),Y3f35l,Y4(35),Vlf351 
40 K = 0 
50 X=2.56E-08 
60 FOR M=l TO 50 
70 READ N, SI.S2,S3,S4,S5,S6,LO 
80 DT = 78. 30"*^298. 0 
90 K=K+1 
100 X=X+0.01E-08 
110 FOR 1=1 TO N 
120 READ XI(I),XY(I) 
130 X1(I)=82. 501 *XY(I 1 ' O . 5/( 8 . 904E-0 3-̂ DT ̂  O . 5 ) 
140 X2(I)=50.29E08*X-*XY(I) "0.5/DT"0. 5 
150 X3(I)=8.204E05*XY(I) *0.5/DT 'l. 5 
160 X4(I) = rEXPf0.292'3*X2(I) )-1. 0 3/( O . 2929^X2 f I) ) 
170 XZ( I) = (L0-X1(I)/(1 + X2(I ) 1 )'*=(1-X3( 13-^X4(1 )/ri+.X2(I 1 D 
180 Y4ri)=XZfI)-X1CI) 
190 S6=S6+Y4(I)"2 
200 NEXT I 
210 SD=(S6/N)~0.5 
220 PRINT 
230 PRINT "A0="X,"L0="L0 
240 FOR L=l TO N 
250 PRINT XY(L3.XI(L3,XZ(LJ 
260 NEXT L 
270 PRINT "STD="SD 
280 RESTORE 300 
290 NEXT M 
300 DATA N, SI, S2, S3, S4, S5, S6, LO 
310 DATA XI(13.XY(I) 
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APPENDIX-D 
10 PROGRAM FOR WISHAW-STOKES EOUATION(1.S1 
20 DIM X0('351 , XI ( 353 , X2C35) , X3C35) , X4(35) , XI(351 , XY( 351 
30 DIM Y0(353,Ylr353,Y2r35).Y3f35),Y4f35),VIf35).XZf35) 
40 K = 0 
50 X=2.53E-03 
60 FOR M=l TO 50 
70 READ N,S1.S2.S3,S4,S5,S6,L0 
80 DT=7S.30*298.O 
90 K=K+1 
100 X=X+0.01E-0S 
110 FOR 1=1 TO N 
120 READ XI(13,XY(13,VIfI 3 
130 XI ( 13=82. 501*XY(I3'a.5/f8. '304E-0 3*DT ' O. 5 3 
140 X2('I3=50. 29E08*X*XY( I3''0.5/DT'0.5 
150 X3(I3=8.204E05*XY(I3"O.5/DT'1.5 
160 X4f I 3 = (EXP(0. 2929*X2f I ) 3-1. 03/ro. 2'̂ 2'='*X2f I ) 3 . 
170 XZ(I3 = (L0-X1(I3/C1+X2(I3 ) 3 *f1-X3(I 3 *X4(I 3/t1 + X2r13 )3 ' ( 1/VlfI) ) 
180 Y4CI3=XZ(I)-XI(l3 
1<50 S6=S6 + Y4Cl3'2 
200 NEXT I 
210 SD=rS6/N3'O.5 
220 PRINT 
230 PRINT "A0="X,"LO="LO 
240 FOR L=l TO N 
250 PRINT XY(L3,VI(L3,X1(L3,XZ(L3 
260 NEXT L 
270 PRINT " S T D = " S D 

280 RESTORE 300 
290 NEXT M 
300 DATA N,S1,S2,S3,S4,S5,S6,L0 
310 DATA XI(I3,XYCl3,VI(I3 
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APPENDIX-E 
10 PROGRAM FOR MONICA'S EQUATION ( 1 . 9 ) 
20 DIM X0C35),X1(35),X2C35),X3(35)„X4[35),XIf35),XYf35) 
30 DIM Y0(35),YlC35),Y2(35),Y3(35),Y4(35),VI(35),XZf35) 
40 K=0 
50 X=2.53E-08 
60 FOR M=l TO 50 
70 READ N,SI,S2,S3,54,S5,S6,L0 
80 DT=78.30*298.0 
90 K=K+1 
100 X=X+0.01E-08 
110 FOR 1=1 TO N 
120 READ XI(I),XY(I),VIfI) 
130 XICl)=82.501*XY(I) ~0.5/( (8.904E-03*VI(I) ) 'DT ~0.5) 
140 X2CI)=50.29E08*X*XY(I)"O.5/DT'0.5 
150 X3(I)=8.204E05*XY(I)"O.5/DT^l.5 
160 X4(Il=[EXP(G.2929*X2(I))-l.0)/(O.2929*X2(I)) 
170 XZ(IJ=:(L0-X1(I)/C1 + X2(I) ) )*(1-X3(I3"*X4(I ) / f 1 + X2 U ) 1 ) =" (1/VI ( I 
180 Y4rI)=XZ(I)-XI(I) 
1<50 S6=::S6 + Y4( I ) ~2 
200 NEXT I 
210 SD=(S6/N) "0'. 5 
220 PRINT 
230 PRINT "AO="X,"LO="LO 
240 FOR L=l TO N 
250 PRINT XYCL),VICL),XI(L),XZ(L) 
260 NEXT L 
270 PRINT "STD="SD 
280 RESTORE 300 
290 NEXT M 
300 DATA N, S1,S2,S3,S4,S5,S6,L0 
310 DATA XI(I),XY(I),VI(I) 
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APPENDIX-F 
PROGRAM FOR MODIFIED W-S EQUATION(5.31) 

DIM X(50),Y(50),Z(50),X0(50).XI(50),X2(50),X3(50),X4f50),X5(50) 
DIM Fl(50),F2(50),F3(50),F4(50),DA(50),YC(501,DN(50J,DY(50) 
READ N,CO,AO.AN,R1,R2 
FOR J=l TO 20 
READ SO,SI,S2,S3,S4,S5 
DT=80.1*293.0 
A0=A0+R1 
AN=AN+R2 
FOR 1=1 TO N 
READ Y(I),XfI),Z(I) 

=82.501*X(I)"O.5/(10.02E-03*DT'0. 5) 
a+50.29E08*A0*X(I)"O.5/DT'O.5 
=:X1 ( I)-l. O 
= 8. 204E05"*X(I) "O. 5/DT'l. 5 
=EXP(0.2929*X2(I)) 
=(X4(I)-1.0)/(0.2929*X2(I)) 
:(X0(I)+X3(I)*C0*X5(I))*(X2(I)/A0)/Xiri)"2 
:X3(I)*C0*(X5(I)-X4(I))/(Xl(I)*AO) 
=2.0*X3fI)*X0(I)*X5(I)*(X2(I)/A0)/Xl(I)'3 

l=X3(I)*X0(I)*(X4(I)-X5(I))/(A0*XlfI)"2) 
(F1(I)+F2(I)-F3(I)+F4(I) )*(1/Z(I) ) ' AN 

=CC0-(X0(I)/X1(I)))*(1.0-fX3(I)*X5(I)/XlCl)))*(1/Z(I))"AN 
l=YC( I) - L O G d / Z d ) ) 
^Y(I)-YC( I ) 

XO(I): 
X1(I) 
X2(I) 
X3(I): 
X4(I)^ 
X5(I): 
Fl(I) 
F2(I): 
F3(I) 
F4( I) 
DA( I): 
YC(I): 
DN(I) 
DY(I ): 
SO=SO+DAfI)'2 
S1=S1+DA(I)*DN(I) 
S2=S2+DN(I)"2 
S3=S3+DA(I)*DY(I) 
S4=S4+DN(I)*DY(I) 
S5 = S5 + DY(I) '2. 
NEXT I 
D = S0*S2-S1 " 
Rl=(S3*S2-< 

2 
54' SI )/D 

R2=(S0*S4-S1*S3)/D 
SD=(S5/N)'0.5 
PRINT "LAMDAO="CO,"A0="AO, 
FOR K=l TO N 
PRINT X(K),Z(K),Y(K),YC(K) 
NEXT K 
RESTORE 430 
NEXT J 
DATA N,CO,AO,AN,Rl,R2 
DATA SO,SI,S2,S3,S4,S5 
DATA Y(I),X(I),Z(I) 

'AN,"STD.DEV. SD 

.^fc^tJ 
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