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Theory of irreversible thermodynamics has been applied to 
isothermal transport processes in binary electrolyte solutions. 
Relations are presented which express the commonly measureable 
transport qualities in terms of Onsager transport and inv
erse frictional R ., coefficients. Relations for L., and R.,IK llC IK
coefficients are presented in terms of the experimental quant
ities, t., A and D « y 17 v

Equivalent conductances of rubidium and caesium chlorides 
and diffusion coefficients of rubidium chloride have been mea
sured in the concentration range 0-3It. These have been combine 
with the remaining transport, activity and density data which 
existed in the literature and the I., and R., coefficientsIK IK
obtained. Literature from 1930 to 1970 has been surveyed for 
transport numbers, equivalent conductances, diffusion and act
ivity coefficients for 1:1, 1:2, 2:1 and 2:2 electrolyte solu
tions in aqueous media. Results, for twenty eight systems for 
which data was also complete, have been calculated as a basis 
of comparison.

The relative sizes of these coefficients have been discu
ssed in terms of ion solvation and water structure. An inter
pretation of the physical significance of frictional coeffici
ents is developed for completely dissociated as well as asso
ciated 1:1 electrolytes. Association in alkali metal chlorides 
potassium end silver nitrate solutions has been studied by the 
conductance theories of Pitts and Fuoss. Abnormalities in 
rubidium-chloride and caesium-chloride interactions have been 
ascribed to ion association and the true interionic friction c*"*'- 
calculated and compared with those for the completely dissoci
ated alkali metal chlorides. The correction reduces the inter-



ionic friction from its apparent value calculated onylioi- 
cheiometric basis and places the salts in a rational order. 
The significance of 'fc]:1G degree of coupling between
mobile species, has been developed as a suitable parameter 
for comparison of a variety of electrolytes of different 
valence types.



Nomenclature

A Anion in chanter 2; a coefficient of empirical
fit in eqn(5«12) and (6.13).

A^ Affinity of chemical reaction,
a0’ ai Coefficients of empirical fits,
B A coefficient of empirical fit in eqns (5.12)

and (6.13).
cma,cmb Kean concentrations.
C Cation in chapter 2.
C Capacitance.P

Folar concentration of ion i. 
d Density.
D(t) Concentration average diffusion coefficient.
D Integral diffusion coefficient.
D,Dv Volume fixed differential diffusion coefficient.
D^ Diffusion coefficient at infinite dilution.
Dq Solvent fixed differential diffusion coefficient.
dS Total change of entropy.
d S Change of entropy.due.to interactions with thee

Exterior.
d^S Internal production of entropy.
fa,fb Vacuum correction factors for salt and solutions.
F Faraday of electricity. *

is>F^k Fraction of the force applied on i which^opposed
by friction with k.



viii

Degree of coupling between species 1 end 2.
Degree of coupling between species 1 and solvent

■̂ ik’̂ iO Coefficients of friction between species i and 
k and, i and solvent.

R ,Rm Apparent and true resistances of solutions, p’ T
r^ Stoicheiometrie co efficient of ion i.
r Sum of stoicheiometric coefficients,
s Local entropy density per unit volume.v
S Entropy in chapter 2 and ionic strength in

chapter 6.
T Absolute temperature,
ht. Hittorf transport number.i
t? e.m.f. transport number.
t^ Transport number.
t.t Time of a diffusion run.’ r
V Volume.

aVelocity of species i in lit&Y£ /cm-sec. 
v± Velocity of species i in cm/sec.
W Frequency of alternating current.

Molecular -weight of solute.
X Thermodynamic force.
X^ Thermodynamic force on species i.
x Di s tance in cm.



f Stoicheiometric activity coefficients.
I Current density.
i Numbers*
J Flow of entropy,s
div Jq Divergence of entropy.
J(t) Flux of solute at time t.
J. Flow of species i.i
J? Flow of i relative to solvent.
;jh Flov/ of free ions i.

J k Flow of chemical reaction.
K Association constant,
k Numbers.
L Thermodynamic diffusion coefficient.
1 Diffusion path.

Intrinsic mobilities of species i.
L., Coefficient of interaction of mobilities of ilk

with k. 
m Morality.
N Normality•
n Numbers.
M Molarity.
Mq Molecular weight of solvent,
q Transport of heat.



Thermodynamic force on free ions i.
Coefficient of kinetic friction between suedes 
i and k.
Kean molar activity coefficient.
Valency of ion i.
Solvent.
Cations.
Anions.
Cell constant in conductance measurements. 
Degree of dissociation.
Cell constant in the diffusion experiment.
Rate of entropy production.
Dissipation function.
Limiting conductivity of ions i.
Equivalent conductance.
Electrochemical potential of species i.
Chemical potential of suedes i.
Chemical potential of neutral electrolyte or 
ion pair.
Electrical potential.
Mean molal activity coefficient.
Specific conductivity.
Coefficient of viscosity.
Surface density of v.ater around an ion i.



1
CHAPTER 1 

Introduction

In electrolyte solutions transport of charge and mass 
takes place if an electrical potential is applied to the 
solution or if a concentration gradient exists in it. Con
siderable effort has been put on the elucidation of these

Sprocesses from the original investigations of Kohlraqj'ch(1879 )J', 
Arrheni^us (1887)^ and Vanft Hoff (1887)  ̂upto the not^able 
work of 'Debye and Thicket (192.3 and Onsager(1931);, The 
molecular theories of electrolytic conductance and diffusion 
are based on the laws of interionic attraction and the concent 
of ionic atmosphere. These theories successfully account 
for the observed transport quantities in dilute solutions 
where long range coutombic forces alone are of importance 
and where other influences such as intermolecular and 
short range repulsive forces between ions may be negligible.
In concentrated solutions however specific effects become 
significant, flow of an ion is affected by the presence of 
similar and counter ions. As concentration increases the 
dielectric constant changes in the vicinity of an ion and 
there are specific and changing interactions between ions 
and solvent molecules. For these reasons theoretical equations 
for diffusion and conductance are limited to a very narrow 
range of concentration which for 1:1 electrolytes is upto 
0.011,1 and still lower for higher valence type electrolytes.
Fuoss and coworkers and Pitts have recently tried to extend 
the concentration limit of their theoretical conductance 
equations by taking into account short range interionic effects.



Their treatment is valid only unto 0.05M in solutions 
of completely dissociated 1:1 electrolytes. • This concen
tration limit is further reduced in the case of associated 
electrolytes and oc solvent of low dielectric constant.

An alternative phenomenological approach to the problem 
has been developed over the last few dece.des. It is based 
on the phenomenon of coupling between two or more processes 
in a transport experiment. In electrolyte conductance, for 
example, the two processes taking place are the simultaneous 
flows of cations and anions in the opposite directions under 
a gradient of electrical potential. The force acting on a. 
species affects the flow of the second and vice-versa. This, 
the phenomenon of coupling, was first rationalised by Lord 
Kelvin(l854)̂  in a study of the thermoelectric effect. 
Rigorous treatment was given by Onsager(1931P  who developed 
the theory of irreversible thermodynamics later to be ex
pended and generalised by Heixner^, Ca.simir^and PrigogineH. 
The complete formulation of the subject is most adequately 
treated in a number of treatises -*1-3,14,15.

The theory of irreversible thermodynamics has been
specifically applied to isothermal transport processes in
electrolyte solutions by killer^ and in a slightly different

17but equivalent form by Newman . The complete picture of 
the theory as presented by Hiller can be applied directly 
to experimentally measureable transport properties and the 
application leads to a general description which is valid 
in any range of concentration. The transport processes are 
described by phenomenological coefficients which specifically 
measure the kinetic interactions between ion and ion, and ion



and solvent. The concentration dependence of the transnort 
properties like conductance, transport numbers and diffusion 
coefficients ore well described in terms of these phenomeno
logical coefficients which are therefore more fundamental 
than the transport properties themselves and a knowledge 
of these coefficients gives better in-sight into the trans
port processes irrespective of the concentration range.

The interpretation of the transport processes in terms
of the phenomenological coefficients is qualitative and
therefore becomes more meaningful when a closely related
series of electrolytes are considered. One such .series is

16athat of alkali metal chlorides. filler' collected litera
ture data for conductance, transport numbers and diffusion 
coefficients in aqueous solutions of lithium, sodium and 
potassium chlorides in the concentration range 0-3k, apolied 
his relations and obtained the phenomenological coefficients. 
These transport data were not complete for rubidium and caesium 
chlorides. Equivalent conductances of both and. diffusion co
efficients of rubidium chloride alone were lacking. These 
have been measured and presented in this thesis to complete 
the irreversible thermodynamic analysis of the whole alkali 
metal chloride series and make a comparison of the changing 
trends of the magnitudes of phenomenological coefficients 
when atomic size of the cations in this closely graded series 
increases regularly from lithium to caesium while the anion 
remains the same and to find an explanation for the highest 
values of conductance, transport numbers and diffusion co
efficients in solutions of rubidium chloride while this 
electrolyte lies below caesium chloride in the series.



The theory of irreversible thermodynamic analysis is 
presented in chopter 2 where it is shown that only three 
transport quantities, t ,̂ A end D , are required to ex
plain the transport processes in binary electrolyte solutions. 
There are two formalisms in which the Phenomenological
equations are described. The first is that of direct trans-/°fport 1.. coefficients and the second is that/inverse frictional lk /
R., coefficients.IK

A detailed literature survey from 1930 onwards was made 
to collect the transport quantities for 1:1, 1:2, 2:1 and 
2:2 binary electrolyte solutions and obtain the Phenomenolo
gical coefficients for these systems as a basis of comparison 
with those of the alkali metal chlorides. This is described 
in chapter 3. The experimental procedures for'the measure
ments of diffusion coefficients and conductances are des
cribed in chapters 4 end 5- In chapter 5 ion association 
in 1:1 electrolyte solutions has been studied using the con
ductance theories of fuoss & Pitts and the results of 
calculations of the complete thermodynamic data for rubidium 
and caesium chlorides are presented in chapter 6 and the 
physical significance of the Phenomenological coefficients,
L., and R., , developed. The results of calculations for all lk ik’
other systems are presented in appendix 1. Seven computer 
programmes were written in Algol language for miscellaneous 
and repetitive calculations. These are described in appendix 2



CHAPTER 2

Theory of Irreversible Thermodynamics as Applied to 
Transpprt Processes in Binary Electrolyte Solutions.



2.1 'Sntvoov production in an Ir *covftrp.ible Process: 'ryp terns 
undergoing irreversible processes may be divided into macro-- 
scooically small local subsystems. If each subsystem ip, 
considered to be at local equilibrium then the laws of classi
cal thermodynamics are valid.. If perturbations from equili
brium are not large, the change of entropy of the systems in 
the irreversible process is given by

dS = d S + d.s (2.1)e i v

where d S is the flow of entropy due to interactions with the 
exterior and d^S is the production of entropy inside the sys
tem. d^S is zero for a reversible process but is always po
sitive if changes occur irreversibly.

For an isolated system in which, neither energy nor matter 
can be exchanged,

a s  = o (2.2)0

and the entropy production is given by

dS = dtS > 0

If two irreversible processes, 1 and 2, occur in an isolated 
system then

as = a y 1 + o (2.4)

(2.3)

Applying eons(2.2) and (2.3), it is postulated that



d • 5̂' 0 and d •i ̂  0 (2 * 5 }1 1 V ■  ̂.

1 2A physical situation in wnich cuS~< 0 and d-S‘< 0 is excluded 
That is, in every macroscopic revion of the system the entropy 
production is positive.

In courted chemical reactions, however, if two simulta
neous reactions, 1 and 2, occur, then it is Possible that 
the rate of entropy production in 1, d . o'"/dt, is positiveP 3-and in 2, d.S'Vdt, is negative rrovided their sum is positive. 
The reactions ere then coupled, reaction, 1, proceeding spon
taneously and driving the second against its natural or r-m- 
ontaneous tendency. much thermodynamic coupling is an easen-

1 Ptial feature of livinv s vs terns involved in active trans-north

2.2 The rate of Intropy Froduction and the Pissiration fric
tion : The rate of entropy production for s. system, dhydt,
may be considered to be the sum of contributions from all 
volurnee 1 ements so that

d.S (-U-=j<rav . (2.6)
V

Where <? is the local rate of production of entropy per unit 
volume, V.

From eqn(2.l), the rate of change of entropy is
d F5 d.hdu e i /0 rj\

dt “ dt + ’dt "

The total entropy of a. system,S, may be defined in terms 
of the local entropy density ( entropy per unit volume ), 3 , 
by20*

S = j \ d V  (?.0)
V



The change in total entropy with time 'becomes

vqy
dt } jb r m.9)

a s  v0-g-jr is related to the flow of entropy, by
d 57
d t  i uiv J. d.V (P.10)
w - - hV

Substituting eqris (2,6), (2.9) and (2.10) in eqn(2.7) > we o
ram

( (j Y F  fiv = - j div g  6 V +J<s'dV (3.11)
V V V

3qn(2.1l) describes the total r- te of change of entropy with 
time. lor any local change it becomes

y :f  = “ fliv Js + (2.12)

The rate of change in local entropy is therefore equal to the 
entrony produced, c' , plus the entropy flow term, - div J . 

The necessary conditions for a .state of equilibrium are
thr t

53
yrjr = 0' and div Jg = 0 (2.13)

and therefore from eqn(?.12),

C  = 0 (2.14)

For a system in steady state, however,



For a continuous system, the entropy production,&  ,
•] 9is given by the relationship. ,

where' J , J. and J , are the flow of heat, matter and chomi- s i ch ’
cal reaction (rate) multiplied by their conjugate driving 
forces, defined by the negative gradient's of the temperature, 
T, electrochemical potential, jX ̂ , and the affinity of chemi
cal reaction, /n , respectively.

c* may be replaced by the dissipation function, = Ic*. 
It has the dimensions of energy per unit time and i£ a. mea
sure of the rate of local dissipation of free energy. Re
lation (2.16) may be reformulated as

£ =Tc'=Jq grad (-T) + jr Jbgrad (-2^) + Jch,Ai> 0  (2.17)
i=l

For isothermal transport processes in electrolyte solutions 
in which no chemical reactions take place, the dissipation 
function,^ , is given by the second term on the right hand 
side of eqn(?.17) and defined as the sun of products of con
jugate flows and forces. For a. system consisting of a neu
tral solvent, 0, and n solute species, the dissipation 
function is



13

where J. in the mass-fixed flow of species, i, lnpmoles/cm" sec, and is the thermo dynamic force in jo ales/ 
mole era.

2.3 frames of 'Reference for flows; The definition of flows 
presented in eqn(2.l8) is given in terms of an arbitrary

9 0frame of reference. It has been shown ", however, that any 
frame of reference may be chosen. The choice depends on the
purpose of study. The transport equations for binary electro
lytes become intuitively more .accessible if the solvent fixed 
rather than, for example, the volume fixed or molar average
velocity frame of reference is used. Relations exist for-) ] p 2 a a p.the conversion from one frame of reference into another"” “*.

For a binary electrolyte solution consisting of cation,
1, anion, 2, of valencies and respectively and solvent,
0, eqn(2,18) beeomes

£ = J1X1 + J2X2 + J0X0 (2.19)

Where are the gradients of electrochemical potentials so 
that

X. = _ H i  = _ ( A H  + z . F ~ )  (2.20)i Jx y  x i Jx '

Where x is the distance parameter, and 4^ are the gradientsP X r) X
of chemical and electrical potentials.

The Gibbs-Duhem equation states that
i

nl^l + + n0 ^ 0  ~ ® (2.21)



Dividing eqn(2.21) by the volume, V, and differentiating with 
respect to x, we obtain

CfX-j + cpXp + CqXq ^ ^ (2.22)

Where ĉ  = n^/V, are the concentrations per unit volume.
Eqn(2.22) shows that the forces on 1, 2 and 0 are not inde
pendent. Eliminating Xq from eqn(2.19) and (2.22), the dissi 
pation function becomes

Jncn Jnc9
§ = (J1- - § y > * i + a 2- -§-bx2 (2.23)

The flow), Jl , is given by the product of concentration,
c^, and velocity, v^, of the species, i, so that

J. = c. v. (2.24)1 1 1

In these terms, (dj_~dQcj_/co) eGn (2.23) is defined as ĉ )(
(v.-vA). It is therefore the flow of species, i, relative toX U  Q
solvent, 0, and is given the symbol Jl so that

Ji° = °i(vi"vo) (2-25)

The dissipation function may therefore be represented 
in terms of two flows and two forces, J-ĵ » ^2^ anĉ' ^1*^2 
respectively;

$ = Ji°xi + J2°X2 (2.26)



2.4 The Phenomenological Equations and the Onssger Reeloro-
cal Relations: In situations, where a. system deviates only_ e 
slightly from equilibrium, linear ph^iomeno logical equations
may be written relating the flow of a species, i, to all
other forces so that for an n+1 component system,

n,
Ji = £ ]'i,cXk i=0,l,2,3...n (2.27)

k-D
eThe terms 1 ^  are the phenomenological coefficients and are 

independent of the forces.
For a one flow-one force system, the phenomenological 

equation is

J. = 1..X. (2.28)l n  l v

In this simple situation, the flow of i is proportional to 
the force X.. The magnitude of L.. is a specific measure ofl ° li
the mobility of the species and from the general definition
of a force eouation, one may obtain, under solely electrical-eor activity gradients, expressions which cor^fepond to the 
simple laws of Ohm and Fick. In systems of two components, 
of which a binary electrolyte solution, on solvent fixed 
frame of reference, is an example,

J 1 "  L1 1 X1 + L I 2 X2

J2 = + L22X2 (2.29)

The direct coefficients, L-^ and rerna-in but, in addition,
the measure the degree to which a flow of species, 1,
is affected by a force on species, 2. The coefficients, I-̂ g
and L91, are the cross or coupling coefficients. Using the

. . 5principle of microscopic reversibility, Onseger has sfLtxovL



that close to equilibrium

L12 ~  L21 (2.30)

In the generalised form eqn(2.30) may be written as

(2.31)

These are called Onssger Reciprocal Relations(ORR) and were

ents would be required but under ORR they are reduced to 
•g-n(n+1). Thus for a two component system, only three such 
coefficients, equal to ancl_ "J22’ are rea-u;i*re<̂ *
In all cases the cross coefficients are constrained by the 
inequalities

that is, the direct coefficients must be positive but the 
cross coefficients may either be positive or negative.

In binary electrolyte solutions, the direct coefficients, 
^ii’ are ^rf?nsP°r  ̂or mobility coefficients and measure
the mobility which an ion would have if there were no inter
actions with the oppositely charged ions. mean the mo
bility interaction coefficients and directly determine the 
cation-anion kinetic coupling. Both the direct, I^jy sud 
cross coefficients are dependent on the frame of refer
ence. Thus, on the solvent fixed frame of reference they have 
contributions from the solvent as well.

5shown to hold under statistical mechanical models . To cha
racterise a. system of n forces and n flows, n" such coeffici

(2.32)



Coefficients: An alternative representation of phenomena 1 ogica 
coefficients has the form

in which the Onsager reciprocal relations hold, that is

Sqn(2.33) expresses the force, X^, as a linear function of all
the flows• The direct coefficients, R .•, determine the extent11
of friction between similar ions while the cross coefficients,
R., , determine the friction between counter ions. Both the i k ’
R.. and R., coefficients have the dimentions of force oer unitii ik

For binary electrolyte solutions on solvent fixed frame 
of reference for flows, eqn(2.33) reduces to

in which R-^ = R ^  "by ORR. Eqn(2.35) is the of eqn
(2.29) which is in terms of (ijk = 1,2) coefficients.

Since neither the X^ nor che Jh are independent, the R ^  
are not unique. However, under an arbitrary assumption

(2.33)
k=0

f lOW

(2.35)

the R.v become uniquely defined



2 ?bassumption, the R ^  become reference frame independent and 
additional frictional coefficients, R^q , can be obtained, which 
specifically measure the friction between an ion end the solvent 

For a three component system eqn(2.36) becomes

c0Ri0 clRil + c2Ri2 ~ 0 

or c0Ri0 = -”(c]Hil + c2Ri2^ i=0,l,2 (2.37)

The coefficients, R... and R. v (i,k = 1,2), may be obtained by1 -L IK.
matrix inversion of the L-. and 1.-, coefficients, which onn  IX
substitution in eqn( 2.37) give CqR^q (1 = 1,2). The CqR^q (1=:1, 2) 
may then be used to obtain CqR^q (1 = 0).

2.6 gxnerinentally bea sureable Transnort Properties of binary
31ectrolytes in Terms of Phenomenological Coefficients JJ':
Consider a binary electrolyte, C A , in a neutral solvent,

1 20, which dissociates as
Z. Zp

C A = r, C + r0A (2.38)
rl 2

r^ and r^ are the stoichAipmetric coefficients of dissociation 
of cations, C, and anions, A of valencies and Z^ respectively.

Chemical potential of the electrolyte, s ecfU-al
the sum of the chemical potentials of ions i.e.,

^12 ~ rl %  + r2^2 (2.39)



and from the condition of elec broneutrality, we have

Z^-J + ZpPp = 0 (2.40)

The phenomenological equations on solvent fixed frame of 
reference are given by eons(2.29) and the forces by eqn(2.2

To obtain numerical values of the four L)̂  coefficients 
of ecus(2.29) 9 four independent experimental quantities ere 
needed and the four suitable ones are the conductance, f\ ,
volume fixed dif fusion coefficient, Dv, Hittorf transpor fc

h cnumber, t'"‘ arid the e.ru.f. transport number, t . because of
Onsager reciprocal relations, the cross coefficients are
identical i.e. L-^ ~ 1 . Therefore only three independent
quantities are required. (It will be shown that the two

h ctransport numbers, t' and t , become identical under the condi 
of ORR).

We, however, derive expressions for all the four quantiti 
A ,  t*1, t° and Dv in terras of L^. coefficients.

2.6.1 Conductance: By Ohm’s law, current density, I, is
given by

i = K ( - h n x )  (?. 4i)

where K is the specific conductivity. By definition, equivel 
conductivity,A , becomes

A = ( 1 0 3/ N ) . I / ( - ^ / J x )  ( 2 . 4 2 )

where N is the equivalent concentration.



-5 r j

In terms of flows, J^, I becomes

I = (Z1J1 + Z2J2)i? (2.43)
and the forces X^ are given by

xi = - Z ^ b f / b x  i=l,2 (2.44)

The gradients of chemical potentials, , of the ions
are zero at uniform concentration.

An expression for equivalent conductivity,A , is 
obtained from equations (2.29), (2.42), (2,43) and (2.44);

A= ( i d f / N )  (Z2 L1X + + L21^ + Z2L22^' U-45)
At infinite dilution, the cross coefficients L.. ore zeroJ- K
and so

A° = (103P2/N)(Z^L1°1+ Z2L2°2) = L® + (2.46)
where JL? end JL, ere -equivalent conductivities of cations
and anions at infinite dilution. At finite concentrations, 

are positive and increa.se rapidly as concentration 
increases.

A is measured on an apparatus-fixed frame of reference 
It may be easil 

frame of reference.

p cbut it may be easily shown that it is independent of the



2.6.2 Hittorf Transport Numbers: Hittorf transoort number,
btv, is defined as the fraction of the current carried by
the ith ion relative to solvent in a solution of uniform

hconcentration. In terms of flow, Jh , tj can be re presented as

h  = Z.FJ./l = Z.PJi/(Z1J1 + Z2J2)-p (2.47)

Substitution of equations (2.29), (2.43) and (2.44) in 
(2.47) leads

tl = (Z1L11 + ZlZ2Jj12')y/̂  

where ̂  Z-̂L-j + 7< .̂7i 2  ̂^2 "̂J22

hand tv is the cationic transport . number.

2.6.3 E.m.f. Transport Numbers: An electrochemical cell, 
having identical electrodes but which has a varying com
position, may be represented as

1
Ag/AgNP3(c1) | AgN03(c2)/Ag 

f
where c-̂ . In this system diffusion would occur and
owing to different'ion mobilities a charge separation

27would take place. After a short time , powerful coulornbic 
forces speed up the slow moving ions and slow down the fast 
moving ones so that no electric current flows through the 
solution. Thus

I = (Z J1 + Z2J2)? = 0 (2.50)

In this situation, gradient of chemical ootenti el 3, XILU-t, 
and the gradient of electrical potential ,■ ip/)x, are non-sere.

(2.48)

(2.49)



Substituting equations (2.29) and (2 .20) in eqn(2.50),

. -F50/&X = (t°/Z1).^1/)x1 + (tg/Z2 ).)U2/)x (2*51)

where ^i/Z] ~ + ^2^21^°^

and ’t2//Z2 = Ẑ2L22 + Z1Ij12 (2.52)

where o( is as defined in cqn(2.4-9) and t? are the e.m.f. 
transport numbers of the ions i.

Comparis/'on of Hittorf and e.m.f. transport numbers, 
defined in equations(2.48) and (2.52) shows that they are 
equal only if L-, 0 = L0, and so only if the OHK are obeyed. 
Experimental measurements of a number.of systems" 5 ~J show 
no difference in the Hittorf and e.m.f. transport numbers 
and so the ORE are justified.

2.6,4 Isothermal Diffusion: Diffusion occurs under a con
centration gradient of-salt and t h e r e f o r e i s  not 
zero and no electrical•current flows so that from equations 
(2.40) and ('MO),

Jl//rl = J2/r2 = J (2.53)

Eqn(2.53) shows that the cationic and anionic motions are 
coupled and the two ions move together in the proportion 
present in the neutral salt molecule and so J is the solvent 
fixed flow of electrolyte as a whole.



The diffusion coefficient for 9. "binary system is 
described ' c' by

J1J = = ~ (Dq/1000 )Jc/jx = -LJJi12/jx (2.54)

where D~ is the solvent fixed diffusion coefficient in 
9 ,cm "'/sec and L is the thermodynamic diffusion coefficient 2in moles /joules cm sec. Ecjn(2.54) may be rewritten as

- ( Dq/IOOO ) <) c/b x ~ -Liai2/;) c. bc/b x 

so that L = D0/(1000.^12/<)c) (2.55)

fra’t = (1 + cdlny/dc )RTr/c (2.56)

where r = r^ + r^

and y is the mean molar activity coefficient. Substituting 
equations (2.55) an& (2.56) in eon(2.54), we get

= -(5Al12/^x).D0.c/lOOORtr(l + cdlny/dc) (2.57)

Prom eqn(2.2°) for and the equations (2.20), (2.39),
(2.50) and (2.51), we obtain

J=J1/r1= O U 12./ox) (ziz'2//rlr2̂  ̂ L11L22“L12L23 ̂ (2. 58) 

Comparing equations (2. £>7) and (2.58), we get

DQ = ~1000RTr( 1 + cdlny/dc)/c)

X(Z],Z2/r1r2) ( (Li;lL22 L12121)/o< (2.59)



In the literature, volume fixed diffusion coefficient, 
D , and mean molal activity coefficient,'/*, s.rc reported. 
Transformations from one frame of reference into another

O 9 9 0"! 9 A ' 9 0 .exist/'1"’ '’' 11 may be shovur that

Dq/(1 + cdlny/dc) = D /(I + mdln/7dm) (2.60)

where m is the molality of the solution.
Substituting eqn(2.60) in ecrn(2.59), we get

Dv=-1000RTrZ1Z2(l+mdlih'7dm) (L11Lp2--L] 2L21 ̂//rlr2c< (2*61)

where c/ is as defined in eqn(2.49)«
Equations (2.45), (2.48), (2.52) and (2.61.) are de

rived for tho four measureable trans aort quantities. These
four equations can be solved simultaneously to obtain 1.,l x
in terms of these quantities. The resulting equation is

I,.. / N ^ t ?  A/103P2Z. Zv-fr.r. D /lO^RTrrn Z. (l+mdln//dm) (2.62) IK l r\ i K i v  1 1

Equation (2.62) holds for any neutral solvent and aoplies 
to both weak and strong electrolytes. If ORR are assumed 
then t? = t^ and eqn(2.62) becomes1 X

g k/N = t ^ A / 1 0 - V z ^

+ r^r^D /lO^RTrZ-^(l + mdln//dm) (2.63)

Prom eqn(2.63), the three nhenomenological coefficient 
1*11* L12(equal to I'2q) an6 L22 may be obtained.

If P is the coulcmfc.j/eouivnlent, R in joules/mole deg.. 
and D in cm /sec., the units of I-^ are in mol on *



2.7 Expressions for Ih ̂ : The coefficients, R ^ ,
obtained bv the matrix inversion of the L. ,. Forife.
system, the R ^  are given by

and

where L

L
R11

22
L
L

R12
L

R

21
1
21

21
L

R22
11
L

L11 L12
T T21 22

L11L22 T. L ~12 21

Substituting L-^/N, L-̂ /̂N, /N and L^^/N in the 
hand side of expression(2.64), we directly obtain 
NRl2» ^ pi an(̂  ^ 2 2  resPec^ivelY#

The coefficients, are obtained from R^
relations as defined in eqn(2.37);

H10 r̂lRll + r2R12^c/°0 

R20 =: r2R22 °0

R00 = ”(rlR10 + r2R20 ̂ C//°0 

in which Cq is the solvent concentration given by

cQ = lOOOc/vnM0

are
a binary

(2.64)

(2.65)

right

using the

(2.66)

(2.67)

where I-'g is the molecular weight of the solvent.



Th0 coefficisnts, H . v , can alc.c be derived direct 1 y 
in terms of the transport quantities using phenomenological 
equations (2.35)- The Procedure is the same as described 
for coefficients. The resulting expressions are

NRU  = (10h2zf/h ) - (Z1Z2/r1r2) (t2/z|) .M1 

NE12 = (103I,2Z1Z2/ft ) + (Z1Z2/r1r2)('t2t1/Z2Z1 ).K1

IIR22 = (103P2z |/A ) - (Z]7,2/r1r2)(t2/Z2).E1 (2.68)
where if = 103RTr r. Z. (l+r,KllnVdm)/D 

0()R Q = -103KTrt2 (1+r.idln V/dm ) / Tj Dy
°0R20 = -10 (l+ir,dlnV7dDi)/r2D3RTr t, (1+in din V

Rnn/N = (c/Nc2) 103RTr (l+mdlnfdm )/D„ (2.69)

2
‘00' “ ' O'

The units of Tĥ . coefficients are joule cm sec.mole

2.8 Influence of Ion Pairing on -ihenonenologiccl 
Coefficients: The presence of ion pairs in binary electro
lytes has been recognised over the last fifty years or so 
and it is of interest to examine the thermodynamic analysis 
where the neutral ion pair may be present. fiqn(2.35) is 
defined for a completely dissociated electrolyte. If a 
neutral species, 3? exists in addition to cations, 1, and 
anions 2, then on the solvent fixed frame of reference the 
phenomenological equantions are

xi = rilj1 + ri2j2 + ri3o3 i=l,2,3 (2.70)



where x^ are the thermodyna mic forces end ĵ  are the 
conjugate flows for the free species i. r„.are thej. X
Onsager frictional coefficients. If the electrolyte 
is 'a symmetrical salt, the stoiclieiometric coefficients 
of ionisation, r^ and r^, are equal to unity and eon(2.39) 
becomes

+ A/*2 ~

where is the chemical potential of the ion pair. In 
terms of forces

X1 + x2 ~ x3 (2.71)

Substituting eon(2.70) in eqn(2.7l) and comparing the co
efficients of ĵ , we get

ril + ri2 = ri3 (?-72)

By ORR,

r12 = r21’ ri3 = r31 and r23 = r32 (2.73)

From equations (2.70) and (2.72) for i = 1,2, we get

xi = ril ̂ l +g  ̂+ri2 ̂ 2 + i=l,2 (2.74)

Since Jh is the total flow of species i, therefore

q  = g  + g  i = 1,2



ct

Hqn(2.74) becomes

xi = ri/J1 + ri2J2 i=l,2 (2.75)

Using pjUrely binary anoroach for the some system the 
phenomenological equations are

Xj = RilJl + ri2J2 1=1 ’2 (2-76)

The equations (2.75) and (2.76) are identical in all
circumstances. The measured flows, Jb , would be (jj+j^)
e.g., in electrical conductivity the current density, I, 
is given by

I = (Z1j1 + Z2j2)? = (Z1J1 + Z?J2)P ' ' (2.77)

This shows that either ionic or net flows may be used.

The transport number, t^, however, equals Z^Jbl?/l 
and the observed flow, e.g., in the Hittorf measurement, 
is the net flow, J.. Thus the stoicheiometric coefficient,7 l
R., , equals the specific coefficient, r.,,. ik* ik



A Survey of Transnort Proo0rties of Binary 11octrolyte 
Solution 3 and Select ion of a Syst era for iiixperiment el. ■; tu d y:

The theory of irreversible thermodynamics developed in 
chapter 2 shows that at least three measureable transport 
properties end activity coefficients are required to chara
cterise an electrolyte system completely in terms of Onsager
transport, L and inverse frictional, R., , coefficients.1K 1K
These properties are conductance, transport numbers and
diffusion. In the alkali halide scries literature data
were complete for lithium, sodium and potassium chlorides
in the concentration range 0«~3N. killer*"00' collec bod these
and applied his theoretical analysis to obtain the 1.. and1 }c
R.t coefficients.1 K. The remaining chlorides of the alkali metal series, 
those of rubidium and caesium, were therefore of considerable 
interest. It was therefore decided to survey the existing 
literature for their transport data and to obtain experimentally 
those which are'required for a complete analysis.

It was found that in concentrated solutions conductance 
and diffusion data for rubidium chloride and conductance 
data alone for caesium chloride were lacking. In the dilute 
region, c< 0.251,7, the conductance and transport numbers data 
for both and diffusion data for rubidium chloride were not 
available. It was therefore necessary to measure the electrical 
conductance of both (rubidium and caesium chlorides) and 
diffusion coefficients of rubidium chloride for the whole 
range of concentration, 0-3I.I. The experimental measurements
are described in chapters 4 end 5.



In dilute solutions, c < 0. 2 5 , only transport numbers 
are left to be measured and with their availability, the 
whole transport data for the concentration range, 0-3?;, : 
would be complete.

For the literature survey we searched the chemical
abstracts for references from 1930 onwards and consulted

a c (1 ,o f ^the data compiled in standard texts "9 ’’9 and reviews ' 7
Our literature survey coincided with that of Chapman 

hand Newman' who collected from the literature all the avail
able transport data for sixty one binary electrolytes. Out

a) H.3. Ilarned and E.B. Owen ’Physical Chemistry of Elec
trolyte Solutions’, 3rd Ed., N.Y., Reinhold Publishing 
Corp., 1957.

b) R.A. Robinson and H.H. Stokes, ’Electrolyte Solutions’,
2nd Ed., London, Butterworths Sci. Publications, 1959.

c) R. Parsons ’Handbook of Electrochemical Constants’,
London, Butterworths Sci. 'Publications, 1959.

d) A. Hue ken, Ed. handolt - Bernstein. ’ Z ah 1 e n vv e r t e un d 
Funktionen aus Fhysik, Ohirnie , Astronomie 1 , G-eophysik und 
Technik, 6th ad., vol. 2, part 7. Berlin:- Springer - 
Verlag, I960.

e) E.W. Washburn Ed. International Critical Tables of 
Nurn e r i c al data, Phy sics, Chemistry and T e chno1ogy.
New York, tfc&raw - Hill Book Co., Inc., 1926.

f) E.A. Kaimakov and N.L. Varshavskaya. ’Measurement of 
Transport numbers in Aqueous Solutions of Electrolytes'. 
Uspekhi Yhirnii, 1966, 35, 201-288.*

g) J. Timmerman, ’The Physico - Chemical Constants of Binary 
Systems in Concentrated Solutions', Now York, Interscience 
Publishers Inc., I960.

* Russ. Chen. Rev., Feb. 1966, P.BQ-101(English).



a n 
0

of these, data were partially complete for twenty eight 
systems. Phenomenological coefficients for these systems 
were calculated. The results are given in appendix-1.

In table 3.1 we present a. list of missing transport 
and'activity data., for aqueous solutions of 1:1, 1:2, 2:1 
and 2:2 electrolytes. All means data is missing for the 
whole range of concentration, 0-3M, and - denotes data 
is complete. The concentrations are in moles per litre

(**) iand the temperature is 25 C unless otherwise mentioned.

h. T.W. Chapman and J. Newman, ’A compilation of Selected 
Thermodynamic and Transport Properties of Binary Electrolytes 
in a.queous solutions', UCRL - 17767, A EC contract W - 7405- 
eng - 48, University of California, Lawrence fiadiation 
Laboratory, Berkeley, California.



Table 3.1

ij]"' s ~fcTransport data /has not been mea cured experimentally for
1:1, 1:2, 2:1 and 2:2 1dectrolytes

Electrolyte A t+ DV

Chlorides H+,Li’J’Na"J' K+ _ _ -
Rb+ all < 0.25 >0.01
Cs+ >0.007 < 0.25 - ~

NH+' >0.2 <0.1 -
J-Bromides H __ all all _

Li+ all all -
Na+ - all -
K+ - >1.0 -
Rb+ - all all -
Cs+ all all all -

Iodides H+ >0.1 >0.1 all
Li + all all all ~
Na+ - all - -
K+ - >1.0 -

Rb+,Cs+ all all all -

Hydroxides Li’1" - all .all -
Na+ - >1.0 >2.0
K+ - >0.1 all
Rb+ all all all o n
po + V o all all all >1.0



Table 3•1 continued.

Electrolyte A t‘
JL

I)V <

Nitrates H+ — — 0.45 —

Li*'"' - all - -
Na+ - 3.11* ~ -

K+ — >0.1 >0.1 —

Rb* all all all < 0.1
Cs+ all all >.014 -

n h 4+ — <0.1 &>0. 2 —

Chlorates H+ all all all all
Li+ all - -

Na+ — all — —

'K+,Rb+,Cs+ all all all -

Perchlorates H+ >1.0 — all —

u + - all all -

Na+ - all** - -

K+ all all all -
Rb all all all -

Cs+ all all all —

* Except at 1,2 and 4M.
** except at IN.



T a b 1 e 3«1 c o n t lv\ u ̂ ok.

Electrolyte A  t Dv

Fluorides H+ all all
Li1" all all all
Na+ all ~ all

E+,Hb+,Cs+ all all all

Chlorides j. j.7v> 1 1 Zilx . all all
Hg++ - all all
Cd++ <0.05 — >0.2

Bromides Zn++ all .. all
4-4-

Vg+ all all all
r< j + +Cd all - 0.2

Iodides Zn+H all _ all
Kg++ all all all
Cd++ cJlL O0ll>l.£ -

Sulfates H+ — — —  _

Li+ >0.7 ~ >0.005
Na+ >0.1 >0.1 >1.0
K+ >0.5 >0.5 >0.5 >0.5

Rb+ all all all <0.1
Cs+ all all >0.005 <0.1



Tab 1 e 3.1 contIru*d.

Electrolytes A t+ Dv V
Sulfates Zn++ all - >0.01

all all allTfKg —
0d++ >1.0 - >0.5J-J-Cu -

LT\

oA

>0.1 —

Hi++ >1.0 all all
Mn++ >1. 0 all all -

KCX 0° >1M <0.01 <0.1 < .05

H CO Q >1M <0.01 <0.1 < .05
35° <1.0M <0.01 <0.1 < .05

VJ
l O o /
\
 

j—
i 

• o <0.01 <0.1 < .05



in e15ctrolyt3 soIntions; We revort here briefly the various 
methods which have been applied to the study of diffusivity 
in electrolyte solutions. Technical details of these methods 
are not discussed since o. through review on the subject is 
available.31
4.1.1 Oonductometric hathod: This method involves the
measurement of conductances of solutions as diffusion proceeds 
with time. Its application is limited to dilute solutions 
only, up to 0.01M for 1:1 and 0.005b for 2:2, 2:1 ana 1:2 
electrolytes. The achieved accuracy is + 0.1 to 0.2$.
4.1.2 Gouy Interferonetrie hethod: This is an absolute 
method and involves the me- surement of interference 
obtained on photographic plates when a. beam of monochromatic 
light is passed through a cell in which a concentration 
gradient exists. It has been applied to 1:1 electrolytes 
only upto an accuracy of + 0.1 to 0.2^. The method gives 
integral diffusion coefficients.
4.1.3 Rayleigh Interferometric Fethod: The principle involved
in this method is the same as that of the Gouy method sxceot 
that the photographic system is incorporated with a cylinderical 
lens. It gives differential diffusion coefficients directly 
and therefore is preferable to the Gouy method. It has been 
applied to 1:1 electrolytes only.



4*1*4 Stokss^ Piaohpa.g'r; Cell P'ethod: This is a relative
method. The cells need to be calibrated with a standard 
electrolyte diffusion coefficients for which are known 
from absolute measurements. Only those electrolytes which 
are similar in nature to the standard electrolyte can be 
studied by this method. The method has been successfully 
applied to 1:1 electrolytes to an accuracy of 0*1 to 0.21, 
The only other systems studied by this method ar.e sodium 
and concer sulf a t e s ’ 0 to an accuracy of 1 to 5$.
4.1.5 Photometric Ilethod: This method works on the prin
ciple of absorption of light by a diffusing electrolyte 
coloured solutions. The only system studied is cooper 
sulfate bo 2% accuracy.
4.1.6 Diffraction Kioro method: The principle involved
is the diffraction of light when it passes through a
solution each layer of which acts as a prism. It has been

15 papplied to the study of cadmium chloride' , cadmium
25b 25bsulfate and lead nitrate- solutions. The accuracy

attained is 1 to 3$.
4.1.7 Porous Frit bethod: A porous plate is soaked in 
an electrolyte solution and then it is dipped in a bath 
of solvent or a. solution of lower concentration. The 
diffusion coefficients obtained are .with respect to the 
cell fixed frame of reference. The method is useful in 
the study of weak and comolexing electrolytes. It has 
been applied to the study of zinc sulfate (0.03-0. 2511) ̂  
and cadmium iodide (0.01-1.0T/T) ̂  to an accuracy of 1-2$.



4.1.8 Selection of a. method for the study of Diet 'j./
in Rubidium Chloride Solutions; [.’he above study of the 
various methods for the determination of diffusion co
efficients shows that the high precision methods have 
been applied to 1:1 electrolytes only. In the light of 
this survey one of the absolute methods or the dia.ohragrn 
cell method seemed to be the most expropriate for the 
diffusivity study of rubidium chloride solutions. for 
the present work the diaphragm cell method was chosen for 
the folio w i ng re asons:
a) Rubidium chloride falls between potassium and caesium 
chlorides in the alkali chloride series and the nature 
of these salts is similar.
b) The cells could be calibrated with potassium chloride 
solutions, the diffusion data for which was available in 
the literature from absolute measurements.
c) Reproducibility of 0.1 to 0.2y> could be easily approached,
d) Diffusion data for Rubidium chloride was required in 
the concentrated solutions only and this method was appli
cable for concentrations above 0.05?T.
e) The method was appropriate in cases where diffusion 
coefficients did not change racidly with concentration 
and this condition was fulfilled by 1:1 electrolytes.
f) Large volumes of solutions 'were available for concen
tration analysis.
4.2 The Diaphragm Cell Rethod: The diaphragm cell tech---------------- --- --------- ------ o
nique was first introduced by Northrop and Anson-5 in 1929
and later modified by a. number of workers^ 9 ^ 9 ̂  .
It has its present standing due to the work of the Stokes^.
The theoretical and experimental aspects of the method

45are reviewed by Robinson and Stokes



In thin4- method diffusion of solute takes olace 
through o. porous diaphragm separating two comoartments 
containing solutions of different coneentration s vdricb 
are maintained uniform by mechanical stirring. The con
centration changes take place sufficiently slowly so that 
a pseudo steady state* may be assumed to prevail in the 
capill^ary pores of the diaphragm. darnes^ has shown 
that this assumption does not lead to on appreciable 
error if the volumes .of the solutions in the tv/o compart
ments are sufficiently large compared with the scare in 
the diaphragm. In this situation diffusion coefficient 
may be obtained from the kick’s law

J(t) = D ( - U )  (4.1)<}y>

where J(t)#*is the flux at time, t, D is the different!:1
diffusion coefficient defined as the amount in moles of
the solute diffusing through unit area of cross-section

<) cper unit time per unit concentration Inference and 
is the concentration gradient. Negative sign chows de
crease in concentration as diffusion proceeds.

Some inherent d\ •nwcU'wvdyv.k from which this method suffered 
is its earlier stage of improvement have now boon largely 
overcome. These disadvantages and their remedies are as 
follows:

* Theoretically steady state of flux and concentration 
distribution are reached^ only if the concentrations 
at the ends of the eapiiiias\y P©r§§ bf th§ diaphragm are 
maintained constant. These boundary conditions are not 
realised in diaphragm cell method because the concentrations 
at the ends of the capilliaries of the diaphragm change 
conti nuo u sly.



a) Disturb a nee due to vibe rati, on and terrmerature flue tu ati ons: 
These are eliminated by careful design and further reduced
by confining the diffusion process to the capilliary cores 
only.
b) 3tagnent layers on the diaphragm: these are avoided by 
stirring the solutions in the two compartments continuously.
c) Streaming effects: These are avoided by putting the denser 
solutions in the lower compartment and keening the cell diaphragm 
to within ul~2° of the horizontal.
d) Surface transport effects: With dilute solutions the mobility 
of particles in the double layer on the ca.pill/ary pores is 
enhanced and adsoption also takes place giving rise to anomalously 
high diffusion coefficients. This has been overcome by limiting 
the lower concentration to O.Odb above which no surface transport 
effects are appreciable and make negligible contribution to
the total transport.
4.2.1 Theorotical 0onsideratioti.s: Let , Vp , and be the
volumes of the lower compartment, 1, unoer compartment, 2, and 
the diaphragm of the cell as shown in figure l-f-1; A. and be the 
effective area of cross-section and vertic&4 length of the 
diaphragm pores respectively; c^ and Cp be the concejitrations 
of the solutions in the compartments, 1 and 2, at time t equal 
to zero, and, c^ and c^ be the concentrations of the solutions 
in the compartments, 1 and 2, after a time t in seconds, of 
the diffusion experiment.

xx flux J(t) is assumed to be constant over a. short time 
interval so that eqn(4.l) holds.
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In the Steady State situation the amount of solute 
entering the diaphragm at any time, t, is the same as the 
amount leaving the diaphragm i.e., the. flux J(t) is 
constant. Denoting the concentrations in the compartments, 
1 and 2, to be c’ and c’’ at time, t, the rate of change 
of concentration is given by

and

dc’
dt

dc’ »
dt

V J(t)
1

V, J(t)

(4.2)

(4.3)

Subtracting ean(4.3) from eqn(4.2), we obtain 

^ (4.4)



Let D(t) be the average diffusion coefficient over 
the concentration range c? to c1 * prevailing at time, t, 
then it is defined as

D(t) = -r' :)«)x (4.5)

Substitution of eqn(4.l) in eon(4.5) snd integration over 
the path x=0 to x.= l gives

J(t) = ~(c*-c1 *)D(t)/X (4.6)

Combining eqns(4.4) and (4.6) and re-arranging we get

- ■ g . g < « >  M.7)

At the end of the experiment of duration^ t^ seconds, 
c’ changes from c^ to ĉ  and c ,f changes from ĉ  to ĉ .
On integration of eqn(4.7) between these limits we obtain

C-i —Cry A T  T \ t/v>
ln,o,-c. = x (f r + g b  n(t)at (4.8)

J 4 4 4  t=0
Now D(t) is already a concentration average diffusion 

coefficient, so, introducing D as a. concentration and time 
average diffusion coefficient, we have

_ iD = D(t)dt (4.9)
rt=0

Substitution of eqn(4*9) in eqn(4.8) gives



where ft = 4(ry~ + -y~) (4.11)
K  ' 1 2

The constant parameter, ft , derends on. the dimens-ion 
of the cell and therefore is known as cell constant * It 
is determined by calibration of the cell using an electro 
for which D is precisely known Iron absolute rnensuroments 
Potassium chloride is used for this purpose. D is obtain 
from a set of D values as follows:

It has been shov»n42 that a negligible error is intro 
duced if, instead of using the exact relationshin (4.9)> 
we treat the integrand as having a constant value equal 
to that when the concentrations c ’ and c1' are halfway 
between their initial and final values. D is then relate 
to D by

. cma
j) = ---i— — ( pa.c (4.12)(cma-cmb;y

cmb
where cma = (c^+c^)/2 and cmb = (c2+c^)/2 (4.13)

A quantity D°(c) is defined as the average D over 
the concentration range 0 to c, therefore

D°(c) = - J Ddc (4.14)
0 0

Prom eqn(4.12) and (4.14), it may be shown that

D = ^^j(cma.D°(cma)-cmb.D°(cmb)) . (4.15)



Using eqn(4.14)v the c>, -anbity D° (c) for potassium chloride4Asolutions hove been computed by 31okes 'from absolute 
measurements of D. For a set of mean concentrations cma 
and cmb, of a diffusion run, I)0 (cma) and D°(cmb) are 
obta.ined using an empirica 1 f it bo tweon c and U°(c )« These 
are then substituted in eon(4.15). T), t.hus obtained, is
further used in eqn(4o10) which gives the numerical magni
tude of 0 .

After calibrating the cell for a particular concen
tration combination, the diffusion experiment is repeated 
with the test electrolyte for approximately the same con
centration combination and duration. Using the experimental 
values of the concentrations, c^, c ,̂ c^ and , time, t^, 
and the cell constant,/* , in eqn(4.10), the concentration 
and time average diffusion experiment (or the integral 
diffusion coefficient), D, is obtained.

4.2.2 Computation of I) from D; An nth degree empirical 
relationship between D and jc is chosen;

D = D° + / a,(-/a) (4.16)
i='l 1

where are the constants of the empirical fit. D° is 
the Uernst limiting value of D at zero concentration 
and may be obtained from ionic conductances at infinite 
dilution.

Using the relationsh.io(4.l6), eqn(4.12) may be inte
grated between the limits cmb and eras, and eqn(4.17) is 
obtained.

'C oef f i f f i ~ i t b  o i^ 'U n is~ i'i t  a.hcl a iT “ th e  'fluds'equelTf- '!'i t't'ed’- 
e q u a t io n s  a re  g iv e n  in  t a b l e  A1 o f  th e  a p p en d ix  1.



(i/2-: 1)P 0 "iD (cma-cmb) = (V c + (4-1?)

for a diffusion run, cma., cmb and D ore known from the 
experiment, I)0 is known theoretically; their substitution 
in eqn(4*17) reduces it to a numerical expression involvi 
the constant, a^. To obtain these n constants, n relatio
ships (involving a.) are required

4.2.3 The 'Diaphragm Cells: Two sintered glass discs of
diameters 4Oran and 50mm, having porosity four and sealed 
in pyrex glass tubes, were obtained commercially for the 
construction of the cells. The open ends of the tubes 
were terminated in B~24(f) and U-14(f) joints and. the vol 
of the coinv:artments were so adjusted that magnetic stirre 
could be easily slipped into and taken out of the cells. 
The dimensions and schematic diagram of the cells "re giv 
in table 4.1 and figure 4.2a.

This cell design is that of Stokes^ and has been 
used mostly for diffusivity experiments at a constant 
temperature. Yeh and Wills^ and Sanni and Hutchison 
have modified the cell so that it can be filled automati
cally and the design of the loiter workers allows for the 
expansion of the experimental solutions so that the diffu 
runs can be made at higher temperatures and it also allow 
for the volume changes on mixing.

4.2.4 The Stopoers: stoppers for the cell ends, shown
in figure 4.2b, were made of B-24(M) and B-14(tT) joints



which had 2mrn carill/&rles • in the.ni. The B~24(T*/’) joint 
was joined to a B-7 (f) joint while the B~14(M) was sealed 
to a B-7(f) through a high vacuum quality (Teflon) tap.

4*2.5 The Ksgnetic Stirrers: Two soft iron vires of length
35mra and 45mm were sealed in thin glass tuh^.s . The thick
ness of the wires and the glass tubes were so adjusted 
that one stirrer of each set would just sink and the other
would just float in the experimental solutions. These
are shorn in figure 4.2c.

4.2.6 The Pegnetic Stirring Device: The stirring mecha
nism is shown in figure 4.3. Two horse-shoe magnets, K , 
obtained commercially, were fixed at the end.s of two brass 
screws, 3, which passed through the vertichX arms of the 
brass plate assembly, 3. The screw fittings allowed a 
fine adjustments of the magnets. The motor and gear system
were adjusted to give a constant stirring speed of 55 r.p.m.
The north pole of one magnet, faced the south pole of the 
other.

44In the original device of Stokes the stirrers just
touched the two sides of the diaphragm. We found that in
our system the diaphragm started wearing* off with time.
This difficulty was overcome by keeping the stirrers at 
a distance of 2-3mm from the diaphragm surface. This

. . _
* Janz and coworkers encountered the same difficulty
and avoided it b(j performing periodic calibrations and 
used a graph of cell constant as a function of the working 
life of the diaphragm.



_ Cell DimenS'iono.
Table-4.1 Cell-1 Cell-2

Volume of Compartment 1 h 95.36 53.11
n ti m p

V2 109.83 60. 58
Volume of Diaphragm V3 3.57 1.76
(V2+V:j/2)/(V1+V3/2) V 1.146 1.138

Diameter of Diaphragm D* 50mm 40mm
fhicknees of Diaohra.grn X 5 mm 2.5mm
Length of Stirrers;. 1 47 mm 37mm
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Test rae asurements with caesium chloride solutions showed th-i 
the results were in perfect agreement with the literature 
values . This method of stirring was therefore deemed 
satisfactory,

4.2.7 he termination of Volumes , V end V The vo lum e s , 
V-̂ , ^2 snd V-j of the cell comportments and the diaphragm 
pores, figure 4.2a, were determined by weighing the cell
a) completely filled with we ter b) with water removed from 
compartment, 1, c) wi th water also removed from compartment, 
2, and d) when it was dry. ill the fillings and weighings 
were made with the stirrers inserted in both the compartment 
of the cells.

4.2.8 Filling of the Cell and the Diffusion Run: The
cell was cleaned vertically. Degassed concentrated, solution 
was poured into the compartment, 2, figure 4.2a, allowed 
to flow through the diaphragm cap-L&lL£rie3 ..under vacuum.
The cell was then inverted. The uppermost compartment 
(now l) was filled with the concentrated solution and 
stoppered. The cell was then re-inverted. The compartment, 
2, was half filled with the same solution and stoppered.

0-A thin film of high vacuum, quality Aod̂ zon grease was 
applied to all the joints and the stirrers were always 
in their respective compartments.



The cell was then clamped between the magnets of the 
stirring device fitted in a water thermostat maintained 
at 25° + 0.005°. The concentrated solution in the com
partment, 2, was replaced by degassed dilute solution 
and s t i rring s t ar ted.

After two and a half hours of prelir.iina.ry diffusion 
the solution of compartment, 2, was carefully ‘withdrawn 
in a 100ml pipette which already had in it at 10ml of the 
dilute solution. The cell was rinsed mice and finally 
filled with the mixed solution end stoppered. The stirring 
and the timer were started imm.edia.tely. This minimised 
the zero time errorf
*c,l?he Zero Time Trror: In Stokes original method, the building
up of 3. steady state is achieved by preliminary diffusion 
of some hours and then the solution in compartment, 2, 
is replaced by the fresh original solution and the diffusion 
is taken to begin from this time onwards.

If the actual concentration of the solution after
preliminary run be ci and that of the freshly added solution 
be c«, then clearly, >c9. The Steady State however
corresponds to c0 and not to c0 which is usually considered.

. • 51The error thus caused, is suggested by Trancesconi to oe

the zero time error.
5 1It is proposed that the zero nme error can oe re

moved if after preliminary diffusion of known dura.tion,
say t seconds, the contents of the upoer compartment areP . 1analysed to determine concentration c^ and. then another



run is made with the same fresh solution and the zero time 
is taken exactly after t, seconds without changing thep
solutions. The concentration, ĉ , would then be the zero 
time concentration.

Cur appro?' ch to minimise the aero time error was
different. Sivtce the volume of solution, Cp, was around
60ml and that of cp was 70 10ml, the concentration of the

. ,  ̂ 1mixxure was very near to cp.
then the diffusion had taken place for a. known time, 

the stirring was stooped and the solution was withdrawn 
from the upper compartmert, The cell was taken out of 
the thermostat, dried externally and solution then withdrawn 
from compartment, 1. All the solutions were then analysed 
as described below.

4.3. .Determination of Concentrations by Conduc tome trie 
Method Involving Calculati0.11s by Successive Approximotions: 
Polynomials (4.18) and (4.19) were curve fitted*be fcwe en 
me-asured specific conductivities, K , and known concentrations 
c, and between c and equivalent conductivities,A » respecti
vely for c < 0.1M.

c = a + a.(K-'lÔ )̂  (4.18)
0 'i~l 1

A = a + I a.ci (4.19)
i=l

A weighed sample of each solution was diluted to 
c<0.1M. Its specific conductance was measured and subs

*0oefficients a and a. are given in tableAl of appendix 1.0 1 -



tituted in eqn(4.18). The value of c thus obtained was 
used in eqn(4.19) • The A given by eqn(4.19) was substitute 
in the relationship

c = K*lO3/ A (4.20)

and a better value of c was obtained. The eqn(4.19) and
the relationship(4.20) were then used in turn till a value

given by any further cycle of approximations.
The concentrations of the concentrated solutions were 

calculated from that of the dilute solutions using the 
density equations

Vacuum corrections were applied for all weights.
Volumetric titerations were also mode against standar

dised silver nitrate solutions and the concentrations 
obtained were within + 0.2 of the conduc tome trie values, 
which are considered to be the more accurate.

4.3.I Determination of Concentration, c ;̂ Concentrations 
c2, c^ and ĉ  of a diffusion experiment were obtained by 
the method described above. The original concentration, 
c-j , could not be measured because it changed during the

* Coefficients are given in table A1 of appendix 1.

(4.21)
■YL.

c /m = a + T a. mO • n 1
1 (4.22)
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preliminary diffusion run-. Ib could, however, be cal
culated from c0, c and c, and the volumes of the comnart- a: 3 +
nents and the diaphragm cores, at the end of the experiment 
since the total amount of solute in the system remained 
constant,' The small amount of solute in the diaphragm 
was assumed to be half at the concentration of the com
partment, 1, and half at the compartment, 2\ c^ was then 
given by

o1 = e3 + (o4-c2)(V2+V3/2)/(V1+V3/2) (4.23)

4*4. Results of DiffusionJ '’easurenents

4.4.1 Cell Calibration mith Potassium Chloride Solutions:
For cell calibrations seven diffusion runs were made using 
potassium chloride solutions over the concentration range 
0.01-3. OM. A computer programme was written, which calculated 
concentrations from experimental conductances measured 
before and after each run. The results are presented in 
table 4.2. The cell constant obtained from various runs 
remained constant with in +0.1$ up to II! but then it increased 
slightly with concentration. The increase was within the 
experimental error and the mean va.lue was 0.4487+0.2$.

4.4.2 Diffusion measurements with Caesium Chloride 
Solutions: The results of measurements with caesium chloride
solutions are presented in table 4.3. To compare these 
results with the literature differential diffusion co
efficients, the latter were converted into integral form
* given in appendix. 2;
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and then compared with the experimental integral, diffusion 
coefficiento. A third degree polynomial (4.15) was fitted 
between D and J*5 by a lee at squares treatment end the 
coefficients of the fit were substituted in the expression 
(4*17)• The value of D corresponding to each set of cma 
and cmb were then calculated• The experimentul values 
were within +0.1-0.2$ of those obtained from the theoretics] 
fit.

4*4*3 biffusion hessuremento Y/ith Rubidium Chloride 
Solutions: Experimental results are given in table 4.4
inwhich the letters a to b. denote the number of diffusion 
runs made. A fourth, degree dependence of D on J'c was used 
in eqn(4.l6). Substitution of the literature value of 
D°(equal to 2.051) and the values of cma, cmb and I) for 
each of the runs, a,b,c,d,e and h, in the expression(4.1?) 
gave six relations among the constants , ap, and 
of the fit, eqn(4*l6). These relations were solved simul
taneously using a 4 X 4 determinant. The computer programme 
is described in the appendix £. Three combinations of 
four out of six relations could be obtained to cover the 
whole range 0.01 to 3.0b. The values of D obtained were 
within a) + 0.1 °/c upto 1.51 b) + 0.2b unto 2.71 ana c)_+ 0. of 
at 3-OUT.

finally the fourth degree polynomial(4*16) was fitted 
between,/c and the mean experimental D for the experimental 
range of concentration 0.01-3.01 and the resulting equation 
extrapolated to obtain D for c <0.011. The calculated 
results were better than 0.1$ of the literature valuesP2 
Table 4.5 summarise s the re suits.



CHAPTER 3

Measurement of 0onductanoe

5.1 Historic Davelooements: After the extensive study
of the design of conductance cells by Jones and Bollinger* J
in 1931? the theoretical and experimental as sects were

54reviewed by Shedlovsky in 19&0. A few modifications have
taken place in the measurement techniques for dilute as

55well as concentrated solutions. Kay and coworkers devised
a salt cup dispensing system without exposing the contents

56of the cell to the atmosphere and kysels' developed a dough
nut cell for concentrated solutions, in which, the some

3 ~(solution- could be diluted a number of times. King has 
introduced a compact cell design for measurements at highR Pitemperatures and pressures. G-uint'"'has reported work on 
conductivity of binary mixtures of electrolytes in aqueous 
solutions. The complete situation of conductance up to 1967 
was reviewed, with 248 references, by Barthel^^ with parti
cular reference to measurements in non-aqueous solvents.
3ince then a number of papers have been contributed by Fuos: 

(rs 
60

 ̂0 » 0and coworkers ' for the extension of the original Puoss
and Onsager conductance equation which is now valid upto 
O.U’-T concentrations.

For the measurement of conductances of rubidium and 
caesium chlorides in aqueous solutions for concentrations 
from 0.01 to 3.OK, we have used Jones and Bollinger-'J type 
cells incorporating the modifications suggested by later 
workers, which would be described in the subsequent sections 
which now follow.



5.2 Conductances of .Rubidium end Caesium Chloride dolutio:
5.2.1 Conductivity Water: Ordinary distilled outer was
redistilled thrice, first over acidic potassium dichrome.te , 
then over alkaline potassium permanganate and f i n:; 11 y g i s— 
tilled as such into a. 15-litre pyrex aspirator. Three 5 
litre round-bottomed flasks, heated electrically, were used 
for distillation. Steam coming out of a flask was made 
to pass through 55"-high vertical glass columns racked with 
glass beads before it was condensed into the next ap propria, 
flask. The aspirator was fitted with a Teflon tao at the 
bottom and Teflon bung with two boles, at the too. The 
holes in the bung carried glass tubes, one for distilled 
water and other for sucking in cleaned air passed through 
Sofnolite. The purified water thus obtained hod a specific 
conductance of 1 X-10“  ̂ and after degassing 0.1 to 0.2klO~J

5.2.2 Purification of Nitrogen: Unpurified cylinder nitre
was passed through coneentradeed sulfuric acid and sodium 
hydroxid.e solutions, two tubes racked, with sofnolite and 
glass wool and finally twice through conductivity water.
The bottles used were of 200ml capacity and were fitted 
with 3-24 gas heads which in turn were fitted at the bottom 
with sintered glass discs of -porosity- -4. The gas issuing 
out of these discs was in the form of bubbles so that it 
could come into maximum contact with the purifying solution 
The degassing apparatus is shown in figure 5.3.



Concluc t i vi ty Va ter: B. D.H . AnalaR potassium chloride was 
dissolved in conductivity water till the solution was 
saturated. The saturated solution was filtered hot under 
vacuum using a porous gloss filtering funnel fitted into 
a 2-litre conic3.1 filtering flask with B-24 standard youit.

The conical fl3.sk containing the saturated solution 
was cooled by surrounding it with finely ground ice. The 
crystals appeared instantaneously. The mother liquor was 
poured off into another conical flask and. preserved. The 
crystals were transferred to a 2-litre beaker and conductivit 
water was added in small amounts so that on heating again 
the solution could remain saturated at 100°. This solution 
was again cooled rapidly using ice as before.

The crystals thus obtained were dried in an oven at'
130°C in Pyrex glass drying dishes for 24 hours. The drying

ccrystals were cooled in a desiccator over silica gel xor an
hour or so end then ground in an agate mortar in small amount
The ground salt was further dried in an oven at 130° for 3c . .days and then stored in a desiccator over silica gel.

5.2.4 Alcoholic Precipitation of Potassiun Chloride:
To the mother liquor obtained from the second crystallisation
from conductivity water, an equal amount of 98$ absolute 

61alcohol was added. The precipitated salt was filtered
and washed with small amounts of 50$ alcohol. The drying
and grinding precess was the same as for crystallisation
from conductivity water. The dried, ground salt was incthe form of powder. It was also stored in a dessestor 
over silica gel.



5.2.5 Purification of Rubidium Oh'loride: 99.6$ laboratory 
reagent grade rubidium chloride supplied by B.D.II. and Zoch- 
light company was crystallised from conductivity water.
The salt was recovered from the mother liquor by alcoholic 
precipitation using the same procedure as for potassium 
chloride.

5.2.6 Ana lap, and Soectro-sc o pic Caesium. Chloric es: About 
200 grams of Anala.R and 20g of Spec-pure caesium chloride 
salts were ground in an agate mortar. The powdered salts 
were dried as such in platinum drying dishes end used with
out further purification. There was no difference in 
conductances of solutions mode from AnalaR or 3nee-pure 
salts. The measured conductivities were within the pre
cision of measurement for solutions of the same concentration.

5.2.7 The G-1 a.ss Appa.rs.tus: Tor preparing experimental 
solution, 100ml and 250ml Pyrex Quick-Fit flasks with B-24 
stoppers were used. These flasks and other pyrex glass 
apparatus were first soaked in Pyroneg detergent solution 
for 3—4 days and then washed with chromic acid and nitric 
acid. Finally they were steamed (steam of conductivity 
water) for 10 to 15 minutes (for each flask and the uncali
brated glass apparatus).

After steaming, the glass apparatus was rinsed with 
conductivity water and Anala.R acetone, and then dried by 
compressed air issuing under pressure after passing througn 
silica gel and glass wool to remove moisture and dust.



oven so that the air in them is kept at room temperature 
and humidity because otherwise if air in a flask is dry 
and a few ml of a concentrated solution are added to it 
a little evaporation is likely, which results in a change 
of true concentration of the solution#

The flasks dried over sir were found to have the same 
weights within 0.0002 grams after repeating the process 
of cleaning. All the flasks with stoppers were numbered 
using a diamond scratching knife so that using the some 
flask and stopper, their weights could be compared and re
produced.

5.2.8 Constant Teimoerature 3ath: A temperature of 25° +
0.002° was obtained using a toluene mercury coiled glass 
thermo-regulator in a light-weight transformer oil tank.
The oil was heated by a 40 watt electric bulb and cooled 
by circulating tap water in me tank using a coiled copper 
pine immersed in the tank, thorough mixing of the oil'was 
affected by an electric motor stirrer. The rates of heating 
cooling and stirring were regulated in such a way that 
temperature variation was within + 0.002°.

An E-Mil TOT IMM standard thermometer model K14047 
calibrated to N.P.L. standards was used for temperature 
measurements. It was not considered necessary to caliorate 
this thermometer further because the solutions of electro
lytes under study have the same temperature coefficient 
as those of potassium chloride, which is used for cell 
calibrations. A constant error of a few hundredtns of a 
degree would largely be compensated63 by a corresponding 
change in the conductivity of the standard.



5.2*9 Conductivity Bridge: A digital autobalance precision
bridge R-331 manufactured by Wayne Kerr Co, , Ltd,, war used 
for conductance measurements. This autobalance bridge dis
played .capacitance and conductance simultaneously on two 
meters. :'n accuracy of 0.01# was attained by c oe rating 
six pushbutton decades, three for capacitance and three 
for conductance. The instrument incorporated a soeciol 
circuit, celled ''lead ellirninator”, which completely eli
minated error in resistance caused by the use of long 
connecting leads. The bridge operated at a frequency of 
1591. 55 H r/.

for conductance measurements at other frequencies 
ranging from 500 to 4000 cycles per second, external 
sources of frequency and detection were used.' The signal 
generator was a Wayne Kerr oscillator, model AP 3121. The 
external detector model 96016 of Stsndard Teleohone Company, 
was recommended by the Wayne Kerr Go, for use with their 
bridge. With this detector we found that it was difficult 
to make conductance measurements better than + 1$. No 
reason could be found for the insensivity of the instrument. 
It might have been due to miscellaneous electrical circuits 
in the laboratory. We, however, managed to get a detector 
of the general Radio Company* and this was sensitive enough 
for measurements with the bridge accuracy of 0.0q^(with 
the external source and detector).

* Kindly lent to us by Dr. T.R. Poord of the department 
of Electrical Engineering, University of Glasgow.

-f. 3 K ~ f"i



5*2.10 0piidjic'tivity 0e3..1ss The design. of conductance cells 
shown in. figure 5*1, is the work of Jones and bollijager 
who made an extensive study of cell design to remove the 
shunt effect and polarisation errors. The shunt effect, 
which is due' to high capacitances, is avoided by keeping 
contact tubes widely separated and the filling tubes aoart. 
The polarisation is avoided by platinising the electrodes 
and using alternating current.

Four nyrex cells of cell constants 35.807, 87.140, 
92.900 and 172.20, were used to cover the whole range of 
concentration • The diameter of each electrode was 1. 6i:i:r 
Dimensions of the filling and the contact tubes were the 
same in all cases but the length of the narrow nortion of 
each cell were varied to obtain different cell constants. 
The approximate dimensions of the cells are shown in table 
5.1. To obtain a lower cell constant the length, of the 
narrow; nortion between the electrodes was decreased and 
the diameter was increased. 62The filling tubes were incorporated with bulbs in trie 
centre. This facilitated rinsing of the cells. The cont
act tubes were filled with mercury but before filling, the 
glass platinum joint was further sealed inside the contact 
tube with the Araldite pov/der, which hardened on heating 
and. subsequent cooling. Cooper rod_s of two mm diameter 
were used to make contact with bridge leads for the cell 
of cell constant 35.807 while platinum rods were wised for 
cells of high cell constants. Copper rods had to be 1 ■ 
cleaned with dilute hydrochloric a.cid from time to time 
to remove the oxide layer w;hich built up slowly and 
reduced contact.



Table 5.1
Approximate dimensions in centimeters of the 
conductance cells.

Dimensions Cells

1 2 3 4
1 7 12 12 12

I.D.l. 0.6 0.4 0.4 0.2
h 10 15 16 15
D 1.6 1.6 1.4 1.4
m 3 3 3 3
n 14 14 14 14

I.D.n. .3 .3 .3 .3
P 9 9 9 9

I.D.p. 0.5 0.5 0.5 0.5
q 1.5 1.5 1.5 1.5

I.D.q. 1 1 1 1

1= length of the narrow oortion between the electrodes;
I.D.1= diameter of the capill^ary tubes between the 
electrodes; h= distance between the electrodes;
D= diameter of each electrode; m- horizontal length of 
the filling tube; n= vertical length of the filling 
tubes; I.D.n= internal dimeter of the filling tubes; 
p= vertical length of the filling tubes; I.D.p= 
internal diameter of the filling tubes; q= diameter 
of the bulb in the filling tube; I.D.q= internal 
diameter of the bulb.

er
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5.2.11 Platinisation of Cell Electro leg: For pfcbini sat i on, 
again the instructions of Jones and 'Pollinger^ ware followed. 
The olatinisation solution consisted of 0.0251! hydrochloric 
acid, 0. 3/ olatinic chloride and 0.025$ lead acetate. Six 
coulombs of electricity per sq.*u,re centimeter of the elec
trode area were passed. The polarity was .altered after
every ten seconds and the platinising current required was 

210mA per cm . The electrical circuit is shown in figure
5.2 in.which K is the two way key and B is the Battery. 
Avometer, V, indicated current. After.platinisation, cells 
were washed with distilled water and were always kept filled 
with it.

5.2.12 Cell Calibration.;. For cell calibration, 1.0, 0.1 
and 0.01 demal solutions of potassium chloride were prepared 
as recommended by Jones and Bradshaw?^. ID* solution was 
prepared by direct weighing and 0.1 and 0.01D solutions 
were prepared by dilutions of the ID solutions. Demal 
solutions are independent of the atrnic weight of the 
standard electrolyte.. Amounts of K61 required for lOOOg
of the solutions are given in table 5.2 along with their 
corresponding specific conductances.

5.2.13 Preparation of Demal Solutions: For a ID solution, 
approximately 7g of KCl were weighed to 4 Places of decimals. 
This weight was converted into vacuum weight by applying
the vacuum correction factor^, f, which is obtained using

f = 1 + 0.0012(1/d - 1/8) 

* D stands for Demal.

(5.1)
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Table 5.2

Preparation of Denial solutions.

Demal g of 1501 oer lOOOg 
of soIn. in vac.

Vac.Oorrection 
for solution

Specific
conductance

.01

.1
1.0

0.745263
7.41913

71.1352

1.00105
1.00105 
1.0010

.0.0014027 
0.012856 
0.. Ill 342

Table 5..3
Vacuum correction factors for salt and solutions.

Electrolyte Vol. vvt.
Vacuum Oorrection for

Salt,fa Solution fb
c<. 1 0 . 1

KC1 74.56 1.000455 1.00105 1.001
RbCl 120.92 1.000300 1.00105 1.001
CsCl 168.36 1.0001500 1.00105 1.001



for salt this
where d is density of the salt or solution and^is equal 
to 1.000455. Prom this, the weight of the solution required 
in vacuum was calculated, which on division by vacuum co
rrection factor for solution gave the weight of solution 
required in air. A little'less than the required amount 
of conductivity water was added to the flask containing 
the salt and final weight was made by adding water dron 
by drop. Solutions of + 0.01$ accuracy could be easily 
preoared by this method, g; 10ml of ID solution were weighed 
in another flask and diluted to obtain 0.1D solution. 0.01D 
solution was similarly obtained by dilution of 0.1D solution.

5.2.14 0onductance ¥■ easuremsnts: Oell-1 (writh lowest cell 
constant) was calibrated with 0.01 and 0.1D solutions while 
all other cells were calibtrated with 0.1 and ID solutions.
The cells were rinsed four times with 10ml samples of the 
stock solutions. After filling the tube, the standard joint 
(of the filling tube) was dried with filter paper and 
stoppered. No air bubbles were left trapped in the solution 
in the cell.

The cells were then thermostated in the oil thermostat 
for 15 to 20 minutes before conductance measurements were 
made. The measured conductances remained stationary with 
time within the accuracy of measurements. The cells were 
removed from the thermostat, stoppers were removed and the 
solutions were stirred by tilting the cells slightly. The 
stoppers were replaced and the conductances were measured 
once more. No change was observed in the measured conduc
tances showing that adsorption effects were absent.



The specific conductance of water was added to the 
specific conductances of the denial solutions and the cell 
constants were then calculated using the relationship

J V  = K (5.2)

where f is the cell constant, is the observed conduc
tivity and is the total specific conductivity 'of the 
solution.

For confirmation of the cell constants, 0.01, 0.1,
1, 2 and 3 molar solutions of NaCl and KOI were prepared, 
their conductances were measured and the equivalent con
ductances calculated using the relationship

A = joC • 10~Vc
The calculated values were in agreement within + 0.02$ of 
the' literature^ results.

5.2.15 Preparation of RbOl and QsCl Solutions: The
equations (5.3) and (5.4),

P ic/m = a + £  aj[m (5.3)
.. i~l
P im/c = a + a. c (5.4)

° i=l
were used to calculate molar concentrations, c, from 
molalities m and vice versa. Coefficients, a and a^ 
of relationship (5.3) were obtained from Karned and

C  r j  ^
Owen 1 anr; the coefficients of relationship l5.4) 
were obtained by a least squares, fit between rn/c 
and c. These coefficients are given in
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tableAl, appendix 1,along with the values for KOI solutions. 
The relationships (5.3) and (5-. 4) are applicable upto 4K 
concentrations. For CsCl solutions, the equation

d = 0.99707 + 0.12933c - 0.002166c3/2 (5.5)

was available^, and was used to calculate molalities, m, 
using the relationship

m = c/(d-0.001.c.W, ) (5.6)

where is the molecular weight of the salt and d is the 
density of the solution in gram per ml.

Solutions were prepared at approximate molalities as 
well as molalities corresponding to exact concentrations.
For preparation of solutions at exact concentrations, if 
Wa is' the apparent weight of the salt in air then the 
apparent weight of the solution required in air, 7/y, is 
given by relationship

Wy = Wa/ (1+1000/Wb.m)X fa/fb (5.7)

where fa and fb are the vacuum corrections for the salt 
and the solution respectively. The numerical magnitudes 
of W-̂ , fa and fb are given in table 5.3. Relationship 
(5.7) may also be rewritten as

Wy = Wa.Y ( 5 . 8 )

where Y = (l+1000/Wb.m)fa/fb (5.9)



An approximate amount of salt was weighed and multi
plied by the factor, Y and the apparent weight of the 
solution required in air was thus calculated. A little 
less than the calculated amount of'conductivity water was 
added and the final weight was made by adding water dron 
by drop as mentioned earlier for preparation of demal 
solutions.

Solutions were also prepared at approximate molalities 
and the exact concentrations calculated using relationship 
(5.3).

5.2.16 Degassing of dilute solutions and filling of cells 
for conduct:a 11 ce measurements: Conductances of all solution 
above O.lh were measured without degassing while for all 
solutions below 0.1F, conductances were measured before 
and after degassing with purified nitrogen. Specific 
conductances of undegassed and degassed conductance water 
were subtracted from the observed specific conductances 
of the solutions. For c>0.01, no appreciable difference 
was found in calculated equivalent conductances by both 
the methods. The degassing and filling apparatus is shown 
in figure 5.3 in which A is a three way tap, B is a two 
way tap, and H is the gas head.

Firstly, outlet 0 of the gas head is closed, B is 
opened while A is closed from the side of the B-10 joint 
and open to the atmosphere. This way the gas after passing 
through the solution issued out to the atmosphere through 
the outlet in tap A.
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After degassing of the solutions, the outlet C of the 
gas head was on end and. fitted into the inlet C of the cell. 
Nitrogen gas, instead of passing through the solution 
escaped through the cell, thereby creating its own atmos
phere in it. This was allowed to take Diace for 1-2 minutes. 
After that, tan B was closed and tap A was closed to the 
atmosohere and open to the solution side. The gas passed 
straight through A and created a pressure on the solution 
thereby making it rise up to the gas head tube dipping in 
it. The solution then started filling the cell through 
the inlet C. The stopper D was ooened to let the gas escape 
while the solution was entering the cell. Bubbles left 
in cell were removed by shaking and tilting the cell slightly. 
When the level in the second filling tube rose nearly to 
the required mark, the tap A was closed and outlet of the 
gas head was taken out of the cell and stoppers were imme
diately placed in the filling tube C, as well as in D. The 
cell was then ready for conductance measurements.

5.2.17 Frequency Dependence of Conductance: Frequency
51dependence of conductance is given by Jones and Bollinger’ 

relationship

R P = R w R t - V w 2 'c p or RP = R t - R (5ao)

where R is the apparent resistance, R. is the truep u
resistance,and W and are the angular frequency and 
capacitance respectively. If R^ is taken to be roughly 
equal to R , eqn(5.10) becomesT3
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R = R.-R3 W2.C ̂  (5.11)P t t P W  ;

For all the cells and the whole range of concentration
from 0 to 31'", R was between 500 and 50,000 ohms and 0

13 -lo pwas of the order of ̂ 0 10 farads. For frequencies, 1000
to 4000 H , substitution of W, R_ and C in eqn(5.1l) shows

~3> 2 2  ̂ ^that the error, .R = R^IW • C ~, is negligibly small. Its
magnitude is much less than 0.01$ end the change cannot
be observed on the instrument. In theory it is clear that
the measured or apparent resistance is the true resistance.
In practice, the measurements were first made at bridge
frequency and then using an external frequency source and
detector in the range 1000 to 4000 Hr. for 0.0]., 0.1, 1.0

/ j

and 3*OK solutions and no visible change was observed
within + 0.05!:S ( which is the bridge accuracy for external
source and detector)* The most recent account of denendence

69of.conductance on frequency has been given by Hoover

5.3 Results of Conductance Measurements

5.3.1 Conductance Measurements in Dilute Solutions
Table 5.4 summarises the results both for rubidium chloride
and caesium chloride for concentrations less than 0.1M.



Talfl
!esul '1■i 3 of con one ten.ee me our cm on’ts in 6 i.Lute uolutloner..  ̂ . 7:31T7 OsCl ■

~~cT ~ 
007

/f ~ 
146.34

c
.04 i3 8 .ll

c
.01

~ /I 
144.52

c.
.06000 1 3 4 .6 3

003 145.91 .05 136 0 75 .013888 143.09 .07000 1 3 3 .5 1
01 145.0? .055 136.19 0015133 142.71 .07837 1 3 2 .6 6

0103 144c98 .0633 135.28 .019998 141.32 .08 132.52
013 143.96 .065 135.09 .028255 139.40 .08926 131.69
015 1_1 C

u

O
J O .0? ... . - -134.59 .03 139.01 .00 131.67

017 *142.77 .075 134.15 .04 137.32 .0929 131.38
019 142.23 .0828 133.43 .04784 136.12 .098 131.04
02 141.93 .09 132.8? .045997 135.81 .1 0 0 130.84
03 139.77 .10 132014 .05 135.80 .100 130.85

■ : 0 onOucrt; ar.ee messurernents in co?jc.entrated s01 u‘tic O1
Kesuits are surnmarls ed in table-5.5

XabIo~5..*,5
Results of conductance mea sure’rents in concentrated soluti ons

H CcrCl '

e A ■C A .0 A c A
.10 132.14 1.0 115. 23 .10 130.84 1.0 113. 10
.20 127.17 1.5 112. 06 .20 125.43 1.5 109. 86
.25 125.45 2.0 109. 34 .35 120.06 2.0 107. 20
.30 124.09 2.5 106. 67 .50 1 .L8. 30 2.5 104. 52
.50 120.35 3.0 103. 98 .70 115.73 3.0 . 101. 63
.70 117.77 .85 114.33



5•4 Analysis of Conductance Measurements in Dilute 
Solutions - A S tudy o f Ion As social ion:
5.4.1 Fuoss Analysis: During the.past three years Fwass

6 3.—  gand co-workers "" have published extensions of the original
t, . 601'uoss-Onss.ger conductance equation end applied the extended 
equation to data, for sodium and potassium chlorides, caesium 
bromide and iodide, potassium nitrate end silver nitrate.
The experimental data we^e first analysed using the implicit 
equation

A =A0 “ s ̂  + -I- Ac + Be3/2 (5.12)

in 'which 3 and E are theoretical parameters and A and B 
constants of empirical fit. Equation (5.12) is valid upto 
0.1M concentration and successfully reproduces the experi
mental data within the -precision of measurements. A computer
programme was d.evised which reproduced the A » A and B valueso
reported for sodium and potassium chlorides^*c . The ex
perimental data for rubidium uv̂ sAuw chlorides were then 
processed. The values of dielectric constant and viscosity 
of water were taken as 73.54 and 0.008903 (poise) at 25°C 
and the resulting equation for rubidium and caesium chlorides 
were

A  -=\5lj -Of - % * o o d  Jc + 26.60 clnc + 207.7c - 195. lc332 (5.13)

1 /oA* |53.5g-q5.00£? Jc + 26.31 clnc + 190.4c-171.6c3/ ̂ (5.14)

The equivalent conductances for caesium chloride in 
the range c <’0.01fT, calculated from equation (5.14) ware
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in agreement, to within 0.03$, with those obtained by Swan 70and Svans who, using the original Fuoss-Onsager equation
obtained a|\Q value for caesium chloride of 153.61 + 0.02,
which is in agreement with equation (5.14). The A ahd B
values obtained for caesium chloride, equation (5.14), are

6 csimilar to those for caesium bromide and iodide and the 
order is CsCl< CsBr<Csl.

Equations (5.13) and (5.14) for 1:1 salts in. the con
centration range 0.01 to O.lh give satisfactory values
•e A w + • 3/2 . 6a-c,71-73'of A when terms m  c are retained

Using this concentration range improves experimental 
accuracy and so is preferable to using concentrations < 0.OIL;.

For solutions where ion association is present Fuoss 6 a.and Hsia first used the explicit equation

A = °<(Ao-a a) (f + AX/X)/(1 + 3*/2), (5.15)

where c< is the degree of dissociation, and kX/X con
tributions from electrophoretic and relaxation effects 
respectively -and i> is a function of the ion-size parameter 
§.. Equation (5.15) may be solved as a three parameter
equation to give self-consistent values of A , a0 and K ,J o a
the association constant. The latter is derived from 
values, using activity coefficients from the Debye-Huckel

tilimiting law. Although the values for distance^’ closest 
approach are large, 5-6A°, equation (5.15) adequately repre
sented data for sodium and potassium chlorides and caesium

6 ebromide and iodide u p  to 0.1M. FacKenzie and Fuoss , 
however, found that with potassium and silver nitrates in 
water and in aqueous dioxane, where the amount of association



is comparatively large, the value of K obtained wasa
relatively insensitive to the values of a° chosen. They 
then treated equation (5.15) as a two parameter equation 
and calculated K from the best fit of a0.S.

A detailed computer programme (No.158) of this treat-
74ment was kindly supplied by Professor Fuoss and was used 

to process experimental data for rubidium and caesium 
chlorides and to recalculate results for other alkali salts. 
The distance parameter a0 is obtained from the association 
constant, IC , using the reletionshios

c l

Ka = (45W3/6 000) 3(b) (5.16)

where F(b) = 3 (b) - (eb/b)(l + i) + 2.435 (5.17)

and a0 = P/h (5.18)

Activity coefficients, f+, are calculated using the expression

- Inf + = q/(l + *) (5:19)

where Y  = ft^/2 (5.20)

Relations between N, ft , a0, bjT' and K are given in an earlier
publication ̂  A limit has also been set to the maximum

—7 3concentration such that c(max) < 10 .D where 1) is the bulk 
dielectric constant. For aqueous solutions c (max) S 0.05T-'- 
and as association increases this limit decree,ses further.



Table 5.6

Results for Rubidium Chloride data using the 
Puo ss analysis.

c A calc ^calc-^obs °C f 2 +
.008 145.908 -.002 .9982 .8272
.010 145.066 -.004 .9978 .8109
.0103 144.945 -.035 .9977 .8085
.013 143.980 + .020 .9972 .7901
.015 143.337 + .037 .9968 .7782
.017 142.757 1 • 0 H OJ .9964 .7674
.020 142.218 -.012 .9961 .7576
.020 141.964 -.016 ‘ .9959 .7528
.03 139.802 + .032 .9942 .7141
.04 138.131 + .021 1.9926 .6847
.05 136.758 + .008 .9911 . 6610
.055 136.224 + .034 .9904 .6507
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Table 5.7
Results for Caesium Chloride data using the Ruoss analysis

C ^calc ^calc-Aobs

.010000 144.500 - .020 .99671 .81093

.013888 143.093 + ; 003 .99558 .78480

.015133 142.691 - .019 .99524 .77757

.019998 141.299 - .021 .99392 .75299

.028255 139.390 ~ .010 .99182 .72026

.029991 139.041 T .001 .99139 .71438

.030000 139.039 + .029 .99139 .71435

.039991 137.320 + .000 .98890 .68300

.04-7836 136.109 - .011 .98730 .66622

.049997 135.815 + .005 .98683 .66150

.050000- 135.814 + .004 ' .98683 .66149

2c£ is the degree of dissociation, and f+ is the square 
o f  the mean activity coefficient. •
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The results for rubidium and caesium chlorides are 
given in table 5.6 and 5.7. Table 5.8 summarises calcu
lations for other alkali halides and potassium and silver
nitrates. Including in this table are the A, values ob~o
tained from equation (5.12). These are larger by 0.06
and 0.05 conductance units for rubidium and caesium chloride;
and similarly for sodium and potassium chlorides end caesium
bromide. In the sequence of salts from sodium chloride
to silver nitrate the ion size parameter a0, decreases as
association constants, K , increase. The values for Ka7 a
for sodium and potassium chlorides are 0.17 with uncertainty 
of +0.12 so that, as expected, the association is barely 
signifies^. The association constants for rubidium and 
caesium halides are significant but smaller than for po
tassium and silver nitrates. The values of association 
constant, Ka, for rubidium and caesium chlorides are .275+ 
.083 and .409 + .0^1 respectively. lor caesium chloride
Ka is identical with that for caesium bromide and compares

7 6well with an early estimate by Davies of ^0.4, measured 
at 18°C.

5*4.2 Qorresponding Conductances: In a recent paper
Guggenheim^ has used the conductones equations of Pitt? 
to calculate the conductance with an electrolyte would 
have in the absence of ion association. The principle is 
one of corresponding conductances, in which the desired 
equivalent conductance, /\ , is calculated using data for 
two standard 1:1 salts which were considered to be comple
tely dissociated. It is shown that for a given value of 
concentration,c,
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A 1 - A * 1 ~ft0 , , • . ---=  ------- = r (c> constant) (5.21)
A - /\~ Aq - Aq

where r is the constant defined by the Aq values and there
fore independent of concentration. Superscripts 1 and 2 
denote the standard salts. In the original paper these 
salts were potassium and lithium' chlorides, but in this 
work sodium and lithium chlorides were used in order to 
include Qotansium chloride, as in the Fuoss treatment given 
above, (lor self-consistency the degree of dissociation is 
again given the symbolo( , where $ was used in the original
paper). The value of oC is calculated as the ratio A , /A,obs^-^
calculated from equation (2.21). The results are shown in 
table 5.9 and fig. 5.4. The degrees of dissociation present 
at specific concentrations are closely similar for both 
treatments and the agreement between them is never worsts 
than 0.5''!S although in all cases the Ftttfss estimate is the 
lower and extrapolates to a value which corresponds to Davie 
estimate of for CsCl at 0. ITT. To compare association 
constants the Fuoss activity expression, equ.(5.19)> has . 
been used and the results given in table 5.8. Once more 
the agreement for the alkali halides is excellent and within 
the uncertainty o£ the values obtained by each method.
The corresponding conductance method does however give lower 
values for potassium and silver.nitrates and each method 
shows that association in potassium chloride is negligible 
or zero.

The agreement between those two independent approaches 
is, therefore, excellent.



Results for Ao, a° and Ka using programme 158 of Fuoss for 
literature data on other salts.

CD -P 
{>5 r—1 O

Implicit
Equation Fuoss Programme

Guggenheim
Method

u (l)*p %
CDH
&

A. 0 Ao a 0 Ka K a(g)

Wa Cl 126.61 126.58 5.233 .168 + 0. rzA 0
XCl

Csl
149-96 
\SLh ol 
154.19

1/1-9.92 
15 3- 43  
154.30

5.223 
4 . (\k'1 
4.851

.172 ± 
' ?X15 ,t 
.311 +

.120
•oS‘d

0.042
0
-tk t • id
.28 ± .10

CsBr 155.35 155.31 4.597 •409 J; 0.061 .40 + . 13
C^Gl 153.5S 153.53 4.598 * 409 1 .051 . 40 + . .10
KN0~3 - 145.00 3.726 .784 + .044 . 66 3- . 05

kgm 3 — 133.41 3.509 .875 + .101 .70 + .05

(lh,(g) is the association constant calculated using 
Guggenheim's degree of dissociation,, and Puoss’s 
activity coefficient, f+, over the range .01 to .05 M). 
*using haG't or LiCt as standards instead of LiC-t and 
KC*t as standards.



Degree of dissociation,<, from Guggenheim's 
method of corresponding conductances(°ig) and 
from Fuoss programme (^F).

c .01 .02 .05 .10

o ( g

KC1 o(p

0(g
RhCl ^

°(g .9960 .9940 .9900 .9960
CsCl ,9967 .9939 .9868

°<g .9963 .9895 .9806 .9680
KW03 ^F .9934 .9885 .9753

.9986 .9987 .9990 .9993

.9986 .9976 .9942

.9970 .9958 .9946 .9935

.5 978 .9959 .9911

.9976 .9900 .9780 .9620 
AgN03 °<F .9930 .9872 .9725
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CHAPTER 6

Results and Discussion of the Irreversible Thermodynamic 
Analysis

The experimental results obtained for the electrical
conductances of rubidium and caesium chlorides together
with the diffusion data for rubidium chloride complete
the parameters required for an irreversible thermodynamic
analysis of these salts in the concentration range 0.25-
3.0M. Transport numbers for both salts were obtained from

1 ?Tamas, hanosi and Scheiber m  this concentration range. 
These authors found their data to fit the empirical equations 
of Jones and Dole

tx(RbCl) = 1.5060/(1 + 0.005461/c) - 1. (6.1)

t (CsOl) = 1.5084/(1 + 0.010597c) - 1 (6.2)X _ . i

to an accuracy of 0.1$. Literature values of the volume
fixed diffusion coefficient, D , for caesium chloride were 
obtained from Lyons and Riley^ . To convert these (and 
the experiments,1 results for rubidium chloride .obtained 
in this thesis) to the solvent fixed frame,of reference 
it was necessary to evaluate the activity correction term, 
(l+mdln/’/dm) , eqn(2.60), over the full concentration range. 
For this purpose a fourth degree empirical fit was obtained 
between In and lnrn;

ln"f = aQ + a ̂ (Inn)̂ . (6.3)
i=I



The coefficients a^ to for both, salts (and also for 
potassium chloride for check calculations), given in table
6.1, reproduced In'f values to an accuracy of +0.1$ over 
the range 0.1-4.0 molal. The values of the function 
(l+mdln/’/dm) given in tables 6.2 and 6.3 were obtained 
from eqn(6.3) on differentiation.

Using the theory discussed in chanter 2 a computer 
programme was written (appendix 2) which Reproduced fuller 
calculated data, for the chlorides of lithium, sodium, po
tassium and hydrogen to +0.1/. The complete sets of trans 
port data for concentretions in the range 0.?5 to 3.0 
molar for rubidium and caesium chlorides wtn-t processed 
for calculations of the Phenomenological coefficients,
^ik anĉ L̂ik* ^'e comUu^er re?  ̂ c,m,t+, A, and (1 +
mdln//dm) from the data taoe and first calculated the
transport coefficients, 1 ^  from eqn(2.63). The inverse
frictional coefficients, R., , were then calculated from5 ik ’
Lfk by their matrix inversion using eqn(2.64). The ion-
solvent frictional coefficients, were calculated’ lO ’
using eqn(2.66) which involved all the three transport 
properties and the activity correction term. These co
efficients could also be obtained using eqn(2.6f) which 
involved transport numbers, diffusion coefficients and 
the activity term and for R^q diffusion coefficients and 
the activity correction term only. This does not mean 
that conductance and/or transport numbers are extranous 
parameters in ean(2.66), for obtaining the coefficients

f ^  r  \and Rq q . It can be seen on expansion^the eqn(2.b6) 
reduces; to eqn(2.69). The results for rubidium and caesium 
chlorides are presented in tables 6.2 and 6.3. Calcula
tions were also carried out for (_ ce* Ir*** « <1/
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all other binary systems, for which data were completely 
or partially available. These results are given in appen
dix 1.

The formalism of irreversible thermodynamics is justi
fied cn, .two counts. firstly it allows a meaningful analysis 
of transport data in the concentration regions f&r in 
excess of the applicability of the existing microscopic 
theories and provides discrete coefficients which define 
specifically the mobility of ions, 8ncl- ĥe poupling
between species, Since the flows are defined relative
to a solvent fixed frame of reference all mobility coeffi
cients contain contributions from the frame of reference 
interactions. It is however apparent that the mobility 
coefficients are/nfore fundamental importance than any 
directly measured parameters such as electrical conductivity 
or transport numbers, eqns(2.45) and (2.47).

Table 6.1

Coefficients of 4th degree fit, eqn(6.3)» between lnm & InY".

Coefficients KC1 RbCl CsCl

ao -5.050610-1 a "5,0̂8 -1 -6.091210-1
al -9.788010-2 -1.136710-1 -1.519010-1
a2 +2.202010-2 +1.36l810-2 +X.580610-2
*3 +1.424710-2 +1.2206. 0~2 +1.3X6410-2
a4 +2 • 6 Ip-̂q—3 +2.098910-3 +2.0XX610-3
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To obtain a deeper understanding of electrolyte 
transport in concentrated media can examination of the 
variations of these coefficients with concentration is 
necessary. The interpretation of such coefficients is 
qualitative and therefore most soundly based when a series 
of closely related salts are compared.

In the present series of investigations on rubidium 
and caesium chlorides the remaining allcali raetal’ chlorides 
provided this background for comparison. The experimental 
salts contain the largest cations of the series with largest 
mobilities and are cv\Wj ' salts of this series for wk\d\ von 
association might be expected (chapter 5).

In this analysis, the mobility or L-coefficients and 
frictional or R-coefficients have been calculated. These 
two sets are mathematically equivalent but each has merits 
for interpretation. The mobility coefficients give relation
ships which are formally more similar to classical equations; 
for example equivalent conductivity, A , where the simple 
Onsager equation

A ~ A o ~ A0 + fi )
may be compared with eqn(2.45);

A =  <zi - r  + +

•wThe first term in each equation is a flection solely of 
ion mobilities and the second term contains contributions 
from the cation-anion interaction.
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The friction or R-coofficients are more akin to an 
electrical or mechanical /uMstance and have the advantage 
of being independent the frame of reference. The coup
ling coefficient, R^q , between ion and water may be isolated 
and examined. This formalism is largely favoured by workers 
in the field of membrane transport and'the friction analogy, 
discussed below, has been developed by dpiegler^, K'atchalsk.y 
and others. *9, S4

6.1 The Mobility Coefficients: The phenomenological equa
tions for a binary electrolyte solution containing cation,
1, valency, Z^, anion, 2, valency 2̂ ? and water, 0, are 
given by the expression(2.29) where Jh is the flux of ion,
i, relative to the solvent. A thermodynamic force on species, 
i, is defined by the gradient of electrochemical potential
t ^  v j(-grad It ) and therefore is the force on one r.ic-te of species, 
i,» the flow, however, is largely proportional to the con
centration of species. This concentration difference is 
defined and the variation of these parameters with concen
tration reflects the changes due to the environmental vari
ation. The analogy is that between the use of specific 
conductivity and equivalent conductivity, A , as a basis 
of comparison of electrolytes at varying concentrations.

6.1.1 The Coefficients, /li and hgn/N: The L ̂ V h  is 
an intrinsic mobility, that is, the mobility an ion would 
have if there were no interactions with the oppositely 
charged ions. It includes a large obstruction contribution 
due to lattice exchange, smaller effects such as coulombic 
interactions with the other i-tyoe ion, solvation and the
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frame of reference interactions with, the solvent. The 
cationic and anionic mobility coefficients, T̂ -j/N and 
L^/N, are plotted in figures 6.1 and 6.2 against the 
square root of ionic strength, 3, where 3 is given by

3 = N(ZX - Z2 )/2 (6.4)

The observed trend of the intrinsic mobilities, L../N,’ ii 9
may be tentatively explained on the basis of the accumulated 
e v i d e n c e  ^ ^  £ 7 0f water structure and the effects of 
electrolytes on that structure. The mobility coefficient, 
Ln/N, is largest for Rb+ ion showing that this ion has 
the highest mobility in the alkali metal chloride series.
For Rb , Cs' and K ions the values lie parallel and very 
close to each other and are the least affected with change

+  -  H-in concentration. In the case of more solvated Na and ui 
ions the coefficients, L-ĵ /N, decrease with concentration 
showing that the most solvated Li ’ ion has the least mobility.

The mobility coefficients, L00/N, plotted in figure
6.2, provide a basis for the comparison of the 01 ion 
mobility in a variety of salt solutions of different con
centrations. At finite concentrations it d-tsends uoon the 
nature of the salt. As the concentration .tends towards 
zero, L22/N values converge to a common point in accord 
with Kohlrsusch’s law of independent mobilities at infinite 
dilution. At a finite concentration the Lgg/N coefficients 
are in the increasing order of the atomic numbers of the 
cations. That is,

LiCl<..NaCl< K c H  RbOK CsCl
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RUBIDIUM CHLORIDE

G rr. Ecjy Com'
0,0000 0.000000 154.16
0.1 oco 0.1 006 m.) 1 32.11
0.2500 0«cl'jiiSi 0 125.45
0.5000 0.5101 00 120.36
0.7000 0.716950 117.77
1 .0000 1,038240 115.23
1.5000 1,5064oo 1 I 2«O’o
2 0 0000 2.15o4oo 109-34
3.0000 3.371300 .103.97

Sqrt S 111 /:; 11 0/N
XlO la-Ki 2 i;Od 2
0.0000 8.3511 0.0000
3.1623 7,8403 0,7005
5.0000 7.6485 0,8862
7« 0711 7.5382 1.0722
8.3666 7.5045 1.1903

10.0000 7-4801 10 3194
12.2474 7.4453 1.4757
14.1421 7.3870 1 C.5799
17c3205 7.2077 1 . 7 149

Sqrt S NR11 -NR1 2
X10 ra-11 30-1 1
0.0000 1 .1974 0,0000
3.1623 1 .2858 0.1162
5.0000 1 .3254 0.1546
7.0711 1 .3540 0.1927
8 . 3666 1.3668 0,2162
10.0000 1.3795 0.2416
12.2474 1.3973 0.2734
14.1421 1.4175 0.2980
17.3205 1 .4685 o.34o3

Sqrt S -R10 -R20
X10 io-9 10” 9
0.0000 2.163S 2.2031
3.1623 2.1205 2.1479
5.0000 2.1333 2.1496
7.0711 2.1343 2.1360
8 . 3666 2.1289 2.1221

10.0000 2.1286 2.1099
12.2474 2.1 4-1 3 2.1073
14.1421 2.1745 2 .1272
17 .3205 2.2829 2,2101
*Tr8n.snort number at 0.1b i

6 . 2

tb I)n .. \V V ; . .. 1 •« 1 u.- x.’ jnC a:

0, 5 0 4 5
r i 1 .10000

0 r.PQQp \ . . 8 7 9 0 0 ,■ -IvOj
Go 3 0 1  9 '{. 8 5 4 0 0 .;V7QM ' 1

0 , 5 0 0 2 1 0 8 7 0 0
r\ ^ -- J j O-t

0  c4-998 1 .8930 Or » ■ . .- op 0 0

Oc 4-978 1 .9440 f) (- 8 8 8 5

0 ,4 9 6 0
r .0240 Oc,9104

Oc 4-94-5 O c 1 0 0 0 Oc OT> P.'f
0  0 491 9 2 • 2450 1 <>0050

122/N
30"I* f 2

PI 2 Qi 2

8c2021
707495 
705973 
7*5330 
7c5243 
7*5395 
7.5416 
7.5161 
7* 3336

0,0000
O d 6 4 9
0.2083
0.2491
0,2735
0,2990
0,3291
0,3499
0.3806

0.0000 
0.0899 
0.1163 
0.1423 
001 584 
0c1758 
0.1969
Go 21 20
Oc2350

NR22 Q10 Q20
3 0 - 1 1

1 .2192 0 .7 0 3 9  Oo7l03
1 .3 0 0 9  0 .6 7 2 2  0 .6 7 6 9
1.33^3 0 .6 6 3 3  0.6661
1 „35;19 0 .6 5 4 7  0 .6 5 50
1.3631  0 .6493  0.6481
1 .3695  0 .6 4 3 6  0 .6403
1 .3 7 9 5  0 .6 3 6 7  0 .6306
U3931 0 .6 3 1 9  0 .6235
1 .4325  0 .6246  0 .6123

-C0E10 -C0R20 ROO/N
20—11 x*“11 io“7
1 .1974 1 .2192 7 .8 9 0 9
1 .1696  1 .1847 7 .7 38 7
1 .1 7 0 8  1 .1797  7 .3o44
1 .1613 1 .1622  7 .8483
1.1506  1 .1 4 6 9  7 .8656
1 .1379  1 .1230 7 .9284
1 .1239  1.1061  8 .0 9 4 3
1 .1195 1.0951 3 .3555
1 .1276  1 .0917 9 .0959
interpolated.
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G in Eqv Clone
0 ,-0000 0 .000000 1 33«63
0 .. 1 000 0 .1 OO’/'O i 1 30 e83
0 ,s 2300 0 f. 233300 123. 70
0 ,; 3000 0 0519900 1'! 8 .80
0 .> 7000 0 *722800 11 3 *73
1 .,0000 1 ;086100 113. 10
1.,3000 1 .608800 109c 86
2<,0000 2.190900 107. 20
3<,0000 3-832800 1 01 *63

Oi D (v)»5 V4iO\dlnG.-i:
0 € 3030 0 ,o44o 1 ,0 0 0 0
0 .3 0 2 0* 1 .8710 0 .8 8 8 8
0.5003 1 .. 8350 0 .8 5 8 7
0 d 10' { 2 1 .8 6 0 0 0,8421
0*8952 1 .8 7 1 0 0,881 8
0*8926 1 ,9 0 2 0 0 .8 8 9 2
0.8891 1 0 9600 0 ,8 7 2 5
0 e 4CO i CL.0290 0 c vO'i i
0 088I 2 2 .1750 0 ,9 6 8 8

Sqrt S 
XI 0

111 /M 
10'4*1 2

11 2/W 
lo+l 2

122/M 
30 "M 2

F12 Q12

0 .0 0 0 0
3 .1 6 2 3
5 c0000 
7*0711 
8.3666 

1 0 .0 0 0 0  
1 2 .2878  
18.1821 
1 7 .3 2 0 5

8 .29 7 6  
7 .7 8 96  
7 .6 8 5 8  
7*5962  
7 .5 3 3 8  
7 ,8 6 5 3  
7 .3 5 3 3  
7 .2 6 2 8  
7 c 0787

0 .0 0 0 0  
O.7388 
1 , 0360 
1 ,27 9 0  
1-3763  
1 .881 7 
1»5829  
1 .6657  
1 .8223

8.1 936
7 .7 3 3 *
7.6721
7 .6 6 7 3
7 .6 5 2 7
7.6451
7 .6 1 10
7 .5 8 2 5
7.4851

0 .00 0 0
0 .1 7 30
0 .2 3 7 3
0.2371
0 .3 0 73
0 .3 2 80
0 .34 9 3
0 .3 6 6 8  ■
o .4oo7

0.0000  
0 .0947  
0 .1 3 49  
0 .1676  
0 .1815  
0.1961 
0.21 16 
0 .2245  
0 .2504

Sqrt S 
X10

KTR11
ia~11

-NR1 2 
}0"* 1 1

NR22 
10—1 1

Q10 Q20

0 .0 0 0 0
3 .1 6 2 3
5 .0 0 0 0
7.0711
8 .3 6 6 6  

1 0 .0 0 0 0  
1 2 c2878 
18.1821 
1 7 .3 2 0 5

1 .2 0 5 2  
1 .2958  
1 .3253  
1 .3 5 8 5  
1 .3 7 2 7  
1 .3931 
1 .8236 
1 ,8 5 0 0  
1 .5081

0 .0000
0.1231
0 .1 79 0
0 .2 2 5 9
0 .2 8 7 2
0 .2 7 0 0
0.2961
0 .3 1 8 5
0.3671

1.21 97 
1 ;3048  
1 .3 2 76  
1 .3 4 1 9  
1.3513  
1 .3oo4  
1 .37 5 5  
1 .3 8 83  
1 .4254

0 .7 0 5 0  
0 .67 1 3  
0 .65 7 3  
0 .6 4 7 2  
0 .64 3 3  
0 ,6 3 96
o« 6361 
0 .6 3 3 2  
0 .6 2 6 5

0 .70 9 2
0 .6743
0.6581
0.6430
0,6361
0 .6284  
0 .61 9 5  
0.61  21 
0.5977

Sqrt S 
XlO

~R10
io-9

-R20
io-9

-C0R1 0 
10-1 1

-C0R20
m-11

ROO/N
10-7

0.0000
3 .1 6 2 3
5.0000
7.0711
8 .3 66 6  

10.0000 
1 2 .2878  
18,1821 
1 7 .3205

2 .1 7 7 7  
2 .1267  
2 ,0 9 2 8  
2.1 180 
2 .0 9 3 5  
2.1166 
2.1731  
2 .2 3 2 5  
2 .3653

2 .2 0 8 0
2cl838
2.0966
2 .0 9 0 5
2 .0537
2 .0 5 8 3
2 .08 0 8
2 .11 1 7
2 .1 9 3 9

1 .2052  
1 .1723  
1 .1463  
1 .1286 
1 .1 2 54  
1.1231  
1 .1275  
1.1315  
1.1 409

1 .2197 
1 .1817 
1 .1486  
1 .1160
1.1o4o 
1 .0904  
1.0794
1 .0703 
1 .0582

7.9179
7.7471
7 .64 5 9
7 .3 7 5 8
7 .71 4 6
7 .86 1 2
8.1931
8.5716
9.4519

* Transport number at 0.1M is internolabed*



Since the intrinsic mobility of an ion does not depend
upon the effect of the counter ion, the above order may
be explained in terms of the state of the solvent structure
in the presence of different cations. The solvent order
producing cations, Li+ and Nah, increase the water structure

a _and thereby decree the mobility of the 01 ions. The
solvent order destroying ions, K+, Rb+ and Cs’!', on the
other hand, decrease the resistance of the solvent medium
to ionic flow and cause an increase in the mobility of the
chloride ion. On the basis of this hypothesis the sequence
of the Cl" ion mobility would be essentially in the same
order as that of the cations as is observed in figure 6.1.

In the alkali metal chlorides, RbCl falls between 
KC1 and CsCl but its equivalent conductance, transport 
numbers and diffusion coefficients, lie a.bove that of 
CsCl. That is, they are the highest in the whole series.

-LThe largest magnitudes of the intrinsic mobility of Rb' 
ion, L-ĵ /N, provides an indication to the cause of this 
anomctlous behaviour. Since the intrinsic mobility of an 
ion depends upon the state of the solvent, the latter is 
offering the least resistance to the flow of Rb+ ion, and 
so explains the order of the transport properties.

6.1.2 The Gross Coefficient, h-^/N: The cross or inter
action coefficient, 1,n/N, Plotted in figure 6.3? directly 
represents the cation and anion interaction. Because it 
is a solvent fixed coefficient there is some solvent con
tribution. It is zero at zero concentration as there are 
no interactions when the ions are infinitely separated





and increase rapidly with concentration. At higher con
centrations, L12/N goes through maxima for LiCl and NaCl 
but increases*' continuously for KC1, RbCl and CsCl, the values 
at a particular concentration being largest for CsCl and 
amallest for LiCl. The highest intrinsic mobility of Rb+, 
shown by L-q /N coefficients, does not alter the order of

The largest interaction of Cs+ and Cl” compared to 
that of Li+ and Cl” might well occur if the Li~ ion were 
properly screened by its largest solvation sheath which 
would increase the distance of closest approach and hence 
decrease the average conlombic force between them. On 
the other hand the effect of the larger solvation sheath 
around Li ion would be to orientate solvent more rigidly 
and subject it to partial dielectric constant around the 
ion and enhance the coulombic interaction between Lih and 
Cl” ions. If, however, this model is acceptable, the dis
tance effect would have to be substantially larger in order 
to explain the sequence. The decrease in L^/N for NaCl 
and LiCl at higher concentration is again based on this 
model (of distance effect) which decreases the cation and 
anion interaction Per unit concentration.

Stokes^ has suggested that L^p/N might reflect in
cipient ion association because of increased coulombic 
interactions due to decrease in hydre.tion as we go from 
Li+ to Cs+. If this were the case then incipient ion 
association would be maximum for CsCl and least for LiCl. 
This, however, is also the order of the intrinsic mobilities 
of the cations which, in turn, are determined by ion-solvent
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interactions. This/vnore clearly brought out by the L^/N 
values for HC1, HNO^ and NaOH which are very high indeed. 
Stokers model therefore does not provide a clear oicture

<tqod ion-associati on. 'KetVe/m and Ca.olan have defined a 
new parameter as a better measure of the degree of
coupling between species 1 and 2 in a two component system, 
ci 1 2  is explained in the section 6.3.

6.2 The Frictional Coefficients; The phenomenological
eqns(2.33) represents relations between the forces, ,
and their conjugate flows, J.., in terms of the frictional
coefficients, R^. This inverse description of transport
by friction?! coefficients provides an alternative end
complementary representation. It is theoretically lessr>well defined because of the assumption } ? ci^ik i=0,.L,2; 
eqn(2.26). The advantages are that the frictional coeffi-<; ocients become independent of the frame of reference and 
additional frictional coefficients, which measure
friction between ion and solvent, are obtained.. On solvent 
fixed frame of reference the Phenomenological eqns(2.35) 
may be re-written as

X. = R. • J- + R., J-, (6.5)l n  i lk k

From eqns(2.36) and (6.5), R^^ may be eliminated to y*^ld

Xi = -Rik^Ji - J k ) - ( c ( / c i )R i O J i  ( 6 - 6 )

Each term on the right hand side has the dimensions of a
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thermodynamic force and represent the frictional inter
actions of soecies i and k, and i and solvent. This is 
essencially the mechanistic interpretation of Sniegler^5 
who considered a force, >h , to be balanced exactly by 
the sum of all the frictional forces, figure 6.4,
such that eqn(6.7) holds;

Figure 6.4
Equilibrium between a force X^ applied on an ion i, and 
the frictional forces, f.n and f.’ IK lO

ion
f

Xi = ^ fik = x "'xik(vi~vk) (6,7)k zO k'-0-
Vii K Ĵ

where x., is the coefficient of kinetic friction and ik
(v̂ -v̂ .) is the velocity of i relative to k. Also^relative 
flow given by

(Ji - Jk) = ck(Vi - vk) (6.8)

From eqns(6.6),(6.7) and (6.8) we obtain

-xik “ °kRik i, k=0,1,2 i£k; (6.9)



For completely dissociated 1:1 salts, c^ = c^ = N, 
therefore ion-ion friction is represented by

— 1'TRq 2 ~ ~x 2± RR21 (6.10)

That is, the coefficient, -NR-, 2, represents the coefficient 
of kinetic friction, x-̂ ..

For a three component system eqn(2.37) may be re
written as

ciRii = " £ ckRik (6.11)

From eqns(6.9) and (6.11) we ge t

°iRii = uwfik (6,12)

The term is therefore the sum of the frictional •
coefficients between one mole of species i and all other
species k in one litre of the solution. On this basis
the Th ̂  coefficients assume lesser importance than the
coefficients, R., , i P k. Is for example the value ofx ic
NRn(Ci=N) for RbCl, figure .6.5, is minimum because cqR^q, 
figure 6.7? is minimum and the order of RR^i coefficients 
is the same as that of SqR^q* relative difference
in magnitude depends xipon the value of NR^2 a  ̂ con~
centration. In the same way the behaviour of NRpp coeffi
cients, figxire 6.6, depends upon that of Cq^^O anĉ  RR12* 
Further^ the coefficient, R^q/N, figure 6.9? is simply a 
summation of the coefficients, R1q and RpQ, ean(2.66). 
Therefore the trains oort processes in electrolyte solutions 
are better understood if we study she nature ot the cosifi— 
cients, o0Ri0 and c ^ .
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6.2.1 The Coefficients, "C,,R10 and ~cQH2Q: The coefficient
~c0^io ail(̂ “co^20 ara dotted in figures 6.7 and 6.8 res
pectively. They re ore sent friction between one groin ion, 
i, and the surrounding solvent per litre of the solution.

The coefficient, ~cq^-q ? is the least for RbCl and 
largest for LiCl. At infinite dilution it has distinct 
values for each cation. is concentration increases/con- 
tinuously for NaCl and LiCl. This may be explained in 
terms of the tendency of the solvent, water, to solvate 
the ions. Li ‘ and Na+ ions are highly solvated and as 
concentration increases more and more water molecules are 
removed from the solution in the process of hydration.
This is why -CqR~. q increases continuously for these ions.

+  *4- -f- “K , Cs and Rb ions are the least solvated and therefore
-c^Rnr. for these ions is virtually constant. The lowestu 10 7
value of “CnR -, fo r RbCl shows that the solvent is offering 0 lu
the least resistance to the motion of Rb ion and for this 
reason, the transport properties like equivalent conductance 
transport numbers and diffusion coefficients, for RbCl, 
are the highest in the alkali metal chloride series.

The anion frictional coefficient, -c^Rp^, decreases
continuous 1 v for RbOX and Os01 7-bile for XC1, Hz 01 and
LiCl it passes through minima and then increases. Since the.
anion is the sane, converge to the same point at
infinite dilution. At finite concentrations the magnitude
of —Cr3.̂r\ depends uoon the structural interactions of the 0 20
ions with the solvent. In dilute solutions the order is 

LiCl <,h a d < Eel <. (RbOl?) 4 (toll?) .

* ~cq®]_q increases
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0.4M and the final order is 

LiCl > NaCl >7X1 >RbCl > CsCl

This behaviour may be explained if we examine the state 
of the solvent in the vicinity of an ion. According to 
Gurney's^ concents, Li+ and Na+ ions are solvent order 
producing. They enhance the structure of the solvent and 
increase the ion-solvent friction. On the other hand, 
the ions, Kf, Rb' , Os' and 01~, are solvent order destroying, 
They loosen the structure of the solvent and decrease the 
ion-solvent friction. In dilute solutions of LiCl, the 
ions are far apart and the order destroying tendency of 
the Cl“ ion is dominant in controlling the behaviour of
~co'̂ 20 an  ̂ 0refore ^ae anion-solvent friction decreases
initially. As concentration increases the order oroducing

-j-_______________________________________ _tendency of the Li ion becomes effective and the 01 ion 
moves through a more structured solvent. The motion of 
the anion is conditioned by the order producing or order 
destroying tendency of the cations. Therefore in concen
trated solutions the order of -cnRon is the same as that
of ~C0R10*

The conditioning of the motion of the 01 ion by the 
solvent order producing and order destroying tendencies 
of the cations is supported by the behaviour of -CqU^q 
and -CqR20 coefficients in HC1, HKO^ and NaQH solutions. 
The results for HNO^ and NaOH are given in appendix 1.
The coefficients, “co^io’ ^or Pn  ̂^ ^ 3’ anĉ  “e0^20 
for NaOH,,nlotted in figures 6.7 and 6.8, are very small
as comnared to those of the alkali metal cations, fig.6.7*
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and tne 01 ion, fig.o.d. This ref].sets the unique trans-
poi t mecl^nism of tre H and OH ions. However, these ions
are polarising and highly order producing in their
effect upon the solvent. This is reflected in the increasing
values of -cQR2() for HCl and HN03 and of - c ^  for NaOH
as concentration increases. The curves of ~c^R9r) for HOI
and HH03 lie above that of Li CL, figure 6.8, and"the curve
of -Cq^ q for NaOH lies above that of NaCl, figure 6.7.
The anion plays the some role in figure 6.8 as the H+ ion
does in figure 6.7. At infinite dilution -crJ.Ur, for NaOH

0 10
is the same as that of NaCl showing that the order nroducing ■ 
mature of the OH ion and order destroying nature of Cl” 
ion have little effect unon the structure of the solvent 
in the vicinity of the cation

That the solvent is highly structured in solutions 
of Hei is supported by the work of Salovkin91 who has re
ported the surface densities of H^O molecules in the first 
coordination layer of the cations and anions, J'̂ and ^ , 
The values, calculated from the stoicheiometric activity 
coefficients, are given in table 6.4. It may be seen that 
£|*. for H+ is closer to that of Li+ ion and in HCl is 
higher than that for the alkali metal ions showing that 
the solvent around 01 ion in HC.L is more structured than 
in the other halides.

Table 6.4
Surface densities of water in the first coordination layer 
of cations and anions.

H+ -L.Li ' . Na+ Rb+ r\Os
Cations Ji 0.060 0.065 0.053 0.043 0.040 0.036
Anions si 0.043 0. 035 0.035 0.035 0.035 0.035



-c0R10 m a
The order of coefficients,I-oQR20, in dilute solution!

may be collated with B-coefficients of viscosity intro-
02duced by Jones and Dole through the eqn(6.13).

\  = \ ( l  + AJT+ B c) (6.13)

Gurney has assigned numerical values of B-coefficients 
to individual ions and to the electrolyte as a whole in 
dilute solutions of alkali metal chlorides. These are 
reproduced in table 6.5.

Table 6.5
B-coefficients of viscosity.

B-coefficients

electrolyte +ve ion -ve ion
LiCl +0.139 +0.147 -0.007
NaCl +0.079 +0.086 -0.007
KC1 -0.014 -0.007 -0.007
RbCl -0.037 -0.029 -0.007
CsCl -0.050 -0.042 -0.007 

..... .
A -ve B-coefficient for an ion implies that the ion 

is order destroying and a +ve B-coefficient means.that
lA — + + jthe ionAorder producing. In this sense Cl , K , Rb and

. _ + -f.Cs ions are solvent order destroying and Li and Na are 
order producing.
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The B-coefficients re oresent contributions from co
spheres of individual ions end in dilute solutions they 
are independent and additive. Since in aqueous solutions 
water molecules make the co-spheres of ions and the co
efficients, -c^Rpo and ~c0R9q,, add up to give the function 
Rqq/K, it is of interest to compare the overall'B-coeffi
cients of the electrolytes with the function, R^/'N, olott 
in figure 6.9. In solutions of KOI, RbCl and CsCl the 
effect of -ve overall B-coefficient is that the solvent 
is loosening its structure and this leads to continuous 
decrease in the total friction between the ions and solven 
This is shoufci by the decreasing trends of the curves for 
these salts. In the solutions of Li01 and NaCl the over?! 
B-coefficients are +ve. Rqq/N for these salts increases 
continuously with concentration.

6.2.2 The Coefficient, ^•£ure 6.10, -NR-^
is plotted vs. /S. It is a smoothly increasing curve with
zero intercept at infinite dilution. The representation
of the cation-anion friction by the f/u ctional coefficient
-NR^2* supported by its equality with the coefficient
of kinetic friction, x-̂9 eqn(6.10). The latter, as it
is the frictional coefficient between one gram ion, 1,
and all the ions, 2, in one litre of the solution, must
tend to zero as c.-c0 tends to zero. Two features are

£apparent: a) lithium chloride has the gratest frictional
coefficient in the series whereas its coupling of flows, 
as measured by L-^/N, is the least, b) unlike the direct 
frictional coefficients, N R ^ , which are in the inverse 
order of their corresponding ion mobility coefficients,
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Ip VN, the cross coefficients, ~i\'R̂ 0, do not invert. The 
curves for rubidium and caesium chlorides lie between those 
of sodium and potassium chlorides. According to the expected 
order, they should have been below that of potassium chloride 
The magnitude of -NR^ for these two salts appears to be 
enhanced and shows that there is an additional factor which 
increases the friction between the cations and anions.

-i-The cations of these salts, Rb and Gs , are the heaviest 
in the alkali metal series. They are therefore most likely 
to ion-pairing which may be of the type discussed by Gurney*0

-f — -L-____ _between order destroying ions, Rb and Cl , and Cs >C1 . 
from an early conductance work at 11 C Davies'- obtained 
PK«cvalue of 0.4 for CsCl, where E*.is the association cons
tant. Sffect of ion association on the frictional coeffi
cient, -NR^0, is therefore of great importance.

The influence of ion association on the phenomenological
coefficients was studied in chanter 2, section(2.9) where
it was shown that the Phenomenological coefficients, R-^j
obtained from the formal analysis of transport data, anplyato both strong and weak electrolytes. The mechanistic in-

O 'Jterpretation of Soiegler , discussed m  section 6.2, showed
that it is the function cvR .v which determines the friction
between cations and anions. The magnitude of this function
depends upon the concentration of species, k; in the solution
For completely dissociated 1:1 salts, c. = c, = II, andi n
therefore -NR^2=x|2w re presentation of the cstion-anion 
friction holds, but for systems in which association takes 
place c^ jz N and so x^k ̂  ^ is "the degree of
dissociation then cv- IT and therefore

+xik = -<<HRik = -ckfc.k (6.14)



It is the flection, - o(NTL 1 , that determines the interionic 
frictional interaction. The degree of dissociation o£ may 
be obtained by studying ion association using currently

6/7available theories of conductance in electrolyte solutions.
Ion association for alkali metal chlorides was studied 

in chanter 5  ̂ using the experimental conductance data 
for RbCl and CsCl and the literature conductance data for 
the other salts. Associati011 constant, Ka, tsole 5.8, 
was found to be negligible for lithium, sodium end potassium 
chlorides ’while for rubidium and caesium chlorides its.- . 
numerical valuas were 0.2?5+0.083 and 0. 40S1 +10. 061 resosc- 
lively. Using these values of Ks. and the relationship

«< = 1 - N(f+)2Xa (6.15)

where f+ is the stoichoiometric activity coefficient, an 
estimation of the degree of dissociation, c<, was made. 
f+ was obtained from the mean molal activity coefficient,

q -2
'if using the relationship

f+ = 0.997 Z’ni/c (6.16)

The results of calculations are given in table 6.6 along- 
with the calculated values of the function -oGNR^*

In figure 6.10, dotted curves represent - oCNR^ f°r 
rubidium and caesium chlorides.

For lithium, sodium and potassium chlorides, c< = 1, 
and therefore

-  «<KR12 = -NR1? (6.17)
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Table 6.6

Calculated values of degree of dissociation,c<, 
and -cCNR using Ka=0.275 for RbCl end 0.409 
for CsCl.

Concentration
c

RbCl CsCl

-*NR12
r
\ -t- '-***12

.25 .688 .967 .150 .672 .953 .170

.5 .633 .943 .182 .603 .920 .208

.7 .606 .926 .200 .572 .901 .223

H • O .580 .901 .218 .540 . 870 .235
' 1.5 . 556 .853 .235 .508 . 820 .243
2.0 .543 .813 .242 .491 .765 .244
2.5 .537 .761 .243 .480 .705 .241
.3.0 . .536 .703 .240 .476 .634 .233



Between one and two molar concentrations the sequence 
Of - o(l']R is

RbCl < CsCl < KC1 C NaCl X LiCl

Above two molar, :̂or ^ C l  anrl OsCl overlao and there
is no difference in their magnitudes because of large un
certainties in Xa and hence in ^  .

Below llvT concentration the curve^is virtually coin
cident with that of EC1 and for CsCl it lies a little above 
TJnfortunately accurate transport number data below 0.2537 
does not exist, so no accurate estimate of can be
made in dilute solutions.

6.2.3 Fraction of a force arolied on ion, 1, which is 
opnosed by its, friction with the ion, 2, : For a
solutions containing cations, 1, and anions, 2, ecn(6.6)
may be re-written as:

X1 = “R10(J1"J2)“(c0/c1)R10J1 (6.18a)

X2 = “R21  ̂J2~J1^ Gc/c2 R̂20J2 (6.l8b)

From eqns(6.l8a and b) it is obvious that the applied
force, X., is exactly balanced by the sum of two opnosing

  } d>forces. Substituting an applied electric force, X.=Z.F(— —
J- X c) .A.

in eqn(6.l8), we get:



-R„,NA -cnR00t0HA 
X = P p. + P „ = — 4 ~ ~  + — (6.39b)

2±. ioJP'- o„. 10^?^

V/here fr8ci'f°n °f force spnlied on
ion, 1, which is opposed -by its friction with the ion,2. 
Fi0 is the fraction of the force applied on ion, i=l,2 
which is opposed by its. friction with the solvent, 0. 

equals F^q from the identity:

R20i:2 = R1 0 \  (6.20)

(This result is derived from the inverse description of 
the transport numbers as

h  = R20/(R10 + E20} • (6<21a)

t2 = e10/(R20 + H10) (6.21b)),

Eqns(6.18) and (6.19) may be re-written as
—H-, —R-, 9 (J-i — Jq )

F19 = — ^  (6.22a)
12 10 F *1

-cJR.^t.NA -cnR.AJ.
-n 0 lO i 0 lO i f c nn-u\p = -----  —  = — --   (6.22b)
1U c•10 F i i

i

The forces and flows may be replaced by the identities

Xi = Zj/(“^/^x ) snd Ji = civi
2where the velocity, v^, is in litres/cm sec. For an 

applied electric gradient of one volt, (-^^/^x=l), in 
eqns(6.22), we obtain
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A =  (v]-v2)?/Z1 (6.23a)

and ti A = viF/Zi (6.23b)

where v.(cm/sec) is the mobility of the ion i under unit 
electric gradient and is defined as 10 v^/(-^ ft/5x). -For 
cations Z^ = +1 and anions Zp = -1, therefore,

/I = (v1- v2)F (6.24a)

tfA = v F (6.24b)

t^ A = VpF (6.24c)

These expressions6.24) define the relative mobilities and 
individual mobilities of ions in more classics.! terms.

In figure. 6.11, values of P^2 are plotted. As c011-

centration tends to zero, F^2 tends to zero and F]_ô =^20  ̂
to unity. An applied force on an ion at infinite dilution 
is totally balanced by its friction with the solvent. In 
dilute solutions the order of F-̂ p is:

LiCl> NaCl> KC1 > (RbCl?)> (GsGl?).

The ion-ion friction amounts to 10$ of the total at 0.05b. 
In the range of comparison, GsCl has the largest value of 
Ffg which amounts to 40.15$ of the applied force at 3H  
In the range 0.25-3^ there is a series of cross-overs until 
the final order is:

GsCl > RbCl > KC1 > NaCl >LiCl



The coupling of flows as measured by the mobility 
coefficient, ni&bt be expected to be a function of
F-̂2 and a mobility term. By expansion eqn(6.22a) may be 
expressed in terms of L-coefficients:

P12='L12 Î'll"'?L12+L22^ ^ I,llI'22"'I’l2 =̂I'12'/L 

or L12 = P12 . L (6.25)

2Where L = (L-^Lpp-L-j p )/(Lp] ”^Li2+ij22) ^ie ^b.errnodynamic 
diffusion coefficient as defined in ecn(2.55). The sequence 
of the coupling of flows through the salt series may there
fore be explained by variations of P-̂ p and L. In dilute 
solutions where F-̂ p values are in the reverse sequence, 
it is the value of L (conditioned mainly by 1^ )  which 
controls the sequence of L-, ̂ ■ The product F^9.L-^/N vs. JS 
is closely similar in form to L-^/N and places the salts 
in their ’correct’ order over the full concentration range, 
The magnitude of F-̂ p is not in itself a. guide to probable 
ion associations since it ms.y be increased as much by dis
ordering of water as by direct increase in ion-ion inter
action. It does, together with -NH^p, provide a view of 
coupling phenomena complementary to the L-̂ p/N coefficients.



6.3 The Degrees of Coupling;, q^, c.^ and flop* ^10 C0UflinS
of flows as measured by the coefficient b-^/^ depends upon
the mobility of the ions.Tfcyreater the mobility coefficients -tf\£ JL i h i g h e r  would be the magnitude of L-^/N and vice versa.
This may easily be seen from e. comparison of V N  and L-j 2A 7 
values of CsCl and LiCl at the extreme ends of the alkali 
meta.l chloride series* For a. large number of 1:2, 2:1 and 
2:2 electrolytes, appendix 1, the mobility coefficients L^/N 
are lower then those of the alkali metal chlorides. Conse
quently the counting coefficients L-^/N are lower but in 
most of these systems the extent of cstion-anion counting 
is very high. Therefore the coefficient L-^/N is not a good 
measure of the counting Phenomena. when a large number of 
systems are compared.

In chanter 2, it was shown that the mobility coefficient; 
were constrained by the inequality, eqn(2*32), which for a 
two component system becomes:

L 12 —  L1 1 ' L 22 ( 6 . 2 7 )

Kedem . and Caolan^ have introduced a dimension-less para
meter, q, such that

q*̂ 2 ^12^ 11 (6*28)

is defined as the degree of coupling between species 1 
and 2 and is a measure of the inequality, eqn(6.27). In 
terms of R-coefficients q ^  may be written as

(6.29)



For binary electrolyte solutions where there are no coupled 
chemical reactions* q^p is restricted by the condition

0 4  <Ji2 4 1 (6.30)

The nearer the absolute Value of q is to unity slighter the 
dependence j on x where j and x are given by

j = J^/Jp and x = X]/X2 (6.31)
That is, a high value of p indicates tight coupling bet
ween the two processes. For a^p =0, j is proportional to 
x; then the two processes are independent of each other and 
each flow is proportional to each force without any influ
ence from the other force. Is* thus, a basis of com-
paris£on of different processes.

Since the frictional coefficient formalism gives us 
additional parameters, l̂20 anci ^005 we may ^e^ine
degrees of coupling between ions and solvent, that is,

qi o  ~ V A r o o  (6*32)

q20 = ~R2 0 ^ d22R00 ( 6 . 3 3 )

q^Q and are also restricted by the conditions, eans
( 6 . 3 4 )  and ( 6 . 3 5 ) .

* q12 Can 103 ~VQ C0U1°led chemical reactions) if L-̂ p
becomes -ve. For example, the flow of a. solute through a. 
memberane may drag another solute along the same direction 
(L1P> 0) or tend to push it back(L12<£ 0).



(6.34)

0 q2Q < X (6.35)

^12 ^or me^9-l chlorides is plotted in figure
6.12. Its concentration dependence is similar to that of 

(figure 6.11). The degree of coupling hetween cations 
and solvent, Q.̂ o» plotted in figure 6.13, is the highest
for LiCl showing that Li+ ion is the most coupled with the
solvent in accord with its hydrated nature. The coupling 
between 01"" ion and solvent, as measured by figure 6.14,
is complementary to that of 0^0* '^finite dilution q^Q
has different values for each salt because by definition, 
it has contributions from the cationic mobilities. This 
may easily be seen by expansion of eqns(6.32) and (6.33) 
which leads to eons(6.36) and (6.37)J

0-1Q = (i<2P ~ ^12^^22^22 "" ^12 + ^ll^ 2 (6*36)

q20 = (Ln  - - 2L21 + I22)V / 6*37)
°iThe importance^becomes more apparent when we com

pare the transport processes in a. variety of salt solutions. 
Plotted in figure 6.15 are the q-̂ p values for various other 
systems (results in appendix l). From alkali metal chlorides 
we have Plotted ̂  pCfiNâ l for comparisilon purposes. For 1:1 
acids and bases coupling between cations and anions is the 
least and therefore a, p for HNCU, HOI and NaOH are the lowest

-j -j- +  -j—LOn the other hand the sulfates of Ou , Zn and Cd are
known to be the most couoled with these cations and hence
a_12 for these systems are the highest.

* ^12



,o
ro

•'.] iT» 4

Oj C vjl roV J V

i  r

ooGO

ON

t



p a 8 • ,A :; : v’

O





1 ? .4
j l

IS

I S O U

v--. &\ V M

pi) o

12 ft- It

7 S . I D



1 Pjl , ;

6,4 Conclusions: Irreversible thermodynamics provides a
general macroscopic frame work which can be applied to
irreversible processes no matter how complex they 'may be.
It describes the transport processes in terms of linear
transport L.-, end inverse frictional R., coefficients, lk lk
These coefficients are -ore fundamental than the commonly
measured quantities,A, t̂  and Dvand give better insight
into the interionic effects. The 1., (i^k) coefficientsin
measure the degree to which a thermodynamic force applied 
on an ion i affects the flow of ions k and the coefficients 
^ i  represent the mobility an ion i would have if there 
were no interactions with the oppositely charged ion.. In 
the inverse description, the coefficient (i , k=0,1,2) 
measure the frictional interactions between ions and ions, 
and ions and solvent. The R .v formalism for a transport1 iZ
process is in many ways better than the formalism because
the former is independent of the frame of reference and 
additional ion-solvent interaction coefficients are obtained 
as discrete terms.

The application of the theory to solutions is novel 
and, in consequence ? the Prediction of exoeriniental^jneasure- 
able transport quantities is unlikely to be achieved in the 
near future. The number of salts for which data now exists 
in a reasonable range of concentration is very limited.
Never the less, the potentialities for practical applications 
of these results is becoming apparent. K i l l e r h a s  shown 
by a semi-empirical method that the transport properties



1

of any arbitrary mixture of electrolytes may be calculated 
with good accuracy from complete sets of binary data. Un
published results of Paterson etal.^ have shown that the 
conductances of ternary and quaternary mixtures in the con
centration range 0-31 may be calculated within an accuracy 
of +0.2$. Extension of this to practical applications in 
industry is quite obvious but at this time an insufficient 
number of salt systems has been investigated. The experi
mental measurements, reported in this thesis, for conductances 
of RbOl and OsOl and diffusion coefficients for EbOl complete 
the transport data for the alkali metal chloride series for 
its own sake and for a study of the thermodynamic analysis.



Appendix 1

Reported here are the references of the transport, 
activity and density data collected from the literature 
for all those systems for which the data was complete and 
the phenomenological coefficients were calculated.

The coefficients, a and a^, of the empirical fits 
used in chapters 4 and 5, are presented in table Al.

The coefficients of the empirical fits used for 
obtaining molalities from concentrations are given in 
table A2 and those for obtaining the activity term,
(l + md In//dm), between/ and m, are given in tables.A3 
and A4. Those of table A3 are taken from reference 17 
of this appendix.

Results of calculations of the thermodynamic analysis 
for all the systems are given in tables A5 to A 32. For 
rubidium and caesium chloride systems the results are 
given in chapter 6, tables 6.2 and 6.3 respectively.



Appendix 1 continuexl

Sources of Data 

Potassium Chloride at 0QC degree
c~m: Obtained graphically from m/c vs c curve using density
data of ICT(192?),

j
From'Landolt-Bornstein(1960)'. Data available only 

unto 1 molar concentration.
t : Prom .01 to .05 molar by rn.b. method of Steel(1965 )^+
and from .01 to 3.5 molar using e.m.f. data of Caramazza 
e t .al., (I960)5 .

3Dv: Also from Caramazza et el, (I960) for .1 to 2.7 molar
concentration. Values at lower concentrations are extra
polated.

Lm-r: Again from Caramazza (i960) for .05 to 3.5 molal
solutions.

Potassium Chloride at 18°C
c-m: Using density data compiled in Timmerman’s Physico-
chemical Constants of Binary Systems (I960).

, t , D^ and m-yl As for Potassium Chloride at zero degree 
from references 1,3 and 4.

Potassium Chloride at 35°C
c-m: Using density data of Pirth and Tyrell (1962) for
0.1 to 4 molar and of Kaminsky (1957)^ for .001 to .5 molar.
/i : For .0005 to 0.01 molar from Benson and Gordon (1945)
and for 1 to 4.5 molar from Surya.nars.yana et al (1958)
For range .05-1 molar data is not available and has been 
interpolated.
t , D and m--/: As for Potassium Chloride at zero degree+ ’ v °
from references 3 and 4.



Potassium Chloride at 5Q°0
c-m: Using density data compiled in Timmerman’s Phisico-
chemical Constants of Binary Systems ^ (I960).
/i : For .01 to 4.4 molar from Chambers (1958)
t , amd m A s  for Potassium Chloride at zero degree 
from references 3 and 4.
(Temperature for the following systems is 25°C)

Potassium Chloride
Sodium Chloride
Lithium Chloride
Hydrochloric Acid
Calcium Chloride
Barium Chloride
Lanthanum Ch1o ri d e

For all these systems the valuable- compilation of
data by Filler (1966 for c-m, A , t , Dv Bind m-Y" has bee+
fully used without any alterations.

C a/si urn Chloride
c-m: From c/m = dQ-em+bm^, the coefficients'a and b are
resorted in Earned and Owen(1958)'3* cage 725.
/I: From Paterson et al(1969)^* for .1 to 3.0 molar,
t : Tamas et.al(1966) for .25 to 3.0 molar.■f*
Dv and rn-/: From data compilations of Robinson and Stokes
(1 9 5 9)</0 .

No transference data is available fcrY c <0.25.

Rubidium Chloride
c-m, m-Y' and t as for Csfil.
f\ and D : Reported in this thes]py. chanters. 5 If .



Sodium Hydroxide
c-m: Prom ICT(1929) density data using equation ra/c =

2a + b(c) + c(c) '. The coefficients are given in table fl2a . 
Values of m/c decrease continously'from the value of 1.003 
(for H20 m/c = 1.003) for dilute solution to 1.00045 for 
1 'molar solution, showing that the volume of solution de
creases on dissolution of the electrolyte. 12,
fc: For .001 to .04 molar from Marsh and Stokes(l964) 
and for .065 to 12.5 molar from Darken et al.( 1 9 4 2 .  
t : For .01 to 1.0 molar compiled in a review by Kaimakov
and Varshavskaya.( 1 9 6 6 bub actual measurements were made 
before 1929 by e.m.f. method.
Dv: Prom pary’s thesis (1966)*"^. This reference is
collected from reference 17.
m-Y: Prom activity data compiled in Parson’s Hand Book
of Electrochemical Constants (1959)^.

Nitric Acid
c-m: As for Sodium Hydroxide.
fix For .01 to .2 molar from landolt-Bornstein(I960)* and
for .2 to 3*5 molar from Haase et al.(1965)^ .
D^: Prom Chapman’s thesis( 1 9 6 7 for .4 to 3-0 molar by
Rayleigh Interferometrie technique. At lower concentration 
values are extrapolated. ISt : Por .01 to .10 molar from Prue and Covington (1957)
and for 0.1 to 3.5 molar from Haase et al(1964)^. 
m-Y: As for Sodium Hydroxide.

Ammonium Nitrate.

c-m: Using density data of Campbell et al.(1959) Tor
.01 to .10 molar and (1950)^* for 1 to 6 molar.



/\: For .01 to 1.0 molar from Campbell et. al. (1950 )Z° and
above 1.0 molar from Wishaw and Stokes (1954)2~'L,
Dv: From Wishaw and Stokes (1954 )2'i.
t : At 0.1 molar from Naelnnes and Oowoerth-^ite (1927)
and at 0.2 molar from Filios and Newman(1968)*■*. At all 
other concentrations values are assumed to be the same as 
for .1 and .2 molar.
m-V: From differentiation of the empirical equation LnY*=
XT^JwT + + + e m ^ ^  + frn^.

The coefficients s,b,c,d,e and f were primarily obtained 
from Chapman’s thesis(1967) and are reported in tabled.* 
Actual activity coefficient values are compiled in Parsons 
(1959)^ and Robinsons Stokes (1959)^.

Potassium Nitrate
c-m: Using density data of Jones and Tolley(1933)25".
j\: From data of Shedlovsky (1932 )^.
t: For .01 to .2 from Longsworth (1935)*7 * for 1.0 from4*
Sukhotin et al. (1969)z* and for 0.1 molar from Faelnnes 
and Cowperthwaite (1927)Z3.

2. ̂D : From .001 to .01 molar from Earned and Hudson(1951)
3 • • • t- - 10by conductometric method and for .04 to 0.1 from ZjoMishieiri 

to an accuracy of 1-3/.
m-V̂ : From data, compiled in Parsons(1959)

Potassium Bromide
c-m: From ICT(1929) density data and also from Harned and
Owen

: From Jones and Bickfc/td (1934 ) ^  and also from Benson
and Gordon(1945)
* ^ k U jl «  d u  ^
C\ i s  j i  -4 -



37t : Upto 0.2 molar from Longsworth(1935)* by m.b. method.
At 1.0 molar from e.m.f. data of ICT(1929)^. For 0.5 molar, 
the values are assumed to be 0.490. This assumption is 
made because t, for KBr lies in the vicinity of 0.500 for 
the whole range of concentration and for the calculations 
of and , the product, Jt'-i/r(t 1) , remains within 0.1/
e.g., 0.50X 0.50 = 0.2500 and 0.490 X 0.510 = 0.2499.
D and-m-/: From data compiled in Robinson and Stokes*-*0.

Potassium Iodide
c-m,D and Y*: As for Potassium Bromide.
fi i From Chambers (1958).

37t : Upto 0.2 molar from Longsworth(1935) by m.b. method.+
For 0.5 to 3 molar, t is assumed to be 0.490 as for+
Potassium Bromide. The product t -t does not alter signi-+ - °
ficantly 'when t lies in the vicinity of 0.500.+

Sodium Iodide
c-m,Dv and Y*: As for Potassium Bromide.
/V : From Aston et. al. (1933)*^ •

v 4Zt : At 0.2 and 1.0 molar from Ray et,al.(1950). At infinite
dilution from limiting conductances and at .01,-.-05 and .50 
from interpolation of the other data.

Density data for all, KC1, KBr, KI and Nal is also 
available in lengyel et al.(1964)^.

Silver Nitrate
c-m: As for Potassium Bromide and also from Campbell et al
(1959U 3.
ft : Prom Shedlovsky(1932)^  sncl Campbell et.al.(1959) .



D6Dv : For .002 to .006 molar from Earned(1951) * and from
Lakshminarayana(1966 )Lf5a' for 0.1 to 3.5 molar. For .01 
and .05 molar, the values are interpolated. Data is also 
reported by Firth(l962)^ but it is not comparsa.ble with 
the above two sets of data and hence it is not used. 
t+: From Haase et, al. ( 1 9 6 4 for 0.1 to 2.0. From Newman 
et. al(l968)2̂ 1' for 0.1 molar and also from Campbell and Singh 
(1059)44.
rn-Y: As for Ammonium Nitrate.

Ammonium Chloride
s , «rc-m: Using density data of Jones and Tal]^g(1953) .

A: At 0, 0.1 to 5*0 molar from Wishsw and Stokes (1954 )i2*.
For c/0.1 from Longsworth (1935)2,7.
t : From Longsworth.(1935 for .01 - .2 molar. No data+
is available for c>0.2 molar. o
D : From Stokes et al(1953)^ for .1 to 5.0 molar by QiiyV  A.
method. No diffusion data is available for c <0.1 molar, 
m- As for Silver Nitrate.

Phosphoric Acid (1:1)
c-m: From density data of Idas on and Culve f*n (1949)53 .C LL\/J-V .t : Obtained graphically from the combined plot of the+
data of Parker et, al. (1960)^ for 0.008 to 0.044, of Sa.hay 
(1963) ̂  for .1 to 3.8 molar and also of Kudra et. al (1964)
D^: From Edward and Huffman(1959)57 for .036 to 16.0 molar.
l+mdLny/dm: From Elmore et al.(1946)5  ̂ for the whole range,
the values given as such, >H+ + H^P^^is treated as
1:1 acid.

* t has been reported for .05 to 14! by N.J. Fika.l and4
D.G.filler, J.Phys. Che:?., 74(6), 1377(1970).



1 V 1-A. ■.,/ *~_£

Sodium Sulfate
c-m: Obtained from density equation, d = .99707+ 0.13061c-
0.01212c , of Harned and Blake( 1 9 5 1 ) •
^ : Originally renorted in Faclnnes and longsworth and
data compiled .in Harned and Owen
t : For .005 to 0.1 molar from Longsworth(1935)^ . For
c <.005, the values are extrapolated graphically according

YVX £.1 to the recommendations of Longsworth such that the limiting
slope was'+ve and the curve had a. maximum near N = 0.001,
where N is the normality.
Dv: For 0.001 to 0.005 molar fron Harned and Blake(1951
by conductometrie method. For .1 to 0.1 molar data is 
sava.ila.ble from Vinograd and McLain(1941) ̂  to an accuracy 
of 5# and it has not been used because of too much uncertainty, 
m--/: From compilations of R.Parsons(1959)*5 .

Potassium Sulfate
c-m: From density data of Jones and Colvin(1940)^ .

: From Fedoroff (1941) ̂  for .0002 to l*3Nj Data is also
available from Jenkins and Monk(1950)^ for .0001 to .001N, 
from Indelli( 1 9 5 3 for .004 to 0.8N, from Crews(1934)^  
for .001 to .IN and from Hartley and Donaldson(1937)^ for 
.000025 to .002 5N.
t : From Hartley and Donaldson(1937)^ .
D : From Fullin and Nienow(l964/ for .01 to .65 molar to
an accuracy of +2$.
m-^: &s for Sodium Sulfate.

Sulfuric Acid
c-m: Using ICT(1929) density data.



A: For .05 to .10 molar from data of Klesko encl 3alit(l935)
For .5 to 5.0 molar, calculated graphically using mass fraction 
vs conductivity data of Rough'ton(1951)71 .
t : Obtained graphically from e.m.f. data, of Hamer (1935 )^.+
D : For .01 to 1.0 obtained graphically from data of Gordon
et al. (1940)~^ and for c >1.0 from Savino et al(1962)~^. 
m-V: As for Sodium Sulfate from R .Parsons(1959)^ .

Copper Sulfate
c-m: From TCT(192S) density data. m/c is found to decrease 
from 1.003 upto 0.1 molar concentration showing the decrease 
in apparent volume of solution on dissolution of the elec
trolyte .
A: From Fedorff(1941^  for 0.0 to 1.0 molar and from
Owen and Gurry( 1 9 3 8 ) for 0.0 to 0.1 molar, 
t: For .125 to .513 molar from Fritz and Fuget(1958)^
by e.m.f. method to on accuracy of + 0.001 transference 
units. Data at lower concentrations is extrapolated gra
phically from the regular trend of the curve obtained.
Dv: For 0.003 to 0.35 molar from Fver'sole et. al. (1942)
by photometric method to an accuracy of 1 to 3/. For .35 
to 1.4 molar from 3manel et,sl(1963)7  ̂ to an agreement of 
+ 5$ with the above data. 
m-V; From R. Pasons (1959 •

Zinc Sulfate
c-m: For ICT(1929) density data and also from Purser and
Stokes(1951)^°• Similar to the behaviours of Sodium Hydroxide 
and Copper Sulfate, the ratio m/c decreases continuously 
upto .25 molar concentration.



l opJL - /■ .j

A: Upto .005 molar from Owen and Gurry(1938) and from
.025 to .25 from Demassiense et.si.(1941)^ .
t ] For 0.0 to .05 from Dye et al. (1960)^ by m.b. method,+
data fitted the equation t =. .3892 - .0633J1T. At 0.25 
molar f r o m  e.m.f. data o f  . V a l to n (1 9 4 9 ) ® ^  > Purser and Stokes 
( 1 9 5 1 ) * °  and Lang ( 1 9 5 4 ) ^ .  At 0 .1 molar, the value is inter
polated from the e.m.f. data at .25 molar and m.b. method
data for c <.05.
Dv : For .001 to .005 molar from conductome trie method of
Harned and Hudson(l951) ̂ . For .03 to .25 molar from Wall 
and Wendt (1958) ̂  -̂q sn occuracy of _+ 1 
m S :  From R. Pars ons(19 5 9) 1 ̂ .

Cadmium Sulfate
c-m: As for Copper Sulfate.
A: From Demassieux et. al. (1941)
t : From Lang and King(1954)^  by e.m.f. method.
D^: For .05 to .50 molar from Longworth(1959)^°. This
data has extrapolated for values in dilute solutions, 
m A s  for Cooper Sulfate and Zinc Sulfate.

Cadmium Iodide
c-m: As for Cadmium Sulfate.
t : From m.b. data of Sahay ̂  (1959) for .005 to .05 molar+
concentration.
D and 1+cdLny/dc : Fron PojJus Frit me thod of am). Teng

( 1 9 6 5  )c,i w.r.t. solvent fixed frame of reference to an 
accuracy of 1-23. Values of activity term have also been 
reported in this paper as such.
A: Jt°+ (cd++) has been taken to be that of X.°j- (I'g"!’+) =53.0

For .5? 1 and 2 molar solutions conductances are re
ported by Rysselbsrghe et al.(1937)*̂  but at these concen
trations no transference data is available.

* y i s  t h e  m o la r  a c t i v i t y  c o e f f i c i e n t .



For .001 to .1 from equation, A = 77(1-2. 02_fc+l. 38c ) 
reported in Parsons(1959Y* Original data wexepublished 
in 1922.



Teble-Al
n

Coefficients of the equations, Y = a + T a. x1 (n = 1,2,3,4).0 • 1 1 =  1

d'lectrolytej c y j X i a0 i ai_ ! a 2 a 1 a4
KC1 ; .0 1 - . 1 0  

.0 1 - . 1 0
1 03c
A

1 03K
1 02e

-0 . 2  504 
;+144.47

+7 . 1 5 6 6
- 3.6404

+0.0655 
i+O. 3537

-0.0014
-O.OI42

9.467
. 1 0 3

0 .0-4.0 m/c c '+1.0031 +0 . 0 2 8 0 : +0 . 0 0 1 8 - -
0.0-4.0 c/m m +0 .9970 -0.0234 +0.0003 - -

RbPl j
!
.0 1 - . 3 0 Inc »InK -4.9861 +1.0227 + 6.3655-5 

. 1 0 3
-1.5573 

. 1 0 4
-

i|
.0 1 - . 3 0 In A Inc _+4.7413

1
-7.0856 
. . 1 0

-3 . 3 0 5 7  
. 1 0 ~ 3

+2.1576
.1 0“^

-

i 0 .0-4 . 0 m/ c c : 1.0031 +0.0324 +0 . 0 0 2 6 - -t
0 .0-4 . 0  c/m m 0.9970 -0 . 0 3 3 1 +0 . 0 0 0 4 - -
0 .0-3 . 0 D c : 2 . 0 5 1 1 - . 8 7 1 0 8 +1.1979 -.52778 9.4668 

,1 0~^
.Os Cl .0 1 - . 1 0 c K'-x- -2.571§ 

. 1 0 ^
+ 6 .20,11 

. 1 0 3
+6.9085 

. 10“°
-1.3626 

.10 0
-

.01-.10 A c +148.00 r'.W1+3.7859
.10*J -1: ^ «

-

0.0-4.0 m/c c +1.0032 +0.0390 ;+0.0035 - -
0.0-4.0 c/m m +0.9970 -0.0400 +0.0008 - -

KC1 .001-.01.J5°c ' c +1.983 -1.040 
. 10

+9.7860
.10^ -3:-io?4

-

.01-0.1 II t» ,+1.959
i

-2 .41Q 
.10u

+ 2.734-, ;
•10 I

-1.185o
.io*2

-

0.1-0.5 » ii j+1.902 -0.364
.10u

+0.825
.10U

-0.625 
.10 u

-

% • 0 .5-3.9 It it +1.843 +3.602. 
.10“^

+1.869Q.1 0“^
-2.175/

.10/1
-

* K* = 10-.K where K is the specific conductivity.
** a = D° where D° is the diffusion coefficient at infinite o

dilution.



Coefficients of the equations, y = a + J a^.x1 , where y=m/c 
and x=c. Density vs. weight percent data of the International
Critical Tables wenreused to calculate concentrations, c, molalities, 
m, and m/c term, for all the other systems(not mentioned in this 
table) concentrations were obtained graphically or densities vs. 
concentrations were available as such.

Electrolyte Cc^n.Range 8.0 ai a2
NaOH .014-1.040 1.00290 -3.4955 -3) 1.0496(-3 J
KBr .084-3.170 1.00290 3.4737 -2) 2.3763(-3)
KI .060-1.084 1.00294 4.5949 -2) 3.4143(-3)
H2S04 .102-3.140 1.00256 3.4557 -2) 3.2080(-3)
h23°4 3.400-6.300 1.02630. 2.0788 -2) 5.2239(-3)
AgN03 .012-3.460 1.00284 2.9793 -2) 2.308l(-3)
HNO^ .160-4.000 1.00315 2.9125 -2) 1.4400(-3)

~P*12 .056-2.230 0.99760 6.6650 -2) 2.8767(-3)
Numbers in brackets show powers of ten, for example,
1.0493(-3) = 1.0493 10-3.

Table- A3
for the electrolytes in this table the activity term,
(l + md InlC/dm), was obtained by differentiation of the polynomial:
In V  = :~~r~ + gom + g.m1+jTin &2 &3 3/2 + g4m2 , 5/2 3+ g5® + g6mJ
Electrolyte . _£? ^3 8.4 ' " T 5 ...>16----
ICBr Oi—1 •i—1 1 .2145 -0-2412 .1533 -.04504 .005012
KI -1.145 .4003 -0.5138 .3637 -.12030 .014930
Nal -1.140 .3677 -0.0193 -.2085 .15530 -.032000
n h4ci -1.131 .1496 -0.1783 .1219 -.03860 .004476

' AgN03 -1.153 -.3534 0.0858 -.0010 -.001776 .000148
n h4n o ^ -1.226 -.0381 -0.0607 .0322 -.005961 .000390



TablerA4 ^
Coefficients of the equation, lnvf = a + a. (in m)1 , where

° ir=a Xn is the degree of the equation, a and a^ are the coefficients 
of the fit.

C o e f f i  m=.0 5 - 3 . 5 . - . 0 5 - 4 . 0 5 - 4 -  . 0 5 - 4
c i e n t s ICCl a t  0° KC1 a t  18° KOI a t  35° KOI a t  50°

a0 - 5 . 2 8 7 0 7 ( - l ) - 5 . 0 8 0 5 ( - 1 )  -- 5 . 0 5 1 2 ( - 1 ) - 5 . 0 9 4 8 ( - l )

al - 1 . 2 2 5 5 9 ( - 1 ) - 1 . 0 0 5 3 ( - 1 )  •- 9 . 1 0 0 3 ( - 2 ) - 8 . 8 3 1 9 ( - 2 )
1 . 5 4 4 0 3 ( - 2 ) 1 . 8 9 9 0 ( - 2 ) 2 . 1 2 4 4 ( - 2 ) 2 . 0 2 5 5 ( - 2 )

a 3 1 . 5 9 0 2 8 ( - 2 ) 1 . 3 2 9 4 ( - 2 ) 1 . 2 3 7 2 ( - 2 ) 1 . 1 7 6 3 ( - 2 )

a4 4 . 5 0 7 0 8 ( - 3 ) 3 . 5 9 1 0 ( - 3 ) 3.  2 5 8 2 ( - 3 ) 3 . 6 9 5 6 ( - 3 )
B-r-

5 4 . 5 4 5 5 l ( - 4 ) 4 . 1 4 0 7 ( - 4 ) 4 . 0 9 1 8 ( - 4 )  ■ 5 . 6 6 0 8 ( —4)

m= 0 . 1 - 1 . 6 . 0 0 1 - . 3 . 0 0 2 - . 3 . 0 0 1 - . 0 1
NaOH KH0-, CsCi

ao - 3 . 8 6 5 K - 1 ) - 8 . 1 7 8 6 ( - l ) - 5 . 9 6 7 9 ( - l ) - 1 . 4 8 0 8 (  0)

ax 8 . 7 5 6 7 ( - 3 ) - 3 . 4 9 2 3 ( - l ) - 1 . 3 8 1 3 ( - 1 ) - 3 . 4 7 1 4 ( - 1 )
a 2 3 . 2 7 2 8 ( - 2 ) - 7 . 3 2 2 5 ( - 2 ) 1 . 5 3 7 4 ( ~ 2 ) - 1 . 3 8 3 5 ( - 2 )
a. - 3 . 2 1 0 6 ( - 2 ) - 9 . 7 0 8 3 ( - 3 ) 8 . 7 5 8 2 ( - 3 ) 3 . 0 1 4 5 ( - 3 )

a4 - 3 . 3 0 7 3 ( - 2 ) - 7 . 8 1 4 8 ( - 4 ) 9 . 1 7 9 4 ( - 4 ) 3 . 4 5 8 6 ( - 4 )
- 7 . 7 9 2 8 ( - 3 ) - 2 . 8 l 7 7 ( - 5 ) 2 . 2 2 0 9 ( - 5 ) 1 . 0 8 5 9 ( - 5 )

m= . 0 0 1 - . 0 5 . 0 2 - . 4 . 0 0 1 - . 2 . 1 - 1 . 0
KoS0,  .... . *■'. 'C, : :„50, HoSO,

ao - 2 . 4 3 6 1 (  0) —1 . 6 6 6 4 (  0)
1 | r . 1

- I . 6 9 1 3 ( 0 )
......... 1 in" "4 J ......

- 2 . 0 2 5 7 (  0)
a^ - 1 . 1 1 9 3 (  0) - 5 . 9 5 7 7 ( - 1 ) 3 . 2 7 2 9 ( - l ) - 1 . 5 4 7 5 ( - l 2

- 2 . 4 3 8 9 ( - 1 ) - 2 . 2 9 0 4 ( - 1 ) 3 . 8 0 5 8 ( - l ) l . s e o s t - i J
- 2 .  5 9 9 6 ( - 2 ) - 9 . 8 8 2 9 ( - 2 ) 9 . 6 4 1 6 ( - 2 ) 1 . 0 7 1 5 ( - 1 )

a4 - 7 . 7 9 5 5 ( - 4 ) - 2 . 3 1 0 5 ( - 2 ) 1 . 0 9 8 6 ( - 2 ) 3 . 2 3 8 7 ( - 2 )

a 5 3 . 6 4 9 9 ( —5) - 2 . 0 5 8 7 ( - 3 ) 4 . 8 4 9 3 ( - 4 ) 3 . 8 2 2 2 ( - 3 )



Table-A4 continued.

Coeffi II H 0 1 6.0 .001-.8 « 
* 

l« 0 .005-.8
cients H SO HNO HN0-, NaOH

a0
L. L\■

-2.0255( 0) -3.2000( -1) -3.2272 -1) -3.8274(-l)
ai -1.9356( ~i) LP\COHO•D" -2) +5.4871 -2) +5.l601(-2)
a2

POO-OLT\*C\J - 1 ) lo 0829 (-1) +7.7705 -2) +1.8454(-1)
S.-. -1.8553( -1) 4.4450(-2) +2.0173 -2) +1.7821(-1)
a4 2.1543( - 1 ) 1.017K -2) +2.3687 -2) +9.5656(-2)

-5.1169(-- 2 ) 1.2 9 8 9 ( -3) +2.6596 -2) +2.6940(-2)
a6 - 8.1642( - 5) -5.8247 -3) +3.7449(-3)

- 1.7948( - 6 ) -1.0556 -2) 2.0335C-4)

a0
s..

a3

a7

m=.001-8 .001-8 .001-8
CuSO4- CuSO4- CdSO4-

-3.1S21( 0) 
-7.5369(-l) 
-4.3260(-1) 
-4.2101(-1) 
-1.9701(-1) 
-4.6107(-2) 
—5.2544(—3)

-3.1519( 0) 
-5.2594(-1) 
+5.5390(-2) 
+3.0313(-2) 
+3.4l67(-3) 
-4.5125(-4) 
-1.3294(-4)

-2.3158(-4) -8.0988(-6)

-3.2231( 0) 
-6.8241(-1) 
-1.6584(-1) 
-1.3154(-l) 
-5.7390(-2) 
-1.2589(-2) 
-1.3556(-3) 
—5.6888(—5)



Potassium Chloride at zero degree
c fit

0* oooo 0.000000
o* 0500 0.050065
0*1000 0.100260
0* 5000 0.506600
1 *0000 1.026900

Sqrt s 111/N
x io 8+12

0*0000 4.3690
2.2361 4.1494
3.1623 4.0817
7.0711 4.0386

10.0000 4.0731

Sqrt S MR11
x1 0 K>-1 1

0.0000 2.2888
2.2361 2.41 97
3.1623 2.4658
7.0711 2. 5217

10.0000 2.51 87

Sqrt S -RIO
xio »-9

0.0000 4.1359
2.2361 4.0941
3.1623 4. 1048
7.0711 3.9979

10.0000 3.9354

Eqv Cend t+

81.70 0.498073.90 0.489071.50 0.4830
66.60 0.487065.23 0.4870

H2/N 122/N
io+12 B+1 2

0. 0000 4,4041
0.2682 4.32400.3342 4.2660
0.5551 4.2246
0.6613 4.2552

-NR12 NR 22
B-1 1 10-11

0.0000 2.2706
0.1501 2.3220
0.1 932 2.35S3
0.3314 2.4107
0.3914 2.41 09

-R20 -O0R1 0»-9 B-11

4.1030 2.2888
3.9178 2.26963.9124 2.27263.7953 2.19033.7359 2.1273

D (v) b5 1 +B$cdlnGa:

0.9960 1 .00000. 9320 0. 9114
0. 9240 0.9030
0.9290 0. 8733
0.9620 0. 8753

FI 2 Q12

0.0000 0.0000
0.1191 0.06330.1483 0.0801
0.2370 0.1344
0.2742 0.1588

Q10 Q20

0.7085 0.70570.6923 0.6763
0.6869 0.6694
0.6675 0.6481
0.6582 0.6387

-COR 20 ROO/N
B-1 1 b- 7

2 .2 7 0 6 1 4 .8 8 7 6
2.171  9 14.4521
2.1661 1 4 .4 8 0 4
2 .0 7 93 1 4 .2 2 4 9
2 .01  95 14.1  91 7



Potassium Chlori.de at 1 8 degree
c m Eqv Ccnd

0 .0 0 0 0 0„ 000000 1 2 9 .8 7
1  # 0 0 0 0  1 . 0 3 0 5 7 0  9 8 . 1 5
2 . 0 0 0 0  2 . 1 28610 92 .4 0
3 .0 0 0 0 3 .3 0 4 2 5 0 8 8 .6 3

Sqrt S 
x1 0

111/N
io+12

112/N 
B+1 2

0 .0 0 0 0
1 0 .0 0 0 0
14.1421
1 7 .3 2 0 5

6 .8 5 8 8  
6 .1 6 1 0  
5 .9 9 3 2  
5 .8 4 9 9

0 .  0000 
1 .0 3 7 8  1.I801 
1 .2 3 3 2

Sqrt S 
x1 0

NR11 
10-11

-NR12
B-1 1

0 .0 0 0 0  
1 0 .0 0 0 0  
14.1421  
1 7 .3 2 0 5

1. 4 5 8 0  
1 .  6683 
1 .7 3 2 6
1.7851

0 .0 0 0 0
0 .2 6 8 2
0 .3 2 5 0
0 .3 5 8 8

Sqrt S 
xio

-R10
b-9

■4120
b-9

0 .0 0 0 0
1 0 .0 0 0 0
14.1421
1 7.3205

2 .6 3 4 6
2 .5 9 9 4
2 .6 9 8 7
2 .8 3 0 0

2.5506  
2.4578 
2 .  541 5 
2.6652

t+ D(v) io5 1 -tnxdlnOanm
0.491 9 
0 . 4 8 6 0  
0 .4 8 5 0  
0 .4 8 5 0

1 .6 8 7 0  
1 .6 0 1 0  
1 .6 9 7 0  
1 .8 0 2 0

1 .0 0 0 0  
0 .9 0 0 6  
0 .  9578
1 .0 3 0 6

122/N 
B+1 2

F1 2 Q1 2

7 . 084-7
6.4561
6 .2 9 0 9
6 .1 3 5 5

0 .0 0 0 0  
0 .2 8 2 7  
0 .3 2 25  
0.341  5

0 .0 0 0 0  
0 .1 6 4 6  
0.1 922 
0 .2 0 5 8

NR 22
B-11

Q1 0 Q20

1 . 4 1 15  
1 .5 9 2 0
1 .6 5 0 6  
1 .7 0 2 0

0 .712 8  
0 .6 5 6 8  
0 .6 4 6 8  
0.641  5

0 .7 0 1 4
0 .6 3 5 7  
0 .6241  
0 .6 1 8 7

-CCfllO
8-11

-COT20 
8—1 1

ROO/N
8-7

1 . 4 5 8 0
1 .4001
1.40751.4263

1.4115 
1.3238 
1.3255 
1.3432

9.3695 
9.3891 10.0474 

10.9036



Table-A7

Potass iura Chloride at 35 degree
c m Eqv Cond

0.0000 
1.0000 
1.5000 
2.0000 
2.5000 
3.0000 
3.5000

0.000000 
1.036440 
1.579680 
2.141 600 
2.723610 
3.327340 
3 .954180

1 8 0 .2 7
132.28 
1 2 6 .2 9  
121. 74 
1 1 7 .7 9  
1 1 3 .6 4  
108.61

Sqrt S
X io

111/K 
B+1 2

112/N
w+12

0.0000
10.0000
12 .2474
14.1421
15.8114
17.3205
18 .7083

9 .4 6 3 9  
8 .3 4 9 7  
8 .1 6 46  
8.0033 
7.8420
7.6692 
7.4593

0.0000
1 .4 7 3 5
1 .6133
1.6881
1 .7 3 1 7
1.7741
1.8368

Sqrt S
X io

NR11 
B-1 1

-NR12 
b-11

0.0000 
10.0000 
12.2474
14.1421  
1 5 . 8 1 14 
17.3205 
18 .7083

1 . 0566
1.2341
1 .2 7 1 8
1 .3 0 4 5
1 .33 7 0
1 .3 7 3 7
1 .4223

0.0000 
0.2065 
0 .2 3 7 9  0.2607 
0 .2 7 9 9  0.301 5 
0 .33 1 6

Sqrt S 
xl 0

-RIO
»-9

-R20
b-9

0.0000 
10.0000 
12.2474
14.1421  
1 5 . 8114 
17.3205 
18 .7083

1.9094 
1.9186 
1.9616 
2 .0 1 3 5  
2 .0 7 4 7  
2.1423  
2.21 99

1 .8 2 6 4  
1 .7 9 9 6  
1 .8 3 2 6  
1.8811  
1 .9383  
2.0014  
2.0656

t + D (v) 105 1 +»xilnGa.E.
0 .4 8 8 9
0 .4 8 4 0
0 .4 8 3 0
0 .4 8 3 0
0 .4 8 3 0
0 .4 8 3 0
0 .4 8 20

2.4780
2.3430
2 .4 0 2 0
2 .4 6 0 0
2.5160 
2.5710 
2.6250

1.0000 
0.9106 
0 .9 3 75
0.96931.oo4o 
1.0406 
1.0787

122/N 
B+1 2

Ft 2 Q12

9 .8 9 3 7
8.8043
8.6258
8 .4 4 7 9  
8.2722 
8 .08 4 2  
7 .8 7 92

0.0000
0.2934
0.3226
0 .3 4 0 8
0.3541
0 .3 6 7 9
0.3868

0.0000 
0.171 90.1922 0.2053 
0.2150 
0.2253 0.2396

NR 22
B-11

QlO Q20

1.0107 
1 .1 704 
1.2038 
1 .2 3 5 8  
1 .2 6 7 5  
1.3031  
1 .3 4 6 5

0 .7 1 4 9  
0 .6 5 55  0.6483  
0 .6 4 3 2  
0 .63 9 4  
0.6352 
0.6303

0.6992 
0 .6313  0.6225 
0.6 1 74 
0 .6 1 3 5
0.6093 
0.6028

-CCR10
B-11

-CCR20
B—1 1

ROO/N
b-7

1 .O566 
1 . 0276 
1 .0 3 3 9  
1 .0 4 3 8  
1.0571  
1 . 0722 
1 .0 9 0 7

1.0107
0.9638
0.9659
0. 9752
0.9876 1.0017 
1.0149

6 .7 5 0 5  
6 . 9425 
7.1 982 
7 .5 1 3 0  
7 . 8760 
8 .2 7 9 5  8.7221

a/dm



Table-A8

Potassium Chloride at 5C degree

c m
0.0000 0.000000 
0.0500 0.050212 
0.1000 0.100561 
0.5000 0.508756
1.0000 1.633760
2.0000 2.138560
3.0000 3 .3231^0

Eqv C aid t +
228.26 0.4860
197.00 0.4840
194.59 0.4840
174J4 0.4830
161.57 0.4830
149.92 0.4830
137.69 0.4820

D (v) io5 1 -trnxd,InGam/dm
3.2890 1.0000
3.1190 0.9372
3.0750 0.^345
3.0180 0.8965
3.0720 0.9131
3.2160 0.9703
3.3360 1.0430

Sqrt S HI/to 112/tt
Xio B+1 2 B+1 2

0. 0000 11.9114 0. 0000
2.2361 11.1499 0. 9095
3.1623 11.2227 1.1075
7.0711 10.6282 1 .5 9 4 8

10.0000 10.3094 1.9280
14.1421 9 .9246 2 .1 4 7 6
1 7 .32 0 5 9.3881 2.2603

122/M FI 2 Q12
B+1 2

1 2 .5 9 7 8 0.0000 0.0000
11 .8270 0 .1 4 6 8 0.0792
11.8914 0.1750 0.0959
11.2641 0.2545 0.1458
1 0.8994 0.3079 0.181 9
10.4721 0 .3 48 2 0.2107

9.9205 0 .3 7 9 7 0.2 3 4 2

Sqrt S NR11 -NR12
xio b-1 1 B-11

0.0000 0 .8 3 9 5 0. 0000
2. 2361 0.9025 0. 0694
3 .1 6 2 3 0.8993 0.0838
7.0711 0.9613 0.1361

10.0000 1.0032 0 .1 7 7 5
14.1421 1.0544 0.2162
17.3205 1.1270 0.2568

Sqrt S -RIO -R20
xio b-9 b- 9

0.0000 1.51 70 1 .4344
2.2361 1 .5 0 7 2 1 .4 1 3 8
3.1623 1 .4 7 7 5 1 .3 8 5 9
7.0711 1 .5 1 2 7 1 .4 1 3 2
1 0. 0000 1 .5 3 7 8 1 .4 3 6 6
14.1421 1.6145 1 .5084
17.3205 1 .7 3 6 6 1 .6 1 5 9

NR 22 Q10 Q20
B-11

0 .7 9 3 8 O.7I69 0.6971
0.8509 0.6902 0.6667
0 .8 4 8 7 0.6841 0.6605
0.9070 0.6662 0 . 6 4 0 7
0 .9 4 8 9 0.6523 0.6266
0.9993 0.6411 0.6152
1.0665 0.6324 0.6049

-CCR10 -CCJR20 ROO/N
B—11 B-1 1 b-7

0 .83 9 5 0 .7 9 3 8 5 .3 3 3 2
0.8331 0 .7 8 15 5 .2 8 4 5
0.81 56 0 .7 6 5 0 5.1  872
0.8252 0 .7 7 0 9 5 .3 6 3 2
0.8 2 5 7 0.7714 5 .5 3 9 2
0.8382 0.7830 6.0157
0.8702 0.8097 6.6900



Table-A9 
Potassium Chloride at 25 degree

1 * P
sy

0 ra Eqv Cond t + D ( v ) » 5 1 +B&& In Susa/d
0.0000 0.000000 1 4 9 . 8 6 0.4905 1 . 9 9 3 0 1.0000
0.  001 0 0.001003 1 4 6 . 9 5 0.4904 1 . 9 6 4 0 0.98290.0100 0.010030 1 4 1 . 2 7 0.4902 1.91 50 0.9540
0.0500 0.050200 133.37 0. 4 8 9 9 1 . 8 6 4 o 0 . 9 2 0 90.1 000 0.100600 128.96 0 . 4 8 9 7 1 . 8 4 7 0 0.9066
0.5000 0.508300 117.27 0 . 4 8 8 7 1.8500 0.  891 5
1 .  0000 1.033000 1 1 1 . 8 7 0 .4 -880 1.8920 0.90512.0000 2.133000 105.23 0. 4 8 ? o 1 . 9 9 9 0 0.9632
3.0000 3.310000 9 9 . 4 6 0 . 4 8 6 2 2.1120 1.0370

Sqrt S 111/N
xio B+1 2

0 . 0 0 0 0 7 .89 2 4
0 . 3 1 6 2 7. 8261
1 . 0 0 0 0 7 .6 9 4 9
2 .2361 7.5206
3 . 1 6 2 3 7 .4 3 0 8
7.0711 7.1 938

1 0 .0 0 0 0 7 .0 7 7 8
14.1421 6 . 8 6 6 7
1 7 . 3 2 0 5 6 .6 3 3 2

Sqrt s NR11
xio B-11

0 .0 0 0 0 1 .2 6 7 0
0 . 3 1 6 2 1 .2 7 7 9
1 .0 0 0 0 1 . 3 0 1 0
2 . 2 3  61 1 .3 3 5 4
3 . 1 6 2 3 1 .3 5 5 7
7.0711 1.41 85

1 0 .0 0 0 0 1 .4 5 4 0
14.1421 1 .5 1 3 5
1 7 . 3 2 0 5 1 .5 7 8 8

Sqrt S -RIO
xl 0 b-9

0 .0 0 0 0 2 .2 8 9 5
0 . 3 1 6 2 2 .2 8 4 6
1 .0 0 0 0 2 .2 7 5 0
2.2361 2 .2 5 9 8
3 . 1 6 2 3 2 .2 5 0 57. 0711 2 .2393

1 0 . 0 0 0 0 2 .2 5 9 7
14.1421 2 .3 5 4 5
1 7 . 3 2 0 5 2 .4 8 6 0

11 2/N 122/M
b +1 2 B+1 2

0 . 0000 8.1 982
0 .0 8 6 3 8.1291
0 .257 3 7 .9923
0 .5 0 3 2 7 .8 1 0 0
0 .6 4 8 2 7.7161
1 . 0 3 8 7 7 .4 7 8 4
1 . 2U 5 7.3661
1 . 3 6 2 7 7 .1 6 0 5
1 . 4 3 9 6 6 . 928I

-NR12 NR 22
b -1 1 B-11

0 .0 0 0 0 1 .21 98
0 . 0 1 3 6 1 .2303
0 . 0 4 1 9 1 .2 5 2 6
0 . 086I 1 .2 8 6 0
0 .1 1 3 9 1 .3 0 5 6
0.1  970 1 .3 6 4 5
0 .2 3 9 7 1.3971
0 .2 8 8 0 1 .4 5 1 4
0.3231 1 .5 1 1 6

-R20 -CCR1 0
b-9 B-1 1

2.2041 1 .2 6 7 0
2 .1 9 3 5 1 .2644
2 .1 8 7 6 1.2591
2 . 1 7 0 3 1 .2 4 9 4
2 .1 5 9 7 1 .2 4 1 8
2 .1403 1.221 5
2.1 538 1.21 43
2.2351 1 .2 2 5 5
2 .352 4 1 .2 5 0 7

FI 2 Ql 2 -

0 . OCOO 0 .0 0 0 0
0 .0 2 1 4 0 . 0 1 0 8
0 .0 6 3 5 0 . 0 3 2 8
0 .123 3 0 . 0 6 5 7
0 .1 5 7 7 0 . 0 8 5 6
0.2481 0 .1 4 1 6
0 .2 8 3 0 0 . 1 6 8 2
0 .3 2 5 5 0 . 1 9 4 3
0 . 3 5 0 4 0 .2 1 2 4

Q10 Q20

0 . 7 1 3 8 0 . 7 0 0 4
0.7101 0 .6 9 6 4
0 .7024 0 .6883
0 . 6 9 0 8 0 .6761
0 .6 8 3 7 0 . 6 6 8 6
0 . 6 6 3 5 0 .6 4 6 6
0 .6 5 3 9 0 .6 3 5 8
0 .6 4 4 5 0 .6 2 4 8
0 . 6 3 8 0 0.61  70

-C0R20 ROO/N
B-11 b-7

1.21 98 8.1201
1 .21 67 8 . 1 0 0 5
1.21 07 8 . 0 6 3 5
1 .1 9 9 9 8 . 0 1 2 7
1 . 1 9 1 7 7 .9 9 2 6
1 .1 6 7 5 8 . 0 2 8 7
1 .1 5 7 4 8 .2133
1 .163 3 8. 81 80
1 .1 8 3 5 9.61 70



SODIUM CHLffilDE
c m Eqv Cone

0. 0000 0. 000000 1 2 6 .4 5
0.0010 0.001003 1 2 3 .7 0
0. 01 00 0.010030 11 8.51
o. 0500 0.050200 111.06
0.1000 0.100500 106 .7 40.5000 0.506200 93 .6 2
1 .0000 1.022200 8 5 .7 6
2.0000 2.085900 74.713.0000 3.1 96600 6 5 .5 7

Sqrt S m / N It 2/N
Xl 0 b +1 2 B+1 2
0.0000 5.3814 0.0000
0.3162 5.3262 0,0824
1.0000 5.2203 0.2334
2.2361 5.0660 0 .4 4 04
3 .1 6 2 3 4.9705 0 .5 5 3 57.0711 4 .6 1 42 0.84o6

1 0. 0000 4.3108 0.9112
14.1421 3.8121 0.9114
17.3205 3.3654 0.8576

Sqrt S NR11 -NF112
X1 0 B-11 B—11

0.0000 1.8583 0.0000
0.3162 1 .8 7 7 8 0.0190
1 .0000 1 .9181 0.0561
2.2361 1 . 9337 0.1128
3.1623 2.02® 0.1477
7.0711 2 .2 1 4 8 0.2614

1 0.0000 2.3882 0.3237
14.1421 2 .7 2 1 5 0.4110
1 7 . 3 2 0 5 3 .0 9 7 0 0.4926

Sqrt S -5110 -5120
x1 0 b-9 B—9

0.0000 3 . 3 5 7 9 2.2035
0.3162 3 .3 5 8 6 2.1 900
1 .0000 3 .3 6 4 4 2 .1673
2.2361 3 .3 8 3 9 2 .14 3 6
3 .16 2 3 3 .4 0 4 8 2 .1 3 4 2
7.0711 3 . 5 6 2 7 2 .1404

1 0.0000 3 . 8 0 1 7 2.2241
14.1421 4.3411 2 .4 5 7 8
17.3205 4 .9993 2 .7 6 4 8

t+ D (v ) b5 1 +rrt"Ii InGa:
0.3962 1.611 0 1 .0000
0 .3 9 4 7 1.5870 0.9830
0.3 9 18 1.5470 0.9553
0 .3 8 7 3 1 .5 0 3 0 0.9265
0 .3853 1 ,4 8 5 0 0.9164
0 .3753 1 .4 7 4 0 0 .9 2 9 7
0/3691 1 .4 8 4 0 0 .9 7 9 5
0,3615
0.3561

1.51 80 1.1 080
1 ,5 6 4 0 1.2760

122/M F1 2 Q12 .

B+1 2
8.2008 0.0000 0.0000
8.1241 0. 0253 0.0125
7. 9747 0 .0 7 1 5 0.0362
7 .7 4 2 7 0 .1 3 4 6 0.0703
7.6004 0.1693 0.0900
7.121 9 0.2629 0 .1 4 6 6
6.7222 0.2982 0 .1693
6 .0 3 4 7 0.3293 0.1 900
5.3921 0.3469 0.2013

NR 22 Q10 Q20
B-1 1
1 .21 9 4 0. 7770 0 .6 2 9 5
1 .2311 0.7741 0 .6 2 3 4
1 .2 5 5 6 0 .7 6 8 4 0 .6 1 1 8
1.2980 0 .7 5 9 9 0.5951
1 .3 2 6 5 0 .7 5 4 9 0.5851
1 .4 3 5 0 0.7423 0 .5 5 4 0
1 .53 1 5 0 .7 3 85 0 .5 3 9 5
1.71 92 0 .7363 0.5245
1 .9 3 2 9 0 .7 3 5 9 0.5151

-can 0 -cai2o ROO/N
B-1 1 B-1 1 b- 7

1.8583 1.21 94 10.0493
1.8588 1 .2120 1 0 .0 2 5 9
1.8620 1.1 995 9.9953
1.8709 1.1 851 9. 9976
1.8806 1.1788 1 0 .0 2 8 5
1 .9534 1 .1 7 3 5 1 0.401 4
2.0645 1.2078 11.0965
2.3105 1.3081 1 2 .77 4 3
2.6044 1 .4 4 0 3 14.9036



Table-All
LITHIUM CHLORIDE
0 m Eqv Cceid t+ D (v) »5 1 +tffi«llnGa;

0, 0000 0.000000 11 5 .03 0 .3363 1.3660 1.0000
0. 0010 0.001003 1 1 2 .3 7 0 .3 3 3 9 1 ,3 4 4 0 0 .9 8 3 2
0.01 00 0.010030 107.28 0.3288 1.3120 0 . 9 5 7 0
o.0500 0.050200 100.13 0.3211 1.2800 0 .9 3 5 00.1 000 0.100500 95 .86 0 .3 1 6 8 1.2680 0. 933 20.5000 0.506000 8l.4o 0.2992 1.2720 1.01281.0000 1 .021 500 72.90 0 .2864 1 .3020 1 .1 4 1 8
2.0000 2.084700 61.80 0.2688 1 .36 9 0 1.4332
3.0000 3.1 96900 52.80 0.2563 1 .42 6 0 1.81 91

Sqrt S 
x1 0

111/N 
b+1 2

112/M 
]0+1 2

122/tJ 
B+1 2

Pi 2 Q12

0.0000 4.1 526 0.0000 8.1 974 0.0000 0.0000
0.3162 4.1028 0.0731 8.1120 0.0265 0.0127
1 .0000 4.0110 0 .2 2 2 5 7.9561 0.0805 0.0394
2.2361 3.8702 0.4170 7.7180 0.1510 0.0763
3.1623 3.7740 0.5124 7.5^63 0.1870 0.0960
7.0711 3.31 59 0.7002 6.8269 0 .2 7 64 0.1472

1 0. 0000 2 .9423 0 .6 9 9 9 6.2871 0.3043 0.1627
14.1421 2 .4063 0.6222 5.4754 0.3229 0.1714
17.3205 1 .9 5 3 7 0.5003 4.71 77 0.3164 0 . 1 6 4 8

Sqrt S 
xio

NR11 
3-1 1

-NR12
b -11

NR22
B-11 Q1 o Q20

0.0000 2 .4o8l 0.0000 1.21 99 0.8147 0 . 5 7 9 9
0.3162 2 . 4 3 7 7 0.0220 1 .2 3 2 9 0.8125 0. 5727
1.0000 2 .4 9 7 0 O.O698 1.2589 0.8077 0 .5 5 7 3
2.2361 2 .5 9 9 0 0 .14 0 4 1 .3033 0.8014 0 .5353
3.1623 2.6743 0.1 816 1 .3 3 7 5 0. 7980 0.5232
7.0711 3.0825 0.3162 1 .4 9 7 2 0.7930 0 .4 8 5 8

1 0. 0000 3.4911 0.3887 1 .6 3 3 8 0.7963 0 .4 6 7 2
14.1421 4.281 5 0 .4 8 6 5 1 .8 8 1 6 0.8051 0 .4 4 6 4
17.3205 5.2613 0.5580 2 .1 7 8 9 0.8154 0 .4 3 6 7

Sqrt S -R1 0 -R20 -Cffiio -CCR20 ROO/N
x i o »-9 b-9 B-11 B —1 1 b-7

0 . 0 0 0 0 4 .3 5 1 5 2 .2044 2.4081 1.21 99 1 1 .8 4 6 4
0.3162 4.3651 2.1 881 2.41 58 1.2110 1 1 .841 0
1 .0000 4 .3 8 5 7

4 .4 4 6 8
2 .1 4 8 4 2 .4 2 72 1.1 890 1 1.8066

2.2361 2.1032 2 .4 5 86 1.1628 11 .8471
3.1 623 4.5131 2 .0 9 2 7 2 .4 9 2 7 1 .1 5 5 9 11.9600
7.0711 5 .0434 2 .1 5 3 2 2.7663 1.1 811 13.1202

10.0000 5.7093 2 .2 9 1 4 3 .1 0 2 5 1 .24 5 2 14.7231
14.1421 7 .1263 2.61 97 3 .7 9 5 0 1.3951 1 8.301 0
17.3205 9.0293 3 .1 1 1 7 4 .70 3 4 1 .6209 2 3 .3 0 7 5



Table-A12
HYDROSKLCBXC ACID

c IT! . Eqv Ccud t + D(v)»5 1+rn>4ilnGa
0.0000 0.000000 4 2 6 .5 0 0. 821 0 3 .3 3 6 0 1,0000
0. 001 0 0.001003 4 2 1 .4 6 0 .8224 3 .2 7 6 0 0. 98530. 01 00 0.010030 41 2 .02 0.8251 3.1 820 0.9576o.0500 0.050260 3 9 9 .1 2 0.8292 3 .0 8 4 0 0 .9 3 7 50.1000 0.100500 3 9 1 .3 4 0 .83 1 4 3.0560 0.9380
0.5000 0.506200 360.86 0. S376 3.1 840 1 .0 3 3 71 .0000 1 .022400 332.31 0 .8 4 0 7 3 .4 5 3 0 1 .1 8 5 32.0000 2. 086300 281.66 0 .8 4 2 9 4 .0 4 5 0 1.5218
3.0000 3.1 96000 237 .7 4 0 .8 4 3 0 4 .6 4 3 0 1 .8 9 4 4

Sqrt S 
X io

111/N
B+1 2

112/N 
»+1 2

122/N 
B+1 2

Pi 2 Q12

0.0000 37.6045 0.0000 8.1 967 0.0000 0.0000
0.3162 37.3350

36.8285
0 .1 0 8 9 8 .14 8 0 o.ot 62 0.00621.0000 0.31 67 8.0562 0.0472 0 .01 8 4

2.2361 36.1 088 0 .5644 7 .8 8 5 9 0.0851 0.0334
3.1623 35.6241 0.680I 7 .76 6 4 0.1035 0.0409
7.0711 3 3 .4 0 3 7 0 .9411 7 .23 5 2 0.1 515 0.0605

10.0000 31.1013 1.0964 6.781 9 0 .1 8 6 6 0.0755
111. 1421 26.8539 1 .3 5 5 7 6.1081 0.2529 0.105917.3205 23.0891 1.5643 5.5731 0 .3164 0 . 1 3 7 9

Sqrt S 
x1 0

NR11
B-11

-NR12
B-11

NR22 
B-1 1

Q10 Q20

0. 0000 0.2659 0.0000 1.2200 0 .4 2 3 0 0.9061
0.3162 0.2679 0.0036 1 .2273 0 .4 1 8 6 0 .9 0 5 51.0000 0.2716 0.0107 1 .2 4 1 7 0 .4 0 9 9 0 .9 0 4 4
2.2361 0.2773 0.0198 1 .2 6 9 5 0.3982 0.9035
3.1623 0.2812 0 .0 2 4 6 1.2898 0 .3 9 2 2 0.9031
7.0711 0.3005 0.0391 1 .3 8 7 2 0 .3 7 5 9 0.9022

1 0.0000 0.3234 0,0523 1 .4 8 3 0 0.3654 0.9006
14.1421 0.3766 0.0836 1 .6 5 5 7 0 .3 4 9 6 0 .8 9 4 6
17.3205 0.4 4 15 0.1239 1.8291 0.3361 0.8865

Sqrt S -R10 -R20 -CCR10 -CCJR20 ROO/N
xl 0 b- 9 B-9 B-1 1 B-1 1 b- 7

0.0000 0 .48 0 5 2.2045 0 .2 6 5 9 1 .2200 4.851 9
0.3162 0.4775 2.2112 0.2643 1 .2238 4 .8 5 8 3
1 .0000 0.471 5 2 .2 2 43 0.2609 1 .2310 4.8711
2.2361 0.4656 2.2603 0 .2 5 74 1 .2 4 9 7 4 .9 3 0 2
3 .1 6 2 3 0 .4 6 4 5 2 .2 9 0 5 0.2566 1.2651 4.9880
7.0711 0.4767 2 .4 5 8 8 0 .2614 1 ,3481 5 .3 5 3 9

1 0.0000 0.4993 2.6351 0.2711 1 .4 3 0 7 5-7732
14.1421 0.5506 2 .95 4 4 0 .2 9 3 0 1.5721 6.5868
17.3205 0.6095 3 .2 7 2 6 0 .3 1 7 6 1.7052 7 .4 5 0 5



Table-A13

CALCIUM CHLORIDE
c m Eqv CorK

0 .0 0 0 0  
0 .0001  
o . 0005  
0 .  001 0 
0 .0 0 5 0  
0 .01  00  
0 .0 5 0 0

0 .0 0 0 0 0 0  
o .o o o l  00  
0 .0 0 0 5 0 2  
0 .0 0 1 0 0 3  
0 .0 0 5 0 I  5 
0 .0 1 0 0 3 5  
0 .0 5 0 2 0 0

1 3 5 .8 5
1 3 3 .3 0
130.31  
1 2 8 .2 0  
1 2 0 .3 8  
1 1 5 .6 6  
1 0 2 . 4'6

Sq rt S 
x io

111/N  
18+1 2

11 2/N
B+1 2

0 .0 0 0 0  
0 .1 7 3 2  
0 .3 8 7 3  
0 .5 4 7 7
1.2247'
1 .7 3 2 1
3 .8 7 3 0

1 .5 9 7 4  
1 .5 7 9 4  
1 .5 5 8 9  
1 .5 4 4 4  
1 .4 9 1 2  
1 .4 5 9 4  
1 .3 5 9 8

0 .0 0 0 0
0 .0 3 5 6
0 .0 7 94
0 .1 1 0 6  
0 .2 2 6 0  
0 .2 9 7 8  
0 .4863

Sq rt S 
x i o

NR11
B-11

-NR12  
B-1 1

0 .0 0 0 0  
0 .1 7 3 2  
0 .3 8 7 3  
0 .5 4 7 7
1 .2 2 4 7
1 .7321
3 .8 7 3 0

6 .2603  
6 .3323  
6.41 79  
6 .4 8 1 4  
6 .7353  
6 . 906I 
7 .5 2 8 2

0 .0 0 0 0  
0 .0 2 7 7  
0.0631  
0 .0 8 9 2
0.1  934
0 .2 6 4 5
0 .4 8 7 5

Sq rt S 
x l 0

-R10
b-9

-R20
b-9

0 .0 0 0 0
0 .1 7 3 2
0 .3 8 7 3
0 .5 4 7 7
1 .2 2 4 7
1 .7321
3 .8 7 3 0

5.6561
5 .6 7 1 0
5 .6 8 4 2
5 .6943
5.735*1
5 .7643
5 .9 2 6 4

2 .2 0 4 0
2.1  547
2 .1  811 
2 .1 7 0 8  
2.131 8 
2 .1 0 4 3  
2 .0 2 4 5

t + D (v ) io5 1 InGa no. /d m
0 .4 3 8 0 1 .33 5 0 1 .0 0 0 0
0 .4 3 6 3 1 .3 1 0 0 0 .9 8 0 8
0 .4 3 4 2 1 .2 8 4 0 0 .9 6 0 0
0 .4 3 2 6 1 .2 6 7 0 0 .9 4 6 3
0 .4264 1 .21 20 0 .901  9
0 .4220 1 .1 8 6 0 0 .8 7 9 8
0 .4 0 5 9 1 .1 3 8 0 0 .8 4 4 0

122/N FI 2 0.1 2
B+1 2

8 .1 9 8 7 0 .0 0 0 0 0 .0 0 0 0
8.1413 0 .0 3 9 6 0 .0 0 9 9
8.0775 O.OS83 0 .02 2 4
8 .0 3 3 7 0 .1 2 2 9 0 .0 3 1 4
7 .8 6 8 0 0 .2501 0 .0 6 6 0
7 .77 5 5 0 .3 2 8 5 0 .0 8 8 4
7 .5 1 0 3 0 .53 6 4 0 .1 5 2 2

NR 22 Q10 Q20
B-11

1 .2 1 9 7 0 .7 4 9 7 0 .6 6 1 8
1 .22 8 4 0 .7 4 7 5 O .6568
1.238.6 0 .7 4 4 8 0 .6 5 0 5
1 .2 4 6 0 0 .7 4 2 8 0 . 6 4 5 8
1 .2 7 6 5 0 .7 3 53 0 .6 2 7 8
1 .2 9 6 2 0 .7 3 0 6 0 .6 1 5 6
1.3631 0 .71  91 0 .5 7 7 3

-CCF10 -CCR20 ROO/N
B-1 1 B-11 b-7

3.1301 1.21  97 9 .0 9 3 0
3 .1 3 8 5 1 .2 1 4 6 9 .0 8 9 0
3 .1 4 5 8 1 .2 0 7 1 9 .0 7 6 4
3.1  514 1 .2 0 1 4 9 .0 6 6 9
3 .1 7 4 2 1 .1 7 9 8 9 .0 3 3 6
3 .1 8 8 5 1 .1 6 4 0 9 . 0144
3 .2 7 6 6 1 .11  93 9 .0214



Table~Ai4 .4 r«-» cI ;> i
BARIUM CHLORIDE

0.0000 
0. out 0 
0.0050 
0.01 00 
0.0500 
0.1 000 
0.2000 
0.5000 
1 .0000

Sqrt S 
x i o

0.0000
0.54771.224?
1.7321
3 . 8 7 3 0
5 .4 7 7 2
7 .7 4 6 0

12.2474
1 7 .3 2 0 5

Sq rt S 
Xl 0
0.0000
0.5477
1 .2 2 4 7
1.7321
3.8730
5.4772
7 .7 4 6 0

12 .2474
1 7 .3 2 0 5

Sqrt S 
x i o

0.0000 
0. 54771 . 2 2 4 7  
1.7321
3.8730
5.4772
7.746o 

1 2 .2 4 74  
17.3205

in Eqv Cond t + D(v)b5 1 +ntxl InGa i
0.000000 139. 98 0.4546 1 .3 8 5 0 1.0000
0.001003 I32.il 0 .4483 1,3200 0.94570.005015 123 .93 0.441 9 1,2670 0.8998
0.010035 11 9.03 O.43 81 1 .2 3 9 0 0.8759
0.050200 1 05.1 9 0 .4 2 4 9 1.1780 0.82950.1 00600 9 8 .5 6 0 .41 62 1.1600 0.8252
0.201600 9 1 .5 5 0 .4 0 3 6 1.1 500 0.8415
0.507600 80.50 0 .3798 1 .1 6 1 0 0 .9264
1.027900 68. 90 0 .3 5 2 7 1.1790 1.0980

111 /N 
10+I 2 112/N 

10+12
122/N
B+1 2

Fl 2 Q1 2

1.7080 0.0000 8.1 969 0.0000 0.0000
1 .6514 0.1223 8.0726 0.1303 0.0335
1 .5 9 6 5 0.2522 7. S328 0 .26 6 4 0.0709
1. 5645 0.3287 7 .84 0 6 0.3456 0.0938
1 .4 6 4 8 0.5294 7 .5 5 5 9 0.5544 0.1591
1 .4 0 3 6 0.6043 7 .3884 0.6394 0.1 877
1 .3193 0.6543 7 .1 7 2 8 0. 71 21 0,2127
1 .1 5 3 6 0.6675 6.701 5 0.7922 0.2401
0.9521 0.5992 5 .9884 0.8300 0.2509

NR11
10-11

-NR12
B-11 NR 22

B-11
Q1 0 Q20

5 .8 5 4 9 0.0000 1.2200 0 .7 3 8 5 0 .6 7 4 2
6 .0624 0.091 9 1.24 0 2 0 .7 3 1 4 0 .6 5 7 0
6.2952 0.2001 1.2670 0.7229 0.6380
6 .4 4 86 0.2703 1 .2 8 6 7 0.71 75 0.6262
7,0044 0.4907 1.3 5 7 8 0.7032 0.5900
7 .3 8 4 8 o .6o4o 1 .4 0 2 9 0.6988 0.5715
7 .9 3 9 2 0.7 2 4 2 1 .46 0 2 0.6983 0.5509
9.1 987 0.9163 1 .5 8 3 5 0.7050 0.5192

11.2090 1 .1 2 1 6 1 .7821 0.7196 0.4916

-BIO -R20 -CCR1 0 -CCR20 ROO/N
b-9 »-9 B-1 1 B-1 1 »-7

5 .2 8 9 9 2 .2 0 4 5 2 .9 2 7 5 1.2200 8.7630
5.3111 2.1 578 2 .9393 1.1 942 8 .6973
5 .3 2 5 8 2.1 085 2 .94 7 5 1 .1 6 6 9 8 .62 1 4
5 .34 0 2 2.081 8 2 .9 5 4 0 1.1 516 8 .5 9 0 6
5 .4 4 6 9 2.01 22 3 .0 1 1 5 1 .1 1 2 5 8 .5653
5.5971 1.9951 3 .0 8 8 4 1.100 9 8.6876
5 .8932 1.9941 3 .2 4 53 1.0981 8.971 8
6 .7 3 6 0 2.0581 3.6831 1 .12 5 3 9 .9 2 3 7
8 .3013 2.2616 4 .4 8 2 9 1.2213 11. 8 7 3 9



Ta'ble~Ai5

LANTHANUM CHLORIDE
c m Eqv Cortd

0. 0000 
0.0001 
o .  0005  
o . o o i o  
0 .0 0 5 0  
0.0100 
0 .0 2 5 0

0.000000 
0 .000100  
0 .00 050 2  
0.001 003 
0.00501 5 
0 .0 100 35  
0 .02 510 0

145 . 95 
141.0 5  
135.16  
131.13 11 8.10 
111. 2 6  
10 1 . 9 8

Sqrt S 
X1 0

111/N 
B+1 2

112/N 
B+1 2

0.0000
0.2449
0 .5477 
0.7746 
1.7321 
2.4495  
3.8730

0 .8 3 0 5
0.8139
0 .795 4  
0 .7 8 2 8  
0.7437  
0 .7 2 2 6  
0.6871

0.0000
0.0488
0 .1 0 5 6
0.1 508
0 .2 8 7 2
0.3591
0 .4 4 3 9

Sqrt S 
X1 0

NR11
B-11

-NR12 
B-1 1

0.0000 
0.2449  
0. 5477 0.7746 
1.7321 2.4495
3.8730

12.041 5 
12.2903 
12.5956  
1 2 . 8221 
13.6416  
14.1714  
15.1381

0.0000 
0 .0 7 3 9  
0 .172 3  
0 .243 4  
0 . 5079  
0 .6 6 9 5  
0 .9 0 4 2

Sqrt S 
Xl 0

-RIO
b-9

-R20
b-9

0.0000 
0.2449 
0.5477 
0.7746
1.7321
2.4495
3.8730

7.2530
7.2689
7.2751
7.2830
7.2986
7.3293
7.4914

2.2041 
2.1 8 26  
2.1548  
2.1365  
2.0708 
2.0323 
1 . 9860

t  + D ( v ) b5 1 +®<d InGa i
0.4769
0.4739
0.4705
0.4681
0.4598
0.4541
0 .4 4 3 0

1 .2920  
1.2460  
1 .2 0 2 0
1.1750
1 .1 0 1 0  
1 .0 6 9 0  
1 .0 2 3 0

1 .0 0 0 0  
0 .9 6 0 9  
0 ,9 2 1 3 
0 .8 9 8 0
0 .8 3 0 3
0 .8 0 0 7
0 .7 6 7 2

122/N 
B+1 2

pi 2 Qi2

8.19811
8.1163 
8.01 53
7 .943 4  
7.7135  
7 .6 0 0 5  
7.4325

0 .0 0 0 0  
0 .1 1 2 0  
0.2501 
0.3428  
0.6442  
0.8001  
0 .9 9 0 4

0 .0 0 0 0  
0.01 go 
0 .0 4 3 4  
0 .0 6 0 5  
0 .1 1 9 9  
0 .1 5 3 2
0.1964

NR22 
B-1 1

Q10 Q20

1 .21 98 
1.2325  
1 .2 5 0 0  
1.2635  
1.3153 
1.3473 
1.3994

0.7233  
0 .7 1 8 8  
0 .7 1 2 6  
0 .7 0 8 2  
0 .6 9 2 7
0.6845
0 .6 7 6 2

0 .6 9 0 6  
0.681 5 
0 .6 7 0 0  
0.661 8 
0 .6 3 2 9  
0.61 55 
0 .5 8 9 6

-CCR10 
B-1 1

-CGR20
B-11

ROO/N
b-7

4.0138
4.0228
4.0263
4.0306
4.0393
4.0542
4.1418

1.21 98
I .2 0 7 9  
1 .1 925 
1.1824  
1 .1460  
1.1242  
1 .0 9 8 0

8.3515  
8.3217  
8.2753 
8.2469  
8.1377  
8 .0 9 0 6  
8.1 087



Tatie~Al6
Sodium Hydroxide
G rn Eqv Cond t+ D(v)io5 1+mxdlnGama/dm

0*0000 0.000000 248.40 0.2020 2.1270 1.0000
0.0100 0.010029 238.47 0.2030 2.0460 0.9423
0.0500 0.050136 227.80 0.1890 1.9660 0.91330*1000 0.100256 221.17 0.1830 1.9190 0.9095
0 o2000 0.200449 212.93 0.1770 1.8660 0.93330.5000 0.500702 197.12 0.1690 1*7950 0*95291.0000 1.000450 177.71 Q.1630 1o7440 1.0088

Sqrt S 111/N 112/N 122/N FI 2 Q12
Xio io+12 10+12 io+12
0.0000 6.3789 0.0000 21.2793 0,0000 0.0000
1.0000 6°4351 0.2359 20.6486 0o0539 0.0223
2.2361 5.2160 0.5919 20.4338 0.1363 0.0573
3o1623 5.0515 0.7045 20.1114 0.1655 0.0699
4.4721 4.7493 0.7015 19.5227 0.1740 0.0729
7.0711 4.4043 0.8264 18.4194 0.2175 0.0918
10.0000 3*9942 0.8832 1608583 0.2533 0.1076

Sqrt S NR11 -NR12 NR 2 2 Q10 Q20
xio 10-1 1 io-11 io-11

0.0000 1.8591 0.0000 0.4699 0.8934 0.4492
1.0000 1.8408 0,0210 0.4845 0.8876 0.4407
2.2361 1.9235 O.O557 0.4910 0.8874 0.4093
3o1623 1.9893 0.0697 0.4997 0.8879 0.3968
4.4721 2.1168 0.0761 0.5150 0.8907 0.3884
7.0711 2.2898 0.1027 0.5475 0.8909 O.3705
10.0000 2.5330 0.1327 0.6001 0.8906 0.3563

Sqrt S -RIO -R20 -C0R10 -C0R20 rqo/n
Xio w “9 io-9 10-1 1 10-11 10-7

0.0000 3* 3594 0.8492 1.8591 0.4699 7*6049
1.0000 3 *2878 0.8374 1.8198 0.4635 7.4532
2.2361 3*3740 . 0.7863 108678 0.4353 7*5151
3*1623 3.4671 0.7766 1*9197 0.4300 7*6646
4.4721 3.6846 0.7924 2.0407 0.4389 8*0835 '
7.0711 3*9455 0.8024 2.1871 0.4448 8*5653
10.0000 4.3260 0.8425 2.4003 0.4674 9.3152



Table~A17
N i t r i c  Acid* JL*Jl

c Iff
0 .0 0 0 0 0 .000000
0 . 01 00 0.01 0033
0 .050 0 0 .05 022 5
0 .1 0 0 0 0 .1 0 0 6 0 7
0 .5 0 0 0 0 .509035
1 .0 0 0 0 1 .0 3 3 7 2 0
2 .0 0 0 0 2 .13 432 0
2 .5 0 0 0 2 . 71 2400
3 .0 0 0 0 3 .3 1 0 4 7 0

Sqrt S 111/N
xl 0 B+1 2

0 .0 0 0 0 37.4822
1 .0 0 0 0 3 7 .0 6 2 4
2.2361 3 5 .9 4 9 5
3 -1623 3 5 .2 2 6 9
7.0711 3 2 .7 3 8 6

1 0 .0000 3 1 .1 4 5 0
14.1421 25 .2 5 7 4
15.8114 22. 91 00
17 .3 205 21 . 0268

Sqrt S NR11
xio B-11

0 .0 0 0 0 0 .2 6 6 8
1 .0 0 0 0 0 .2 7 0 0
2.2361 0.2784
3.1623 0.2842
7.0711 0 .306I

10 .0000 0 .3 2 1 6
14.1421 0 .3  968
15.8114 0.4374
1 7 .3 2 0 5 0.4774

Sqrt S -R10
X io b-9

0 .0 0 0 0 0.4821
1 .0 0 0 0 0.4575
2.2361 0.4695
3 .1 6 2 3 0.4773
7.0711 0 .5 0 6 9

1 0 .0 0 0 0 0.5482
14.1421 0 .6 8 8 6
15 .8 1 14 0 .7748
1 7 .3 2 0 5 0 .8 3 6 0

Eqv Cond t  +

4 2 0 .5 0 0 .8 3 0 0
406.00 0 .8 3 9 2
393.30 0.8393
385.00 0.83  32
3 5 6 .8 0 0 .8 3 6 8
341 .7 2 0.8332
280 .13 0 . 8201
256 .03 0. 8139
234.79 0 .8 0 7 9

H 2/N 122/N
B+1 2 B+1 2

0 .0 0 0 0 7.6752
0.4692 7.4809
0 .4 9 6 8 7.2849
0 .5 2 6 5 7.1755
0.671 9 6 .9 2 5 8
0 .5 6 5 7 6.6875
0.5837 5.9962
0 .5295 5.6468
0 .6 5 4 2 5.4983

-NR12 NR 22
B-11 B-1 1

0 .0 0 0 0 1.3029
0 .0 1 6 9 1.3378
o .o l  90 1.3740
0 .0 2 0 9 1.3  952
0 .0 2 9 7 1 .4467
0 .0 2 7 2 1.4976
0 .0 3 8 6 1.671 5
0 .  041 0 1.7748
0 .0 5 6 8 1.8255

-R20 -CCR10
b-9 B—11

2.3544 0 .2 6 6 8
2.3874 0 .2531
2.4520 0 .2 5 9 4
2.4909 0 .263 3
2 . 5990 0.2764
2.7383 0.2944
3.1392 0 .3 5 8 2
3.3887 0.3964
3.5161 0 .4 2 0 6

D (v) b5 1 +MXd InGa na/d m
3 .1 5 8 0  1 .0 0 0 0
3 .0 0 3 0  0.953b
2.8810  0 .9 3 8 2  
2 .8 2 9 0  0 .9 3 4 5
2 .8 5 0 0  0 .9 7 3 5
2 .9 7 8 0  1 .0601
3.1620 1 .2 6 9 9
3 .2 3 2 0  1.3887
3 .3 0 6 0  1.4599

Pi 2 Q12

0.0000 0.0000
0 .0 7 3 9  0 .0 2 8 2
0 .0 8 0 2  0 .0 3 0 7
0 .0 8 6 2  0.0331
0 .1 1 3 8  0.0446
0 .0 9 9 3  0 .0 3 9 2
0.11 62 0 .0 4 7 4
0.1128  0.0466
0 .1 4 3 2  0 .0 6 0 8

Q10 Q20

0 .4 123  0.9111
0 .3 8 8 2  0 .91 03
0 .3 8 7 0  0 .9 0 9 8
0 .3 8 6 0  0 .9 0 9 2
0 .3 8 3 9  0 .90 53
0 .3 9 0 8  0 .9 0 4 5
0 .4 0 3 0  0.8951
0 .4 1 0 7  0 .8 9 1 7
0 .4 1 1 4  0 .8 8 4 7

-COR 20 ROO/N
B-1 1 »-7

1 .3 0 2 9  5 .1 2 5 5
1 .3 2 0 9  5 .1 4 1 9
1 .3 5 5 0  5 .2 8 6 8
1 .3 7 4 3  5 .3 7 9 5
1.4171 5 .6963
1 .4 7 0 4  6 .1 2 0 3
1 .6 3 2 9  7 .3 5 8 9
1.7337  8 .1 3 7 8
1 .7 6 8 7  8 .6 5 1 7



Table—A18
Anuaonlurs Nitrate

c m Eqv Cone
0# 0000 0.000000 1 4 5 .0 0
0. 01 00 0.01 0034 I36.20
0.0500 0.050266 128.00
0.1000 0.100770 1 22. 700.2000 0.203180 117.00
0.5000 0.514000 108.60
1 .0000 1.051400 1 01 .43
2.0000 2.223950 91.7 63.0000 3 .5 3 1 7 0 0 8 4 .0 7

Sqrt S 111/N 11 2/N
xio »+1 2 B+1 2
0.0000 7 .8 9 2 0 0.0000
1.0000 7 .8 2 9 4 0 .3 2 5 2
2.2361 7. 6654 0.6130
3 .1 6 2 3 7.51 51 0 .7 5 4 74.472! 7 .4 4 6 5 0.9877
7.0711 7 .3 6 6 7 1.3716

10.0000 7.3411 1 .7418
14.1421 7 .3 9 9 0 2 .3 3 3 5
1 7 .3 2 0 5 7 .4 6 8 5 2 .8 2 7 5

Sqrt S NR11 -NR1 2
x1 0 B-11 B-11

0.0000 1 .2671 0.0000
1.0000 1 .2 7 9 6 0.0559
2.2361 1 .3 1 3 4 0.11 02
3.1623 1 .3 4 4 9 0.1415
4.4721 1.3682 0.1 905
7.0^1 1 .4 0 8 5 0.2744

10.0000 1 .4 4 7 2 0.3582
14.1421 I.5O73 0,4938
17.3205 1 .5 7 2 2 0.6161

Sqrt S 4110 -R20
Xl 0 b- 9 b-9

0. 0000 2 .2 8 9 7 2.3547
1.0000 2.21 20 2.3301
2.2361 2.1791 2.2954
3.1623 2 .1 8 4 6 2.3012
4.4721 2.1 554 2.2795
7.0711 2.1 003 2.2213

10.0000 2.0626 2 .1 8 1 4
14.1421 2.0302 2.1472
17.3205 2 .0 2 7 7 2 .1 4 4 6

t + D (v ) »5 1 +KMdInGa:
0.5070 1.9280 1.0000
0. 5130 1.8720 0 .9 4 8 8
0.5130 1.81 70 0.90550.5130 1.7690 0.881 7
0.5140 1 .7 4 9 0 0 .8 5 4 90.514o 1.724o 0.8115
0.514o 1.6900 0.7638
0.514o 1.6 3 3 0 0.68690.5140 1.5 7 8 0 0.6262

122/N Pi 2 Q1 2
B+1 2

7.6740 0.0000 0.0000
7.4491 0.0817 0 .0 4 2 6
7 .3 0 8 0 0.151 5 0.081 9
7 .172 4 0.1865 0 .1028
7 .0 9 4 7 0.2393 0.13597. 0402 0.320! 0.1905
7.0361 0 .3903 0. 2424
7.1 231 0 .4 8 6 6 0.3214
7.21 56 0 .5563 0.3852

NR22 Q1o Q20
B—1 1
1.3031 0 .7021 0.7120
1 .3 4 4 9 0 .6824 0.701 21 .3 7 7 6 0.6679 0.6870
1 . 4091 0.6601 0 .6 7 9 3
1 .4 3 6 0 0 .6 4 6 8 0.6677
1 .4 7 3 9 0 .6256 0 .6 4 6 8
1 .5 0 9 9 0.6047 0.6261
1 . 5656 0. 5717 0.59321.6273 0.5437 0.5652

-CQR1 0 -CQR20 ROO/N
B-11 B-11 b-7

1.2671 1 .3031 8 .3 9 2 4
1 .2 2 3 7 1.2890 8.2103
1 .2032 1 .2 6 7 4 8.1037
1 .2 0 3 4 1.2676 8.1433
1 .1 7 7 7 1 .2 4 5 6 8.1165
1 .1341 1.1 995 8.0035
1 .0 8 8 9 1.1 517 8.0384
1 .0 1 3 5 1.071 9 8 .3684
0.9561 1 .0 1 12 8 .8 4 8 6



Ammonium Nitrate
c m

4*0000 5.0062605* oooo 6.6831 50
6*oooo 8.61 0800

Sqrt S 111/N
xl 0 8+1 2

20*0000 7.4759
22*3607 7.387324.4949 7.2367

Sqrt S NR11
xl 0 B-11

20*0000 1.6560
22*3607 1 .7659
24*4949 1.9038

Sqrt S 4110
xio b-9

20*0000 2.0707
22*3607 2.1678
24*4949 2.31 02

--CONTINUED-— -
Eqv Cond t +

7 6 .9 7 0.514o
70.09 0.514o
6 3 .3 6 0.514o

112/N 122/N
b+1 2 B+1 2

3.2268 7 .2 4 4 4
3.5180 7 .1 7 6 5
3.7390 7.0 4 6 2

-NR12 NR 22
B-11 b-1 1

0.7376 1 .7 0 8 9
0.8657 1 .8 1 7 8
1 . 01 02 1 .955 3

-R20 -CCR1 0
b-9 B-1 1

2.1 900 0.9184
2. 2927 0.9003
2 .4 4 3 3 0.8936

d(v)b5 1 +s®-cdlnQai
1 .5 2 4 0 0.5809
1 .4 7 2 0 0.5500
1. 421 0 0 .5 2 7 0

F1 2 Q12

0.6098 0 .4 3 8 5
0 .6 5 1 7 0 .4 8 3 2
0 .6 8 7 5 0.5236

Q10 Q20

0 .5 1 9 2 0.5405
0 .4 9 7 8 0.5189
0 .4 7 7 6 0 .4 9 8 4

-C0R20 ROO/N
B-1 1 b-7

0 .9713 9.6065
0.9521 1 0 .7 4 0 4
0 .9 4 5 0 1 2 .2 8 9 8



Table-Aig
Potassium Nitrate

c IT) Eqv Cond t-f- D (v) io5 1 +irKdlnGana
0 .0 0 0 0  
0 . 001 0 
0 .0 0 5 0  
0.01 00 
0 . 0200 
0 .0 5 0 0  
0 .1 0 0 0

0 .0 0 0 0 0 0  
0 .001 003 
0 .00501 6 
0 .0 1 0 0 3 3  
0 ,020074 
0 .0 5 0 2 4 4  
0.1 00683

1 44. 92 
1 41 .8 0
138.44
135-73
132.37
126.27120.36

0 .5 0 7 2  
0 .5 0 7 6  
0.508I 
0.5084
0 .5 0 8 7  
0 .5 0 9 3  
0 .5 1 0 3

1 .9230 
1.3990 
1 .3660 
1 .3460 
1 .8240
1 .7 4 7 0  
1 .5 0 3 0

1.0000 
0 .9322 
0. 9630 
0. 9494
0. 9320 
0 .Q006
0 .8 6 7 4

Sqrt S 
Xl 0

11 1 /N 
20-1-1 2

11 2/IT 
10+1 2

1 0 0  At 
10-I-I 2

E1 2 Q1 2

0.0000 
0 .3 1 6 2  
0.7071 
1.0000 
1.4142 
2.2361
3-1623

7 .3 9 3 0
7-323 9
7- 7471 
7 .6 9 1 3
7 .6 2 6 5  
7 .4 3 0 5
6.8614

0.0000 
0.0934
0.1 923
0.2773
0.39450.5236
0.2643

7-6688 
7. 5024 
7- 5062 
7-4463 
7-3792 
7-1 782 
6.5951

0.0000 
0.023 9 
0.0492 
0.0707 
0.0999 
0.1338 
0.0753

0.0000 
0.01 21
0.0252 
O.O366 
O.O526 
0.071 7 
0.0394

Sqrt S HR 11 -HR 1 2 HE 22 Q1 0 0:20
xl 0 io-11 io-1 1 10—1 1
0.0000 1.2670 0.0000 1 .3040 0.7020 0.7122
0.3162 1 .2733 0.01 57 1.3173 0.6974 0.7082
0.7071 1.2916 0.0331 1-3331 0.6923 0.7039
1.0000 1.301 9 0.0485 1.3448 0.6880 0.7001
1.4142 1 .3148 0.0703 1 .3539 0.681 9 0.6945
2.2361 1 .3528 0.0987 1 .4003 0.6745 0.6881
3.1623 1.4597 0.0586 1.51 36 0.6856 0.7004

Sqrt S -R1 0 -R20 -C0R1 0 -CQH20 ROO/N
xio io-9 30-9 .o-11 10-11 io-7
0.0000 2.2394 2.3563 1.2670 1.3040 8.3947
0.31 62 2.231 4 2.351 3 1.2626 1 .301 6 8.371 3
0.7071 2.2743 2.3492 1-2535 1 .3000 8.3553
1.0000 2.2655 2.3429 1.2534 1 .2963 3.3296
1.4142 2.2504 2.3301 1.2446 1 .2836 8.2821
2.2361 2.2703 2.3563 1 .2541 1.3016 8.3755
3.1623 2.5414 2.6483 1.4011 1.4600 9.4137



Potasslum Bromide
Table-A20

c m Eqv Cond t+ D (v )w5 1 +rriXdlnGam'
0 .0 0 0 0 0.000000 161.80 0 .4 8 4 7 2 .0 1 6 0 1 .0000
0.0500 0.050233 135 .44 0.4831 1.8920 0.9222
0.1000 0.100633 1 3 U 1 9 0 .4 8 3 3 1.8740 O.9O86
0 .2 0 0 0 0 .2 01 938 126 .59 0.4841 1.8700 0.8991
0.5000 0.510440 120.35 0 .4 8 4 5 1.8850 0 .8 9 9 9
1 .0000 1.040030 115 .44 0 .4 8 5 0 1 .9750 0 .9 2 1 3
2 .0 0 0 0 2.163340 109 .37 0.4900 2.1230 0.9876
3.0000 3 .385 510 103.55 0.4900 2 .2 3 0 0 1 .6654

Sqrt S 111/N 112/M 122/N F 12 Q12
Xio 13+1 2 13+12 13+12
0.0000 7 .3 9 6 7 0 .0 0 0 0 8.3956 o .o o o o 0.0000
2.2361 7 .5 3 3 2 0 .5 0 5 8 8.0249 0 .1 2 2 2 0.0651
3.1623 7 .4 5 1 4 0 .6 4 1 7 7.9220 0 .1 5 4 2 0 .0 8 3 5
4.4721 7 .3 8 1 5 0 .7 9 9 7 7 .8 1 3 8 0 .1 9 0 6 0.1053
7.0711 7 .2 5 9 3 0.9968 7.6600 0 .2 3 5 9 0 .1 3 3 7
10.0000 7.2405 1 .2273 7 .6 1 2 4 0.2838 0.1653
14.1421 7 .1 5 6 4 1.4006 7 .3 9 1 3 0.3230 0.1926
17.3205 6.9869 1 .5374 7 .2 0 9 3 0 .3 5 6 2 0.2166

Sqrt S NR11 -MR 12 MR 2 2 Q10 Q20
X10 io~ 11 13“ 11 13-11
0.0000 1.2664 0.0000 1.1911 0 .7 1 7 9 0 .6 9 6 2
2.2361 1.3331 0 .0 8 4 0 1 .2514 0 .6 9 5 9 0 .6 7 1 3
3.1623 1 .3515 0.1095 1.2712 0.6891 0 .6 6 4 6
4.4721 1 .3699 0 .1 4 0 2 1 .2941 0.6805 0.6570
7.0711 1.4026 0.1825 1 .3292 0.6696 0 .6 4 6 5

10 .0000 1 .4199 0.2289 1 .3505 0.6572 0 .6 3 4 7
14.1421 1 .4512 0.2750 1.4051 0 .6 4 2 9 0.6278
17.3205 1 .5017 0.3202 1 .4554 0 .6 3 3 4 0.6182

Sqrt S -R10 -R20 -C0R10 -C0R20 ROO/N
x 10 13“ 9 13“ 9 io-11 13-1 1 io-7
0.0000 2 .2 8 8 3 2.1523 1 .2664 1.1911 8.0242
2.2361 2.2607 2.1129 1.2491 1.1674 7.9156
3.1623 2 .2 5 1 7 2.1062 1.2420 1 .1617 7.9OO8
4.4721 2 .2 3 7 4 2.0995 1.2297 1 .1539 7.8904
7.0711 2 .2 4 3 9 2.1089 1.2201 1 .1467 8.0053

10 .0000 2 .2 315 2.1015 1.1910 1 .1216 8 .1 1 8 4
14.1421 2 .2 9 2 2 2.2023 1 .1762 1.1301 8 .7 5 8 8
17.3205 2 .4 0 1 9 2.3077 1.1815 1.1351 9.5747



Table—4-21

Potassium Iodide
c m Eqv Cond t + D (v) b5 1 +nixdlnGai

0,0000 0.000000 1 5 0 .3 8 0 ,4 8 9 2 1.9990 1 .0000
0,0100 0.010034 1 4 2 .1 8 0 .488 4 1.9290 0 .9 5 5 90,0500 0,050262 134.97 0 .4 8 8 2 1.8910 0 .9 2 7 4
0,1 000 0,100756 131.11 0 .4883 1.8650 0.9172
0,2000 0,202456 126.89 0 .4 8 8 7 1.8590 0.9123
0,5000 0,513380 1 2 1 .5 3 0.4 goo 1.9550 0.9210
1,0000 t.052310 11 7.61 o»4 900 2.0650 0. 9541
2,0000 2 ,21 673 0 112.30 0.4900 2.2540 1 .04333,0000 3,515720 1 0 6 .4 7 0.4900 2 .4 4 0 0 1 .1 1 4 6

Sqrt S 111/N 11 2/N 122/N Pi 2 Q12
xl 0 104-12 B+1 2 B+1 2
0,0000 7 .8974 0.0000 8.2 4 6 2 0.0000 0.0000
1,0000 7.7130 0 .2 5 5 0 8.0672 0.0626 0.0323
2.2361 7.5679 0.4910 7.9100 0.1194 0.0635
3-1623 7.4590 0.5831 7 .7 8 8 5 0 .1 4 2 2 0.0765
4.4721 7.3650 0 .7 0 4 9 7 .6 7 3 0 0.1715 0.0938
7- 0711 7 .4 1 6 8 1.0185 7.6780 0 .2 3 7 9 0.1350

10.0000 7 .3 9 8 5 1 .2091 7.6511 0.2770 0.1607
14.1421 7 .2 5 3 7 1 .3 4 3 7 7 .4 9 4 9 0 .3084 0.1822
17-3205 7 .1 6 1 2 1.5581 7 .3 8 9 9 0.3528 0.2142

Sqrt S NR11 -NR12 NR 22 Q10 Q20 '
xl 0 3-11 B-11 B-1 1
0.0000 1.2662 0.0000 1.21 27 0.7147 0 .6 9 9 4
1.0000 1 .2 9 7 9 0.0410 1 .2 4 0 9 0 .7 0 3 9 0 .6 8 7 2
2.2361 1 .3 2 6 7 0.0823 1 .269 3 0.6928 0 .6 7 5 7
3 .1 6 2 3 1 .3 4 8 6 0.1010 1.291 5 0.6880 0.6709
4.4721 1.3698 0.1259 1 .3 1 4 8 0 .6 8 1 4 0 .6 6 4 8
7.0711 1 .3 7 3 3 0.1822 1.3266 0,665I 0.6502

10.0000 1 .3 8 7 5 0.21 93 1 .3 4 1 6 0 .6553 0.6403
14.1421 1 .4 2 6 0 0.2557 1.3801 0 .6 4 7 0 0.631 8
17.3205 1 .4 6 3 5 0.3086 1 .418 3 0 .6344 0.61 92

Sqrt S -Rio -R20 -CffilO -CDR20 ROO/N
xio b-9 8-9 B-11 B-1 1 b-7

0.0000 2.2881 2.1 913 1.2662 1 .2 1 2 7 8.0943
1 .0000 2.271 9 2 .1 6 8 9 1 .2 5 6 9 1.1 999 8.0 2 7 3
2.2361 2 .2 5 3 5 2.1496 1 .2 4 4 4 1 .1 8 7 0 7 .9 7 3 7
3 .1 6 2 3 2 .2 6 4 5 2 .1 6 1 0 1 .2 4 7 6 1 .1 905 8.0329
4.4721 2.2685 2.1 683 1 .2 4 4 0 1 .1890 8.0910
7.0711 2.2032 2.1168 1.1 911 1 .1 4 4 4 7 .9 9 0 9

10.0000 2 .2 1 4 6 2.1278 1.1682 1.1224 8 .2 3 2 0
14.1421 2 .3 3 6 8 2.2451 1 .170 3 1.1244 9 .1 4 8 8
17.3205 2 .4 3 8 4 2.3428 1 .1 5 5 0 1 .1 0 9 7 1 0 .0 9 3 9



Table-A22
Sodium Iodide

G in Eqv C ond t  + E (v) io5 1 +nKdlnGa
0,0000 
0. 01 00 
o,0500 
0.1 000 
0 .2 0 0 0  
0.5000 
1 .0000

0.000000 
0.01 0033
0.050231 
0.1 00633 
0.201 973 
0.51 0501 
1.041 080

126.94
11 9.24 
112.79
1 08. 73
1 04. 93
93.33
92.53

0.3 947 
0.3332 
0.3350 
0.3837 
0.3327
0.3828
0.3 840

1 ,61 60
1#5700
1.5270 
1.5200 
1 -5320 
1 .5800 
1 .6620

1,0000 
0.9565
0 . 93 20 
0. 9283 
0. 93 90
0.9890 
1.0787

Sqrt S 
xl 0

111 /N 
10+1 2

11 2/N 
10+1 2

122/N 
io+1 2

E1 2 Q1 2

0.0000 
1 .0000 
2. 2361
3.1 623 
4.4721 
7.0711

10.0000

5.3836 
5.2403 
5.1 004 
5.02I1 
4.9423 
4.7773
4.5732

0.0000 
0.2693 
0.4366 
0.5383 
0.6273
0.7146
0.7571

8.2543 
8.1 043 
7.8366 
7.7335 
7.5374 
7-2659 
6. 8733

0. 0000 
0.0313 
0.1321 
o.i 631
0. i 906 
0.221 8 
0.2436

0.0000
0.0413
0,0688 
0.0864 
0.1 024
0.1 213 
0.1350

Sqrt S 
xl 0

NR11
10-11

-NR1 2 
10-1 1

NR 22 
10-11

Q10 Q20

0.0000 
1 .0000  
2.2361 
3.1623 
4.4721 
7.0711 
1 0.0000

1.8575 
1 .9114
1.9700 
2.0066 
2.0443 
2.1242 
2.2272

' 0.0000 
0.0635
0.1091
0.1 3 96 
0.1 691
0.2089
0.2451

1.211 4
1.23 60
1 ,2740 
1 .301 9
1.3320 
1 -3963 
1.4307

0.7780 
0.7691 
0.7622 
0.7573 
0.7525 0. 746o 
, 0.7404

0.6233 
0.6068 
0.5933 
0.5853 
0.5730 
0.5706 
0.5661

Sqrt S 
xl 0

-R1 0
io-9

-R20
io-9

-coil 0 
10-1 1

-CdRPO 
10-11

ROO/N
io-7

0 .0 0 0 0
1 .0 0 0 0  
2.2361
3.1  623 
4.4721  
7.0711

10.0000

3.3565
3 .3 3 9 9
3.36793.39+7 
3.41 25
3 .5 2 2 9
3.7174

2.1  890 
2.11  92
2.1 084
2.1073
2.1156
2.1  850 
2 .3 1 7 4

1.8575
1.8479
1.8609 
1 .8670
1 . 8758 
1 - 91 53 
1 .9321

1 .2 1 1 4
1 .1 725 
1 .1 650
1.1 624
1 .1 629
1.1 879 
1 .2 3 5 6

10.0208 
9.8671 
9.9111
9. 9564 

10.0572 
10.4937 
1 1.3183



Tat>le-A23
STBTtSt KKViATn:

c m Eqv C end t  + D (v )r 3  -I r c ii XnG'!

0 . oooo 0 .0 0 0 0 0 0 1 3 5 .3 2 0 .4 6 4 8 1 .7 6 8 0 1*0000
0.001 0 0.001  C03 I 3 0 . 4.5 0 .464 4 1 .7 3 8 0 0 . 931 7
0 . ol 00 0 .0 1 0 0 3 2 124 .3 3 0 .4 6 4 8 1 . 6 SG0 0 . 9475
0*0500  ■ 0.050221 11 5.1 6 0.4677; 1 .6 2 3 0 r\ <■> .V.):: V 1 c U./ - J
o/< coo 0.1  GOO 32 1 057 05 0.46G4 1 0 8 8 0 0 . 867?’
0*2000 0.201  770 1 01 .73 0 .4 7 0 2 1 .3 7 3 0 0 .£28 3
0 ,5 0 0 0 0 .5 0 1 0 7 9 8 9 .4 8 0 ,4 7 6 9 1*4280 0 . 72C7
1 * 0000 1 .03462  9 7 7 .3 2 0 .4 8 8 6 1 .2 6 9 0 o . 6160
1 .5 0 0 0 1 . 57S2 91 7 0 .0 5 0 .5 0 0 2 1 J 3 2 0 0 .5 3 5 2

Sqrt S 111 /K it  2/rc 122/ 1? Pi 2 Q.12
x i o »+l 2 B+1 2 iiH-1 2

0 e0000 6 .6 5 3 0 0 .0 0 0 0 7*6733 0 .0 0 0 0 0 .0 0 0 0
0 .3 1 6 2 6 .5 3 3 5 0.0851 7«59'S 4 0 .0 2 3 8 o .o l  20
1 „ 0000 6 .4 3 3 3 0 .2 5 8 4 7*4338 OeO?1 Q 0 .0 3 7 2
2.2361 6 .344 4 0 .5 6 4 7 7 J 5 3 3 0 .1 3 5 0 0 .0 8 3 8
3 i 1623 6 . 2611 0 .7 7 5 2 7 . 0 0 1 3 0,21  00 O .H Ti
4.4721 6.2741 1 .1 3 6 8 6 * 3253 0*2946 0.1  725
7.0711 6 .1 3 5 5 1 .5524 6 * 5 7 9 5 0 .3  830 0 .244 3

1 0 .0 0 0 0 6 .1 5 3 2 2 .064 3 6*3440 0 ,4 9 8 8 0 .3 3 0 4
1 2 .2 4 7 4 6 . 1 i 7 * 2 .3 5 3 0 6 . 1 14o O.3550 0 .3 8 4 9

Sq rt S Nil 11 »NRl 2 NR 22 Q,lo 0.20
x i o B-11 B"°11 }0~1 1

0 * 0000 1.5031 0 .0 0 0 0 1 *3029 0 ,7 3 1 9 0 .6 8 1 4
0 .3 1 6 2 1.51  68 0 .0 1 7 0 1.31  75 0 .7 2 7 7 0.6771
1 .0 0 0 0 1 .5 4 3 0 0 .0 5 3 6 1 *3471 0.71 87 0.6681
2.2361 ■? r : p r?q  ' « J  6 • ( 0 0 .1253 1 .4 0 7 8 0 .7 0 0 3 0 ,6 5 2 5
3 .1 6 2 3 1.61 54 0 .1753 1,4481 6876 o .6 4 o 6
4 ;  4721 1 . 6427 0 .2 6 5 6 1 ,4882 0 .6 6 5 5 0 .6 2 0 5
7.0711 1 .7 3 3 3 0 .4 0 9 0 1.61 64 0 .6 3 2 2 0 .5 9 6 9

1 0 .0 0 0 0 1 .8 2 4 3 0 .5 9 3 6 1 ;? 6 s4 0 ,5 8 7 4 0 .5 6 9 8
1 2 .2 4 7 4 1 • 91 91 0 .7 3 8 8 1 .9 2 0 0 0 .5 544 0 .5 5 4 7

S q rt S -R1 0 -R20 -CGR1 0 •£Cn20 ROO/N
x i o k>-*9 13-1 1 »“11 » - 7

0 .0 0 0 0 2 .7 1 5 7 2 ,3 5 4 0 1 ,5031 1 .3 0 2 9 9 .1  595
0 .3 1 6 2 2.71  CO 2 .3 4 9 8 1 ,4 9 9 8 1 0 3 00 5 9 .1423
1 .0 0 0 0 2 .6 9 1 7 2 .3 3 7 6 1 ,4834 1 .2 934 9 . o8<j4
2.2361 2 .6 4 5 5 2 .3 2 0 7 1 ,4 6 2 0 1 .2 8 2 5 8 .9 8 6 0
3i1 623 2. Co 5-4 2 . 259 I 1 .4401 1 .2 6 8 9 8 .8541
4.4721 2.4055 2 .2 1 4 7 1 .3731 1 .2 1 8 6 8 .5 6 0 5
7.0711 2 .4 2  92 2 .2 1 4 6 1 ,3244 1 .2 0 7 4 8 .5 1 7 7

1 0 .0 0 0 0 2 .2 9 3 9 2,1  916 1 .2 3 0 7 1 .1 7 5 3 8 0 6 0 5
1 2 .2 4 7 4 2 .2 3 7 2 2 .2 3 9 0 1 ,1 803 1.1 81 2 8 .4 8 4 7



SliPPP vr 3"PCATP COO•Y* TY- '! "•'V''. . . W  0 C a C r t-> c>
c m .‘Cqv C co*.d t *i* D (v} 43 1•P.P:1 j.qCA

2,. COCO 0<2,u* *41 6 5 9 69,07 0,5916 1.0130 0,*1
2,25000 r*\ 7'20504 rA- -.27 0.6223 0, 01 80 f\V.‘ c:9:209
3 * 0000 * />34511 55- 20 0,5827 0. 8300 Ov5? r ? *' i *’4 oooo 4 c O263 9 0 48.57 0,5513 0,71 00 0.31 7'1
5.0000 6.03 53 6? 00t> r .-C . 0.5663 0,6270 0,.2370
6.0000 7 K€ ■C0735 27 O 'T'o...JO* (Y. 0.580'i 0,564o 0.■ 2?1 5
7.0000 9' 0G73 92 34.26 0,5552 0.51 60 0..26358,0000 11 O 7' ''OV̂' eP 31.25 Oc 605f0 0,4870 0,2781
9„ oooo 13 <p .J1 5200 28,07 0,6222 0,4550 0,.2095

Sqrt S 111 /N H  2/N ■ 122/N Pi 2 Q8 2
xio 2 io-H 2 1 AG 2

14 J  421 6,0901 2,5697 5, 9305 0,5901 0.•!2?~6
1 5,8114 6 •- ̂ 7 r-.fis s 5 2,7871 5. 8280 0,6370 0.’io'fO
17.3205 6.1 780 8.0: yr 5,7903 0,671 7 0,5049
20,0000 6.1 O'i 3 3,2260 5.5666 0.7143 0.5.535
22.3607 5. 89:53 3.2066 5.2798 0.7413 0.5O55
24.4049 5.58 90 3.1772 4 c o r* 2l p * 7 o~ O3 Go6057
26.4-575 5, 21 50 0  r\or\niJ * ̂  J  2..,) h  r. 0  ‘-’CO 92 >-S 0,7735 0*Ocr. j 9
28.2843 4 pM<yr:> 2.80G7 4.1 q 1 4 0,7780 0.62 Oo
30,0000 4.4070 2,5312 3.6 702 Qo ?613 0.0254

Sqrt S NRl *1 *°NK1 2 Nil 22 Q10 Q.20
xio 10-11 1D*“1 1 10-8 1

14.1421 2. 00 gij. 0,0707 2 0 u68 5 0,5261 Go5438
15.0114 2,uS25 1#uuu7 2.1 944 0.4992 Oe5330
17.32^5 2.1725 1 ,’1330 2.8 * 80 0.4/28 0 . 521 8
20.000u 2.3628 1.3693 2 • 5 900 u . 4 3 4 4 G o 5097
22.3607 2.5811 1 „ 5970 2.8821 0.4067 0 . 5025
24,4949 2 . 8255 1 e U ' r . j 4 3.2078 0.3859 0 . 5004
26.4575 3.135-9 2,1 U22 3.6153 0.3667 Oo4983
28.2843 3 .4097 2.31 81 3 0 9964 0,3552 0 . 5u44
30.oooo 3 .7 5 7 6 2.5915 4.511 9 0.3424 0.5146

Sqrt S -R1 0 -R20 -ca«i 0 -cm 20 ROO/N
X10 »-9 b-9 M—1 1 1G“1 1 »-7

14.1421 2 .1  967 2.301 0 1 J387 1 ,1 92 O 8 .6 7 6 5
1 5. ©i 1 H 2.1451 2 .3 4 5 3 1 .uQl 8 1,1 937 8,8223
1 7 .3 2 0 5 2.0811 2.3724 1 ,0394 1.1 84 9 80 91 65
20.0000 2.0700 2.5434 0.9935 1 ,2207 9.61 24
2 2 .3 6 0 7 2.1402 2,7945 Oc9842 I ,2851 1 0,7306
2 4 .4  9-59 2.2809 3 J 5 1 1 1,0021 1 .3844 12.363 9
2 6 .4 5 7 5 2.4803 3«6‘i Go 1 ,0377 1 e5l'32 14,5730
2 8 .2 8 4 3 2 .7 4 9 9 4,2278 1.0 916 1 .6723 17.5776
30.0000 3.1077 5*11 81 1 J  661 1 . 9204 21 .9 2 2 2



Table-A24
Aimnonlum Ch l e r i d e

c ra Eqv C ond t-f D (v) :o5 1 +nxd InCti
0.0000 
0.1 000 
0.2000

0.
0.
0.
,000000 
,1 00660 
,200246

1 4g. 90 
1 28.80 
1 23.30

0.4907 
0.4907 
0.4911

1 . 9940 
1 .8330 
1 .8360

1.OOOO
0.9053
0.8934

Sqrt S 
xl o

111 /N 
10-1-1 2

11 2/N 
j.o-l-1 2

122/N 
:o+1 2

FI 2 Ql 2

0.oooo 
3.1623 
4. 4721

7. 8936 
7.4261 
7.3520

0.OOOO
0.63 81 
0. 8223

8.1 930 
7.6834 
7 .5 8 8 7

0.0000 
0.1558 
0.1 984

0.0000
0.0(345
0.11 01

Sqrt S 
xl 0

NR11 
10-11

-NR12 
jo-1 1

NR 22 
io-11

Q1 0 Q20

0.0000
3.1623
4.4721

1.2660 
1.3563 
1.3769

0.0000 
0.1126
0.1492

1 .21 98
1 .31 09 
1 .3339

0.71370. 6334 
0.6736

0.7005
0.66970.6604

Sqrt S 
xl 0

-R1 0
io-9

-tf20
io-9

-CCR1 0 
io-11

-C 0R20 
io~1 1

ROO/N
10-7

0.0000 
3.1 623 
4.4721

2.2877 
2.2552 
2.21 44

2.2042
2.1723
2.1369

1.2660 
1.2436 
1.2277

1 .21 98 
1 .1 932 
1.1 847

8.1169
8. 0293 
7.8435



Table~A25

Ph os ph or ic Ac id
c ra Eqv Gone! t + D(v)io5 1+irKd InGa iia

0.0000 0.000000 383.36 0. 8950 1.9200 1.0000
0.01 00 0.00990,3 223.00 0.9010 1.1650 0.8383
0.1 000 0.100725 104.05 0.9100 0. 9440 0.6823
0.5000 0.5133^7 64.71 0. 91 00 0.8530 0.4825
1 .0000 1.051657 60.1 5 0, 91 60 0. 8300 0.4831
2.0000 2. .21 361 h 53.31 0. 9240 0.3130 0. 6461
3.oooo 3.506731 54.07 0.9280 0.8030 0.81 74
4.oooo 957217-1- 48. 95 0. 9300 0.7970 0.9654
5.0000 6.599709 43.52 0.9320 0.7830 1.091 6

Sqrt S 111 /N
x 1 0 10+I 2

0 .0 0 0 0 3 6 . 8966
1 .oooo 2 2 .0 8 6 9
3.1623 1 2 .0 4 4 8
7 . 0711 9 .3212

1 0 . oooo 8 . 8504
14.1 421 7* 8850
1 7 .3 2 0 5 6 .9 8 2 6
2 0 .0 0 0 0 6.21  23
2 2 .3 6 0 7 5 .5 0 6 9

Sqrt S NR11
x 1 0 io-1 1

0 .0 0 0 0 0.271  0
1 , oooo 0 .4 5 4 6
3*1 623 0 .9 2 3 9
7 . 0711 1,461 6

1 0 .0 0 0 0 1 .5 6 8 5
14.1 421 1.61 95
1 7 .3 2 0 5 1 .7482
20 .0 0 0 0 1 .9 3 1 5
2 2 .3 6 0 7 2.1 71 4

Sqrt S -R1 0
x 1 0 10-9

0 .0 0 0 0 0 .4 8 9 7
1.oooo 0 .6744
3.1  623 0.5852
7,0711 0.4663

10.0000 0.4641
14.1421 0. 5970
17 .3 2 0 5 0.7651
20.0000 0. 9385
2 2 .3 6 0 7 1 .1 176

112/N 122/N
jo+1 2 10+1 2

0.0000 4.3273
0.507 6 2.8787
1 .8755 2. 8813
2. 9968 3.6223
2.9329 3.4756
2.0984 2.5743
1 .593 5 2 . 011 71 .3230 1.6910
1.1506 1 .4685

-NRl 2 NR 2 2
io-11 io-11

0.0000 2.3109
0.0802 3.4880
0.6014 3.8621
1.2092 3.7611
1.3236 3.9942
1 .3201 4.9606
1.3848 6,0680
1.5112 7. 0960
1.7014 8.1430

-R20 -CdRlO
10-9 10-11

4.1752 0.2710
6.13 7 9 0.3744
5. 91 69 0.3225
4.7200 0.2524
5.0605 0.2449
7.2583 0.2994
9# 361 3 0.3634

12.4637 0.4204
15.3175 0.4700

FI 2 Q1 2

0.0000 0.0000
0.1920 0.0637
0.6720 0.31 34
o.84o4 0.5157
0.8551 0.5288
0.3267 0.4657
0.6042 0.4252
0.7945 o.4oS2
0.7953 0.4046

Q10 Q20

0.3240 0 . 9461
0.2856 0 . 93 32
0.1772 0.8765
0.1247 0.7858
0.1145 0.7826
0.1185 0.8235
0.1223 0.8463
0.1234 0.8555
0.1213 0.8586

-0DR20 ROO/N
io-1 1 10-7

2.3109 3.4282
3.4073 12.2696
3.28o3 11.7934
2.551 9 9.5934
2.6706 10.4636
3.6405 15.6638
4.683 2 22.3 7 31
5.5343 29.9332
6.4416 39*0310



c m Eqv Cosid fc + D (v ) b5 1 +nKdlnGii
6.0000 8.479367
7.0000 10.667479
8.0000 13 .240649  

10.0000 19.976029 1 2.0000 30.310685

3 8 .0 7  
32. 7 9  
2 7 .7 8  
1 8 .3 9  
11.81

0. 9360
0. 9420
0.9500 
0. 9740 
1.014o

0.7590 
0.7250 
0.6800 
0.6260 
0.3830

1 .2 0 4 8  
1 .3 1 6 7  
1 .4 4 3 7  
1 .8 7 9 3  
3 .1 5 9 9

Sqrfc S 
xio lll/N 

©■/•I 2
112/N 
ia-l-12

12 2/N 
nH*1 2

F1 2 Q12

2 4.49-49 
26 .4 5 7 5  
2 3.28*1-3 
3 1.6228 
3 4 .6 4 1 0

4. 8529  
4 .2 3 5 7  
3 .6 4 2 8  
2 .5 9 5 6  
1.548?

1 .0 2 5 8
0.9182 
0.808*1 
0.6205 
0.2625

1 .2 8 7 5  
1 .122 5  
0.9 5 7 5  
0 .6733  
0.244?

0.8072 
0.8268 
0.8508 
0 .9235  
1 .0 7 3 7

0 .4 1 0 4  
0.4211 
0 .4 3 2 8  
0 .4 6 9 3  
0 .4 2 6 4

Sqrfc S 
x io

NR11
8-“11

-NR12 
10-1 1 Ml 22 

10-1 1
Q10 Q20

24.4949 26.4575 
28.2843  
31.6228 
3 4.6*110

2 .4 7 8 0
2 .8 6 9 3
3 .3 7 8 0
4.9391
7 .8 9 1 9

1. 9743 
2 .3 4 7 6
2.8517
4.5521
3 .4 6 4 6

9 .3402
10.8292 
1 2 .8 5 0 9  
1 9.0484  
4 9 .9 3 9 7

0.11410.10270. 0383 0.0451 
-0.0319

0 .8 5 9 2  
0 .8 5 8 9  
0 .8 5 9 3  0. 8610 
0 .9 1 7 7

Sqrfc S 
x1 0 -Rio

b- 9
-R20
b-9

-CCB10 
10—11

■ecu 20 
10-1 1

ROO/N
»-7

24.494926.4575
28 .2 843  31.6228 
3 4 .6 4 1 0

1 .282 3
1 .4 3 3 7
1 .5 6 9 2
1 .3 9 2 6
-2 .6 0 5 7

1 8 .7 5 3 0  
2 3 .2 8 4 8  
29 .8 1 4 0  
52 .1674  

188.7 2 7 9

0.5036 
0.5222 
0.5263 
0.3870 
-0.5726

7 .3 6 5 9
8 .4 8 1 5
9 .9992  

1 4 .4 9 6 2  
41.4751

51.0033 67.8609 
93 .5 7 2 9  

1 92.7451  8*16.9288



Table-A26
Sodium Sulfate

G m ISqv Cond t+ D(v)io5 1+mXdlnGaroa/dri

0 .0 0 0 0 0 .000000 129 .90 0 .3 8 6 0 1 .2300 1 .0000
0 .0 0 3 0 0 .00 300 9 116.01 0 .3 8 5 6 1 .1470 0 .9 0 9 3
0 .0 0 5 0 O.OO5OI5 112 .44 0 .3 8 4 8 1 .1230 0 .8 9 0 2

Sqrt S 111/M 112/N 122/N F 12 Q12
Xio io+12 10+ 12 10+12

0 .0 0 0 0 5 .3 8 6 7 0 .0 0 0 0 2 .1 4 1 9 0 .0 0 0 0 0 .0 0 0 0
0 .9 4 8 7 5.2451 0 .2 2 0 3 2 .0 240 0 .2 5 9 8 0 .0 6 7 6
1 .2 247 5 .1 8 0 9 0 .2 6 7 0 1 .9908 0 .3 1 4 8 0 .0831

Sqrt S NR 11 -NR 12 NR22 Q10 Q20 '
X10 10-1 1 13-11 10“ 11

0 .0 0 0 0 1 .8564 0 .0 0 0 0 4 .6 6 8 7 0 .7 8 3 6 0 .6 2 1 3
0 .9 4 8 7 1.9153 0 .2 0 8 5 4 .963 5 0 .7 6 2 2 0 .5 9 4 3
1 .2247 1 .9436 0 .2 6 0 7 5 .058 0 0 .7 5 7 6 0 .5 875

Sqrt S -RIO -R20 -COR10 -C0R20 ROQ/N
Xio 13-9 13-9 io~ 11 io- 1 1 ■ 10-7

0 .0 0 0 0 3 .3 5 4 5 4 .2 1 8 2 1 .8564 2 .3 3 4 4 9 .8 7 2 8
0 .9 4 8 7 3 .2 7 2 4 4 .1 0 7 5 1.8111 2 .2 7 3 2 9 .6 2 3 9
1 .2 2 4 7 3 .2 7 6 4 4 .0 9 8 7 1.8133 2 .2 6 8 3 9.6231



Table-A27 4 p nI 8 i
P otass ium 3u If a t e

c rn Eqv Cond
0.0000
0.0100
0.0250
0.0500
0.1000
0.2500

0.000000
0.010033
0.025100
0.056233
0.100653
0.253140

153,53 
127.50 
117*75
109.25 101.15
89 «»6o

Sqrt S 
x10

111/N 
13+1 2

112/N
io+12

0.0000
U7321
2.7336
3,8730
5.4772
8.6603

7.8923
7.3796
7.3049
7.0888
7.0075
6.6299

0.0000
0.3705
0.5730
0.6755
0.8367
0.9530

Sqrt S
X10

NR 11 
10-11

-HR 12
io-11

0.0000
1.7321
2.7386
3.8730
5.4772
8.6603

1.2671 
1.3681
1.4020
1.4619 
I.5109
1.6404

0.0000
0.2601
0.4210
0.53770.7020
0.9189

Sqrt S
X10

-RIO
»-9

-R20
10-9

0.0000
1.7321
2.7386
3.8730
5.4772
8.6603

2.2896
2.2378
2.1551
2.1593
2.1031
2.1542

4.2065
4.21154.0917
4.1328
4.0575
4.1544

t+ D(v)io5 1+mxdlnGar
0.4788
0.4848
0.48700.4890
■0.4910
0.4909

1.5290 
1.3300 
1.2820 
1.2280 
1.1840
1.0850

1.0000 
0.8596 
0.8008 
0.7711 
0.7256 
0.6769

122/N
13+1 2

FI 2 Q12

2.1479 
1.9490 
1.9084 
1.8367 
1.8008 
1.7013

0.0000
0.3561
0.5324
0.6309
0.7627
0.8842

0.0000
0.0977
0.1535
0.1872
0.2356
0.2837

NR 2 2 
10“ 11

Q10 Q20

4.6558 
5«1803 
5*3663 
5.6422 
5o8794 
6.3927

0.7219
0.6828 
0.6603
0.6458
0.6251
0.6054

0.69190.6604
0.6408
0.6291
0.6113
0.5914

-COR10 
io~11

-C0R20 
io-11

ROQ/N
io-7

1.2671 
1.2381 
1,1915 
1.1931 
1.1598 
1.1810

2.3279
2.3301
2.2622
2.2834
2.2377
2.2775

7,9378
7,8507
7,5982
7.6481
7.4921
7,7186

i



Sulfuric Ac id
c m Eqv Cond

0 .0 0 0 0 0 .0 0 0 0 0 0 4 2 9 .8 0
0 .0 5 0 0 0 .0 5 0 2 1 5 2 9 0 .0 0
0 .1  000 0 .1 0 0 6 0 5 2 5 5 .0 0
0 .5 0 0 0 0 .5 1 0 3 2 0 21 4 .0 0
1 .0 0 0 0 1 .0 4 0 3 3 0 1 99 .8 0
2 .0 0 0 0 2 .1 6 9 0 2 0 166 . 0 0
3 .0 0 0 0 3 .4 0 5 3 3 0 1 3 2 .8 0
4 .0 0 0 0 4 .7 7 2 2 0 0 1 0 2 .8 0
5 .0 0 0 0 6 .3 0 4 2 2 0 7 8 .4 0

Sqrt S H1/N 11 2/N
x i o B+1 2 B+1 2

0 .0 0 0 0 3 7 .5 6 3 6 0 .0 0 0 0
3 .8 7 3 0 28. 5267 1 .5 0 9 0
5 .4 7 7 2 26.0521 1 .8 1 0 9

1 2 .2 4 7 4 2 2 .2 7 7 8 1 .7 5 0 0
1 7 .3 2 0 5 20 .3 8 7 4 1 .5351
2 4 .4 9 4 9 16 .3 6 3 2 1 .1 3 0 4
3 0 .0 0 0 0 12.8291 0 .923 4
3 4 .6 4 1 0 10 .0 6 6 4 0 .8984
3 8 .7 2 9 8 7.4861 0 .7034

Sqrt S NR11 -NR12
x i o 10-1 1 D-1 1

0 .0 0 0 0 0 .2 6 6 2 0 .0 0 0 0
3 .8 7 3 0 0 .3 6 4 0 0 .2 5 3 8
5 .4 7 7 2 0 .4 0 7 3 0 .3 4 4 3

12 .2 4 7 4 0 .4 8 3 4 0 .4391
1 7 .3 2 0 5 0.5241 0 .4 4 6 2
2 4 .4 9 4 9 0 .6 4 4 8 0 .4 8 7 0
3 0 .0 0 0 0 0.8221 0 .5 9 2 2
3 4 .6 4 1 0 1 .0 6 8 4 0 .8 4 0 5
3 8 .7 2 9 8 1 .4 3 7 2 1 .0 7 9 0

Sqrt S -RIO -R20
x i o b-9 b-9

0 .0 0 0 0 0.4811 4 .2 0 5 8
3 .8 7 3 0 0 .4 2 8 9 3 .8 8 1 5
5 .4 7 7 2 0 .4 2 7 0 3 .8 6 4 6

1 2 .2 4 7 4 0.4851 4 .3 3 1 4
1 7 .3 2 0 5 0.5641 4 .7 1 7 2
2 4 .4 9 4 9 0 .7 8 4 0 5 .934 5
3 0 .0 0 0 0 1 .0 7 5 6 7 .201  9
3 4 .6 4 1 0 1.3931 8 .3 1 4 0
3 8 .7 2 9 8 2 .0 3 9 0 10 .5913

t + D(v ) b5 1 +m><d InCa na/d

0 .8 1 3 8 2 .6 0 0 0 1 .0 0 0 0
0 .81 90 1 . 854o o . 6566
0.81 90 1 .8 2 8 0 o .6 4 o o
0.81 ?o 1.81 80 0 .7 0 4 9
0 .8 0 7 0 1 .9 6 8 0 0 .8 2 5 4
o . 7910 2 .2 6 4 0 1 .1691
0 .7 7 0 0 2 .5 9 0 0 1 .5 9 3 0
0 .7 4 9 0 2 .7 9 8 0 1 .9432
0 .7 2 2 0 2 .8 9 8 0 2.51 68

122/N F12 Q1 2
B+1 2

2 .1 4 8 2 0 .0 0 0 0 0 .0 0 0 0
2 .1 6 3 8 0 .7 9 0 5 0.1 921
2 .1 4 4 7 0 .9 4 3 0 0 .2 4 2 3
1 .9 2 6 5 1 .0 0 9 2 0 .2671
1 .8 0 2  9 0 . 9576 0 .2 5 3 2
1 .4 9 6 7 0 .8 5 8 2 0 .2 2 8 4
1.281 8 0 .8 4 4 7 0 .2 2 7 7
1 .1 4 2 0 0 .9 2 8 0 0 .2 6 5 0
0 .9 3 6 9 0 .9 0 8 5 0 .2 6 5 6

NR 22 Q10 Q20
B-11

4 .6 5 5 0 0 .4 3 1 5 0 .9021
4 .7 9 8 4 0 .3 4 3 4 0 .8 5 5 8
4 .953 3 0 .3 2 3 4 0 . 8397
5 .5896 0 .3 1 6 0 0 .8 2  98

5 . 9264 0 .3 3 2 9 0 .8 2 7 9
7 .0 4 8 9 0 .3 6 0 7 0 .8 2 5 7
8 .2 2 8 2 0 .3 8 3 6 0.811 9
9.41 76 0 .3 9 0 2 0 .7 8 4 4

11 .4 8 3 6 0 .4 1 6 7 0 .7 6 5 7

-C0R1 0 -CCR20 ROO/N
»-11 B—1 1 B—7

0 .2 6 6 2 2 .3 2 7 5 4 .6 6 9 2
0.2371 2 . I 454 4 .2 8 7 3
0 .2 3 5 6 2 .132 3 4.2761
0 .2 6 3 8 2 .3 5 5 7 4 .8 7 4 0
0 .3 0 1 0 2 .5 1 7 0 5 .4 7 7 5
0 .4013 3 .0 3 7 5 7 .3 2 9 0
0 .5 2 6 0 3.521 9 9.5631
0 .6 4 8 2 3 . 8683 1 1 .9 2 8 7
0 .8 9 7 7 4 .6 6 2 9 1 6 .6601



Table-A29
Copper Sulfate
c m Eqv Cond t/+ D(v)»5 1 +mxdlnGai

0.0000 0.000000 13306O 0.4030 0.8540 1.00000.0010 0.001003 108.30 0.3990 0.7860 0.8060
0.0100 0.010028 72.25 0.3905 0.6810 0.6260
0.0500 0.050138 50.58 0.3740 0.5920 0.5150
0.1000 0.100275 43.60 0.3602 0.5630 0.4680
0.2000 0.20O566 38-20 0.3390 0.5340 0.4420
0.3500 0.351120 32.20 0.3110 0.5050 0.4340
0.5000 0.501925 29.00 0.3040 0.4820 0.4-340

S q r t  S 
X10

0.0000
0.6325
2.0000
4.4721
6.3246
8.9443
11.8322
14.1421

S q r t  S Xio
0.0000
0.63252.0000
4.4721
6.3246
8.9443 11 .8322
14.1421

111/N
13+12
1.4439 
1.4465 
1.3930 
1.3493 
1.3652 
1.3363 
1.2572 
1.1920

NR 11
10“ 11

6.9257 
7.1115 
8.5408 
10.7435 
11.9160 
13.3355
15.6115 
17.1674

112 /N  
10+12

0.0000
0.2862
0.6354
0.8414
0.9435
0.9886
0.9883
0.9553

-HR 12
io-11

0.0000
1.0008
2.9855
5.3438
6.6426
7.9106
9.7404
10.9536

1 2 2 /N
13+12

2.1398 
2.0338 
1.8178
1.6915 
1.6925 
1.6666 
1.5840 
1.4973

HR22

4.6733
5.0576
6.5447
8.5698
9.6115

10 .6928
12.3905
13.6677

F12

0.0000
1.1640
2.3167
2.9030
3.1105
3.24-55
3.3685
3.4116

Qio

0.7727
0.7186
0.6296
0.5609
0.5321
0.5I850.5090
0.5019

Q12

0.0000 
0.1669
0.3993
0.55690.6207
0.6625
0.7003
0.7151

Q20

0.6347
0.5657
0.4608
0.3752
0.3336
0.2970
0.2579
0.2457

Sqrt S -R10 -R20
X10 13-9 a“9

0.0000 6.2574 4.2223
0.6325 5.5207 3.6652
2.0000 5.0179 3.2149
4.4721 4.8771 2.9138
6.3246 4.7630 2.6815
8.9443 4.9003 2.5131
11.8322 5.3054 2.3947
14.1421 5.6186 2.4541

-COR10 -C0R20 ROO/N
10-1 1 19-11 io-7
3.4629 2.3367 9.4685
3.0554 2.0284 8.2990
2.7776 1.7796 7.4365
2.6998 1.6130 7.0371
2.6367 1.4844 6.7241
2.7124 1.3911 6.6966
2.9356 1.3251 6.9580
3.1069 1.3570 7.2995



Zinc Sulfate

c m Eqv Cond t+ D(v)so5 1 +mxdlnGarea/i
0.0000
0.0010
0.0020
0.0030
0.0030
0.0230
0.0300
0.1000
0.2300

o„ 000000 
0.001003 
0.002006 
0.003009 
0.005015 
0.025070 
0.050135 
0.100260 
0.250665

132.82
108.00
98.75
92.76 
84.91 
60.75 
52.50 
45.00 
36.30

0.3892
0.3865
0.3853
0.3844
0.3830
0.3751
0.3692
0.3610
0.3500

0.8486
0.7480
0.7330
0.7240
0.7050
0.6870
0.6640
0.6310
0.5740

1.0000 
0.8236 
0.7801 
0.7487
0,7053
0.6009
0.5605
0.5138
0.4540

Sqrt S 
xio

111/N
13+12

112/N
l;~r 1 2

122/N
19+12

F12 Q12

0.0000 
0.6323 
0.8944 
1.0934
1.4142
3.1623
4.4721
6.3246
10.0000

1.3961 
1.3492 
1.3413 
1.3433 
1.3425 
1.3826 
1.3869
1.3961 
1.3945

0.0000
0.2284
0.3197
0.3859
0.4694
0.7707
0.8665
0.9599
1.0534

2.1863 
2.0074 
1.9495 
1.9191
1.8760
1.7900
1.75571.7320
1.6869

0.0000 
0.9973 
1.3493 
1.5827 
1.8623
2.6736
2.9009
3.0999
3.3044

0.0000
0.1388
0.19770.2403
0.2957
0.4899
0.5553
0.6173
0.6868

Sqrt S 
xio

NR11
10-11

-NR 12
19-11

NR22
19-11

Q10 Q20

0.0000
0.6323
0.8944
1.0954
1.4142
3.1623
4.4721
6.3246
10.0000

7.1630
7.5576
7.7588
7.9008
8.1625
9.5173
10.4244
11.5730
13.5734

0.0000 
0.8598 
1.2722 
1.5887
2.0422 
4.0978 
5.1448 
6.4139 
8.4758 •

4.5739
5.0793
5.3381
5.5301
5.8413
7.3509
8.2349
9.3285
11.2206

0.7812
0.7374
0.71690.7013
0.6802
0.5965
0.5652
0.53370.4941

0.6243
O.5666
0.5417
0.5234
0.4991
0.4074
0.3722
0.3358
0.2926

Sqrt S 
xio

-RIO
io-9

-R20
19-9

-COR10 
10-11

-C0R20 
10-1 1

RGO/N
io-7

0.0000
0.6325
0.8944 
1.0954 
1.4142
3.1623
4.4721
6.3246
10.0000

6.4718
6.0512
5.85975.7021
5.5289
4.8953
4.7685
4.6591
4.6033

4.1325
3.8122
3.6729
3.5606
3.4320
2.9384
2.7909
2.6321
2.4790

3.5815
3.3489
3.2433
3.1560
3.0602
2.7098
2.6398
2.5795
2.5488

2.2869 
2.1098 
2.0329 
1.9707 
1.8996 
1.6265 
1.5451 
1.4573 
1.3724

9.5810 
8.9111 
8.6114
8.3675
8.0949
7.0760
6.8275
6.5847
6.3963



Table-A31

Cadiiiiura Sulfate
c m Eqv Cond

0.0000 0.000000 118.01
0.0010 0.001003 105.50
0.0050 0.005015 81.90
0.0100 0.010030 70.30
0.0500 0.050164 48.76'0.1000 0.100386 41.70
0.2000 0.201025 34.62
0.2500 0.251445 33.700.5000 0.504750 27.00

Sqrt S 111/N 112/N
X10 ic+12 io+12
0.0000 1o3733 0.0000
0.6325 1.4497 0.3620
1.4142 1.4237 0.57932.0000 1.4145 0.68974.4721 1.3011 0.79856.3246 1.3077 0.8945
8.9443 1.2634 0.9492
10.0000 1.2336 0.9368
14.1421 1.0937 0.8849

Sqrt S NR11 -NR 12
xio 10“ 11 10“ 11
0.0000 7.2817 0.0000
0.6325 702069 1.2382
1.4142 7.9988 2.39592.0000 8.6376 3.2159
4.4721 11.0641 5.5050
6.3246 12.3780 6.9158
8.9443 14.5451 8.8242
10.0000 15o0258 9.1117
14.1421 18.5932 11.7857

Sqrt S -R10 -R20
x io io-9 10-9
0.0000 6.5790 4.4791
0.6325 5.3925 3.3615
1.4142 5.0620 3.1555
2.0000 4.3983 3.0535
4.4721 5.0238 3.1317
6.3246 4.9391 2.8883
8.9443 5.1795 2.6445
10.0000 5.3580 2.6152
14.1421 6.1900 2.5902

t+ D ( v ) w5 1 +mxdlnGama,
0.3984 0.8630 1.0000
0.3840 0.8080 0.78960.3840 0.7500 0.6880
0.3840 0.7140 0.6338
0.3840 0.6000 0 . 546.1
0.3690 0.5600 0.4889
0.3380 0.5100 0.44450.3280 0.4920 0.4367
0.2950 0.4320 0.4207

122/N
io+12

P12 Q12

2.0172 0.0000 0.0000
2.1069 1.4030 0.2071 .
1.9339 2.1075 0.3491
1.8524 2.4281 0.4261
1.6048 2.8823 0.5526
1.6010 3.0973 0.6182
1.5645 3.2810 0.6751
1.5449 3.2979 0.6786
1.3960 3.4177 0.7145

NR 2 2
19-11

Qio Q20

4 .9575 0.7713 0 .6 3 6 4
4.9590 0.7143 0.5368.
508887 0.6569 0 .4 7 7 2
6.5956 0.6218 0 .4 4 3 6
8.9704 0.5563 0.3852
10.1100 0.5277 0.3414
11.7451 0.5103 0.2899
11.9983 0.5143 0.2809
14.6342 0.5081 0.2396

-C0R10 -C0R20 ROO/N
10-11 10“11 io-7
3.6409 2.4787 9.9910
209844 1.8604 7.9088
2.8014 1.7464 7.4241
2.7109 1.6899 7.1840
2.7796 1.7327 7.3702
2.7311 U5971 7007772.8605 1.4605 7.0836
2.9571 1.4433 7.2233
3.4037 1.4242 7.9839



Table-A.32

CADMIUM ICDIDK

c ra Eqv Cond t + D (v ) io5 1 +nx& InGa © / d a
0,0000 0.000000 129. 80 0 .4083 0 .9 1 3 0 1.0000
0. 00*50 0.0050‘i 5 66 .5 4 0 .450 4 0.8760 0.65000, 01 00 0.010032 63.00 0 .4 4 7 7 0.8720 0.5800
0.0250 0.0251 04 55 .0 6 0 .4 1 4 8 0.864o 0 .4 9 5 00.0500 0.050250 4 7 .5 3 0.3208 0.8500 0 .4 3 5 0

Sqrt S 111/N 112/N 122/N F12 Ql 2
xi 0 8+1 2 B+1 2 B+1 2
0.0000 1.1949 0.0000 7.3362 0.0000 0.0000
1 .2 2 4 7 1.2686 0.9278 5.7832 1 .0 2 3 9 0.3425'
1.7321 1.3499 1.1852 6 .1 0 7 4 1 .1 7 2 5 0.4128
2 .7 3 8 6 1 .4 2 7 9 1.6294 6.71 94 1 .3 8 8 4 0.5260
3 .8 7 3 0 1.4451 2.071 5 7.6101 1 .5 7 6 7 0 .6 2 4 6

Sqrt S NR11 -NR12 NR22 Q10 Q20
X1 0 B—1 1 :<1~11 KJ-1 1
0.0000 8.3691 0. 0000 1.3631 0 .7781 0.62 81
1 .2 2 4 7 8 .9 3 0 7 1.4327 1 .9 5 9 0 0.6 1 1 0 0.5345
1.7321 8.9293 1.7328 1 . 9736 0.5813 0.501 2
2 .7 3 8 6 9 .6823 2.3479 2.0576 0.5490 0.4221
3.8730 1 1.3 4 7! 3.0887 2.1 548 0.5563 0 .3015

Sqrt S -RIO -R20 -CCR10 -CCR20 ROO/N
xio b-9 b-9 B—1 1 B—11 b-7

0.0000 7 .5 6 1 5 2.4631 4 .1 8 4 5 1.3631 11.2826
1 .2 2 4 7 5 .4 7 9 7 2 .245 3 3 .0 3 2 6 1.2 4 2 6 9.0077
1.7321 4.9371 2. 001 0 2.7318 1.1072 8.0778
2 .7 3 8 6 4.5102 1 .5 9 8 5 2 .4 9 3 2 0 .8 8 3 6 6.9711
3 .8 7 3 0 4 .6 7 9 9 1 .1052 2 .5 8 4 8 0.6104 6 .2 3 7 5



1
-a.

Appendix 2

For analysis of the experimental data, and where repeated 
calculations were involved we wrote a. few computer programmes 
in Algol language and manipulated then on the computer ICDF9.
A "brief description of these programmes is given below.

The programme 1 analysed the conductance data for theo/psolution of the Fuoss implicit equation in c • while the 
programme 2 solved the data for the dissociation constant,
K , and the ion size parameter, a^, using the Fuoss explicit 
equation. The programme 2 was kindly applied to us by 
Professor R.M.Fuoss. Originally it was in Fortran language 
that we translated it into Algol.

The programme 3 was designed, to analyse data obtained 
from salt diffusion experiments. It calculated concentrations 
of the solutions from measured specific conductances by the 
conductometrie method of analysis and then the cell constant 
and the integral diffusion coefficient.

For the conversion of integral into differential diffusion 
coefficients we needed a programme for the solution of simul
taneous equations. This was applied to us by hr. Pt Koran 
of the department of Astronomy of this university. In this 
programme the simultaneous equations were solved by the method 
of determinants.

The programme 5, used for curve fitting by the method 
of least squares, belonged to Dr. M. Gibson of the computing 
department of this university and was available in the com
puting library. It was particularily used for fitting 4th 
or 5th degree equations between morality and activity coeffi
cients. The coefficients of the fits, thus obtained were
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used in differentiations of the equations to obtain the 
activity term, (l+mdln//dm). This is described in the 
programme 6.

The calculations of the L--coeff icients from the ex
perimental transport data and their subsequent matrix in
version for obtaining the R-coefficients are described in 
the programme 7.

"Sach of the programme starts with a comment heading 
which gives a brief discriotion of calculations and is 
followed by intructions for and a specimen of the data 
input.



]>r25!320oov;ptf-H o3ooS2J?sr->
77777'7 ,Tv:lp, P^oquum calculates function y-/v:.-;xaq3. G o Th£ fuoss ivnirxcol conductance 

equation, in C to tho power 3/2 and thevi fits stra
ight lino totv/een y and sqrt Cganu is fixe degree of dissociation in this progruri) b'-si.i cilia* do wdj ou# o v.-!$ sy sqh^ X$ g# 8o^ sy <>3X27*8x2* sy2^ m, }q z^ ns? xa* za* ckn Sj e; inteaer f,. n 3 i) cpsn(20}? oocn(7o)|

COpytext(2C.n 7 0 , tjj); f;«format{[-nddd*dddc])) 
alfa:-read(,20) ) 1x:taV^ixad(£0}; ~~
ea:-read(20} ) ebuo’cad (20) ) again: ccuyboxtf 20, 70* JyD) 1 :~-=read(20)| grxcoad(20)| 
n:-road(20); aya:~''jY0) sx:-sx2:-0e0)

M o iS  £ £ £ ? £  c * r<°3 fch ye*  gama* d* dc*y[1 :n ])  
f o r  i s t  sfCT) 1 i n  t i l  n  do  b e g i n  
c[T] :*»r*eaa(20 ) j ""a[lT:■ on?7X\ m t  gsj.iaf i]:« 
road (20) ) e[ i  j: -o [  i  Jxqansj i j  * 
d[ i ) : «*d[ 1 ] / garea[ i  1; ro[ 1 ] :s#sqrfc( c[ i. ]}  j 
f g[ i  ]:« c [ i  ]xin (c [ :L ])XO ,4342) 

sx:«*sx + r c [ i ] )  sx2:«* sx2 l  r e [ i ] ? 2 )  end.)
m:^ nXsx2**sxT2) “

r e p e a t:  m e:- sy a ) dd:«1) s :-~alf aXdcHhe ta )  e: . .-.xdd- eb 
sy  : -s x y  o -sy f  :-OcO: fo r  i “r:d_s;ton  1 v 71 n do 
begin y[ 1 ]: - (cl[ i] -aladTxrc [ 1 ]“ exfe[ Yj }/q[1 3 j 
Sy'"77T sy + y[ i]) 
sxy :« sxy + rc[i] X y[ i]_;
sy2 ;ta sy2 + y[i]/r2 end:
x  ;«* (nX sxy-sxX sy )/sn) zT^*( sx2xsy~sx><s>rf )/m) 
sy:« 0.0) for irgl s,ten 1 until n do begin
yc[ i] :*a *icxrc[ 1 7 "

de[ i]:~dd»s Xrc[ :L] +exfe[ i ] t yc[ 1 ]xc[ i]) end)
for i:« 1 stop liyitiln cio ~sy: *»sy + (aTTI- delTTT r2| 
sya:^ sqrt(sy/(n-2)): i f sya<m@ then begin
xa:«x) za:-zj Opto r ep a a tT ei ia e i 3 e
b e g in  w r i t e  t e x t  (70 9 [ [ c3”lTp1BI)A0[ 7 sT^^]T5 

w rlf;e (7 0 .  f 5 1 - g ) )  7
w r i t e  t e x t  (?0 s f SLOFEf )) v i r l t e ( 7 0 : f #x a ) j
w r i t o t  ex t  (70 s t^fTSi 2;f Fi;I 4  s 

v^ri t e  ( / o ^f ^z s ) *  
vrrifcetext (70 ,tJ5S In-ERROR- IN-LAITOD A£4 s j M j . ) 5 
w r i t e (7 0 , f ,  me);

wrifeetoxt(70i_[K2AH*E;®0R*IN*ro'fERCEPT*t-*J[)5for l:«1step 1 until n do 
sy:- sy-f;fyfi ]-xaiĉ rfi]«za)T2) 
syb:«3qrt(sy/(n~2))) './rite(70^f, syb); end) 

end; n:asread(20); if n-1 then goto again) 
close(20)) close(70)’j'"™' ““



Jii  :̂r |l..ij.l.';i-\ u jl'O’x* ‘{trcorrno 1X025520 J. i’ U
l_cc j Name 1 -cc] 5 ~ ’ ......
alfaj beta.? oa? eb; (theoretical parameters)
U c J  Keadingjj:;c]j
ll (approximate equiv* conductivity)
gl (increment in equiv. c enduebivity)
hj no. of increments in g)
n; (no. of setts of 0 ancl equiv. cond.)
C; equiv. cond. ; ga.ma| (n. actual sets of C ' ' equiv* cond.and gaita}

( r-c cS,. cO-̂ v•«.<»- e? <UfvS.fect<*lu5’jf^

1 j or 0 !“** ( 1 j for repeating calculations on
another set? in this case goto 
I ccjHoading[cJ[: or 0;-* for finish)

Specimen input ins tractions

S*JOLOTlf cc];
0.2297; ~6o76’2; 0.531; 20.5251
[2 c]c on due tan c e *d a t a * f o r* *Rb C ifc cj[ Imp i r i c a l  * f 11 *£0 c J[:
153.99; .011) 121 20;

0wCO0 0 > • 145.912; 11
.01000; 145.068; 11
.010311 144.9771 1J
.0130 05 143.9551 1;.01500; 143.300; 11
.017001 142.766; 1012
.01897; 142.234; 1:
.020001 1 41 .9751 1;.030001 139.770; 1!.o4oooi 138.108; 13
.050001 136.790; 11
.05500; 1 36.189; 15
.06330; 135.278; 13
.065001 135.0925 13
.070001 134.592; 1;
.075001 134.146; 1;
.08280; 133.428; 15
.090001 132.872; 13
.100001 132.1301 11
.10000; 132.14-05 1)|->



cjgnmsnt Fucss program f o r  s o lv in g  Fucas e x p l i c i t  
equat :l on and c s. ?, e u lat-1 n g 6. Is c cc is I; I on 
constant* 11a * and the I o.:i nine para nater .> 

&o* from the input data of ecnoentr-at 1 on 
and e-q u iva  le n t  c cad u c t  iv  i t y  1

Specimen d ata  Input In stx -u ctlen s  f a r  d a ta  in p u t

M (means program i s  cn m agnetic t a p s )
DBC101 200KF44-1 Oje&£2«PSU~> (binary program and job  nurl'ocr)

1 5o Is * ja l o t a  [c c  1̂ 
rbc I'M ata [c c  Jj ~

125
78. 54;
. 00 8 9031.

2 98.16;
154.0|
6;

ooBoo; 
*01 000 
010315013 00 j 
01 500) 
0 1 7 0 0 ;  
0 18971 ,02000) 
,03000)
04000) 
0 5 0 0 0 )  

, 0 5 5 0 0 ;

145,912?
I 145.068? 
144.9771 
143.9551 143.300; 
142,766; 
142.234;
141 .9751 
139 770)
13 8.1 08) 
136.750; 
136.1 891 0:

(nans and. h ea d in g )

(no, cT s e t s  of c and equiv,. c o n d .)  
( d i e l e c t r i c  c o n s ta n t  f o r  s o l v e n t )  

( c o e f f i c i e n t  of v i s e  i s  i t y  cf  s o l v e n t )  
(abs o lo t e  to  ipperature)
(apjr  ox in; t ie  v a lu e  cf l i m i t i n g  

e q u iv , c end, )
(approximate v a lu s  of i o n s i r i e ' 
para rca t e r )

(12  s e t s  of c and e q u iv ,  c o n d .)

(0 ;-* f o r  f i n i s h )



i:o 25 5-:a;: ooh p i f o  0622 f st-->

i F ' F t  I f  a o rb t h i s  HrrvT-a iv; onjc ih latos c or.;. n:h:oatic:v*
** or a diVjn/sncn. run I;.," the c endurtorntnie : bhcd cf analysis,, 
calibrates tho coll fee coll capstans */ith a stairdard salt 
and then calculates integral diffusion c cans indent foe* an 
mieno.-7n salt.; 

l n t e ^ c £  I. <,n* 1 , f  .* j  . r  *s % t
rea 1 vukyb ,.ci F C F 3  -04,7 all <-4ui ,4ubu.> m  , 0 ; ■■„oi dx ,uy pabt.wg*m: 
opeii (2 0 )  t  open (TO) • /
c o p o te x b  (20 y^o * j, j  j j  * £  f  o n im t  ( i_ -nd (xd  cddxa. a u e p j
again; n:^ read (20) j x*:« read (20);.......
ba^ln arî rsr a* til :nj 5 P/qH :3] j
real ^alhrdthl C (lc) jvaXptp Iqroal l:;]v-npln 7 ■■ ! st.e InDla* CCJ 
C'O 0*0 '̂ ip r-a than k:̂ In(in} I fell i:-‘1 st;.D 1 petal n.do 
OC :«* CC + &L j. ] xkT (i~if J j rep; sfc :*=6(f; " J.uiida:̂ * o*OJ
for 1 1  chei) 1 tptin n Vi° Junxnu^ J a m u -»• I.!. ijxOO'i (i-'i );
It r«o than uC n-k-'Uiiiia else CC k/!Unn3.a ;
if r^6 than ‘he pin if a ho *(155rp (s t) p (CC) ),A x p (CC))
> 0 o 0 0 0 3 ’ than. 7 0 7 0  K;p end idpF l)anin
i f  a p s  ( ( a t  dJO‘)/CC ) > 0<> 0CO3' 'gidr*. p ; F o  F o p  e n d  5
i l l  thy: 1 t s  c::p(:h ) _;. * ~*~~i -a - : 3  w hep^honin  u;~- 0 *0 $
for j:- ‘i stcn̂  1 unĵ il 3 clo *"rn:»̂  in 1 pi ’jixCOT'( j-1 ) j
1 n; « m<C C $ ” v i g ; «* ip -h bh-7 7/ (VOOO -I-nXP b) j
IB ;»* w gxl 00  0/  (w bx (wx g )) ;
CC:«0*0$ for j:« ‘e stop 1 uqitil 3 do CC u- CC-r q[ (j~1 )j
CC ;r3 rPkkF end|^ ’ vd;~ CC end C $

real trccodrro d ( c); value c ; real c j  hor in
I F  c^roFthon'Ii:«  1 . 9& W z  ̂0* + 97V C oO S xcT 2-39220 . o x cT3
~lf c>c0 F u d  c < J  th e n  d:« U  9590 - 2o4UVixc + 27.33 77‘xcT2 .
i f  c>• 1 and c<"5 then d : »  1,901 75 °0,3637.Cxc + 0.825xcT2

0 , 625> £t3‘;
i f  o> .5  and c < 3 * 9 then d ; -  1 «04273 +0.0003601  Grfxc -fO.01 80942 .
x c t 2 *OeCC2l 74'5xcT§y~<^d d j

f a r  1 1  s t e p  1 1113 7.1 p]o a [ i ]  read (2 0 ) :  
for i:« Fstop 1 ’ F t  11 n’ dp bt i] read (20)•
c :«“reacl (20*) Fif 3 then pg e.ln
wb:~read (2 0 ) j f o r  j ; «  7 s t e F ’i unt i l  3 do  p[ j]  ;ssread (20) 5 

f  or J 1 s t e p  1 u n t i l  3 do  qL j]  :=read (20]; ond;



ki« read (20) ? U3:^C(k)7~   .  , ' - -
s spread (2 0 ) :  i f  ?w«f 5 tilpn ro.^Jn. wx 2«a*cad (20) j wy spread (20.)' end
lc:« read (20} 5 cXk)T ” * ■ . . ~

t :spread (20); 1 reread (20) s Cl r- 03+ (Ct-CCbi/;
cna :» (Cl -SC3)/2j cmb:^ (C2~iCt)/2;
writetoxf f?’0 .  [_ ciffi*** • write (JO* f ? c nr ; .5writetext (.J()s [_crrib*« ; write(70* 17 cnr):writetext { 70/  ̂  c‘l T ); wrxt/(?Qc, f .. C ; )jwritetext(7 0 ft [~C2*« ]"*) $ write (70* £ * C2 7 jwrxtetoxt (?0,, L.,.C3*« I ); write (70* f s C3. / 5. writotoxt f 76/ i, C4 **~] ) • vrr-ito (70* .(% Co ) jwritetext (7 0 , [/Cl Wifce ( rfOs f , C . -C2writetext (70*C.~G3 «c4 write (70* f « 03 -c;4
c l:» (C 1  -* 0 2 ) /(0 3 *C4)£ w r i t e t e x t  (70 ,. [p i -02/03-0*1 **** ]_ ) ;  

w r i t e  (70  0 £ * c i  ) |  
w r i t e t e x t  ( 70* j / o t a x d o  *«• * ]_) |  w rit©  (7 0 ,  £ * In (c i)X jo 5 /t )  j

if 1«7 then hepdn c :** cna; dira:« d (c ) j
writetext (7'0̂ ’l.dla *-■**]_) I write (?X), f * diva), 
c :«cr*to$ dit:- ci (c ) j writetext (70* [clmh*«*]_) ’ 
write (70j? £ rv dmb) |  ̂ ~
di:« (0 naxdna«c nittirno)/(c na~enil} j writetext (70* [doi*»*2.) I 
write (70* £ * di); writerext(70* [ b e t a *]); ~ ~
write{70* f s in (c i)Xio5/ (txdi) ) ; end j 1:« .read (20) j 
If. 1=1 then goto repeat else It l«2~then o.a^in end\ 
close (2U y y  close (70) j ’ ~ end”*- ’ . - -



tfi'acu.i»c*A'  ̂ x. C;.* Qcii.-ci j,i xpuj it*or* r/coarr’̂ p'o 'J- 
l i i  j;C [cc  ] j

nj (nunt.cr cf th e  c o o f f i c i e n t s  c:’ th e  oqn
f i t t e d  between a ) c one g nt r a t i  an as a 

f  une 1 1 on cf s rue I f  i c  c coo v.u t  iv  i t y  and
b) e q u iv* ccon d u ctiv ity  as a f u n c t io n  
cf c o n c e n t r a t i c n )

(r -u  i f  nafcura 1 Icgrilthnu an:: used In  
th e  above e q u a t io n s )

&L i ]; (n c oof f i e  i c n t s  of eon between c one -
e n t r a t io n  and s p e c i f i c  c o n d v c t i v i t y )  

bi i  ] j (n c cof f  ic ic -n ts  cf can between equ iv  •
c onduc biv i t y  and c c n c en tr a t  cn )

Bj (s»0 i f  th e  s o l u t i o n s  are  not d i l u t e d
o th erw ise  s y l  5* I f  s~1 5 thorn a l s o  

punch vra * pli] and qt i] ) 
wa i (m olecu lar  w e ig h t  cf th e  sa  lb }
p[ i ]  j ( c o e f f i c i e n t s  cf oqn b-s tw een r?/c and c )
q l i j j  (c c a f f  i c i e n t s  cf oqn between c /m  and m)

[piHo&d i n g l e ] y  (name of th e  s a l t )

vj volnrre para net or f o r  th e  c e l l  g iv e n  by
(v2-fv3/2)/(v1iv3/2) ) 

s y ( s « 1  5 i f  s o l u t i o n  2 i s  d i l u t e d  o th erw ise
B=*0. If s**1 5 th e n  a l s o  punch v.Jx and wy) 

wx j (w eight of th e  c cn cen tra ted  s o l u t i o n )
wyj (w eight cf th e  d i l u t e  s o l u t i o n  2)

kj ( s p e c i f i c  c o n d u c t iv i t y  cf s o l u t i o n  2)

s l wxj wyj (for* s o l u t i o n  3)
k j (s pec i f  i c  c ond uc t  iv  i t y  of s o lub i  on 3 )

b j wx l wy j ( fa r  s o l u t i o n  4)
kj ( s p e c i f i c  c o n d u c t iv i t y  cf s o l u t i o n  4)

t j  ( t i n s  i n  secon ds f a r  a d i f f u s i o n  run)
l j  (1^7 f o r  c e l l  c a l i b r a t i o n  w ith  KC1

obherw i s  e 1- 0)
1 j (l«1 i f  c a l c u l a t i o n s  are  t o  be done

f o r  an at he d i f f u s i o n  run but w ith  
th e  sane s a l t *  in  t h i s  c a se  g o to  
[ c l  Hoading[_c Jp
~1« 2 i f  c a l c u l a t i o n s  a r e  t o  be done  
f o r  an o th er  e l e c t r o l y t e ,  in  t h i s  c a se  

g o to  n j  
1-0  f o r  f i n i s h )



3 *Ja loba [ 2c I j
4 ,95 91 6; +1,021 52; -K), 0074G811 -0 ,0002^7 66; 
+4.71 746 1 -0,0 6 9^613* -0,00301 €951 4 0,0 0 025^^2
Oj
[c c  ] r m 2 l  «•****. 5/H2Q****k» l* * ce  ll**40rcrr![cc h  
1 13 pil ?
oj O.'oj 0} 33=9771 Oj 20. 558}
1.692»5J 77 2j

- 4 .9 8 5 1  j + 1 . 0 2 2 7  ? +5 . 8 6 5 4  )J~3 5 - 1 .  5 6 7 3  »~4 j 
4 .7 4 1 3 1  - 7 . 085§ » - 2 ; - 3 . 3 0 5 7 » -3 ! +2 . l 576»-4

15 ?  120,92;
1 , 0 0 3 1  ; 0 . 0 3 2 4 } 0 , 0 0 2 6 2 ]

0 .9 9 7 0 }  -0 .0 3 3 1 }  o„0 0 0 4 j 
t cc Jrun *22 *** *4/» 65** ••%,ubsdlu!a<%>h larldeCccJ.:
1 .1 3 8 1}
1 5 ;  11 , ,587}  I 0 7 . . 5 2 I ]  1 0 . 8 5 0 }  
1 5 ;  8 . 5 0 5 : 1 g S „ 7 9 3 ; 2 0 . 61?,}
1 5 J 8 . 66 1 } 1 0 7.7 7 7} 1 6 .4 7 7}
1.6236*6 } 0] 1} .

t c c o c ]r un *23 * *4/1 . 0 * *r ubsd lum*c h lor ide *c e 11 *4 0 *mratc ]_ 
1 « 1 3 81 *
155 8.781 } 1 0 8 . 4 4 4 } 9 . 505 4 }

151 1 2 . 4 9 3 ! 1 0 4 , 5 9 7 ! 29.931 ! 
1 5 ! 1 0 . 1 4 4 ; 97. 1 3 4 ; 21 . 3 9 0 ;

1 . 6 2 io5! 0} Oj-*



EPiudou PM© ;L" a program Ter the solution c •'/ 
linear cqirituas:’y the net hod of deter nlnar-t;,;
(progmI'd available from Dr, K,S„ Ids more)
Instructions for data inpub
raj (nurnber of sets to ha calculated.)
nj n; (numbers for n:n determinant)
1 j (punch as suti)
510-II | (punch as such)

nl 1J n22j' | s 1 | (n1 1 ..... arc th© coeff icdents
of the first per and si is tho 
constant cf the* first rcw) 

n2l l n22| s 2> (as above ’bub fan tho 2nd ra*)

n(nn) -  s (n) ( fo r  the  nth rcstf)
•* - (punch arrow f  or e n d in g  th e

program o th erw ise  g o to  n; n;)

S p e d  non in p u t dscba

2 j
4; 4; 11 5w-11 5
0,211 91 5 0.047Q5* 0,01138; 0.00280; -0 . 1 3 2 6 )
0 . 7 0 3 ^ 5 0.50580; 0.37097; 0.27890; - 0.1  731;
1 J3930; 1 .305S9S 1.50583; 1.74582; -•0 . 0 5 8 6 )
1 ,44511; 2, i  ̂ c o g ; 3.11139; 4 . 631 o 4 ; +0 . 0 3 7 2 )

4; 4; 11 510-11;
0. 211 91 1 0 , 04- (u© 1 0., ol 1 38 ; 0 .0 0 2 8 0 ; -0.1326)
0 . 70350; 0*50585 ; 0.37097; 0.27690; -0 .17 815
0 , 93364; 0 . 89200 : 0 .889851 0 . 85347; -0 .1 2 2 4 )
1 .4 4 5 1 1 ; 2 ,1 1 0 0 3 ; 3 . 1 1 1 3 9 ; 4 . 63104 ; +0 . 0372 )



c ormrrsnt rb Oi'ts o; v.; pvograirv for curve fitting by t he m  t h oi cC le a a t s q uar e s J
•3 0 0
.1  0  d

Spec liven input dale 
M
DDGS2L1 00KP4+1 0300
39 >
51
2 |
125 
-1 J

0,07071 50,1 0000|
0,2236
0.3162
0.4472 
1„0000 
1 ,2 2 4 7  
1,4142 
1.5011  
1 .6 4 3 2  
1 .6941  
1,7321  
1 5 05
5; 55 
1 *1 j

15 0 ;
0} 0} O',

[ ec  ] S *JAL0TA[ c c  1 s q r-t *C0NCN* 
"Vs *  DIFF ERE MT I  a  L *D IFF * 
CCSFFT^PCt? <RfcCl*3bh *BEGREE 
* P IT t c o ] ;

1.99150? 
1 .9 7 3 0  j 1.910? j 
1.87905 
1 .8653, 
1.94501 
•2.0230J 
2.1 000 J 
2.1730J 
2.201 0 |  2.2260} 
2 .2 4 5 0 }

Instruct! cm
(program Isr.r*ograni a m  a no,, gposu noc of data (degree 'of 1 fitted) 
n o . of equa 
n o . of date reads x  am.

:C or; data  input

n uagn otic  ta p e )  
job nuubou) 

ar th an  d cub Is th e  sets of x and y )
1.0 e q u a t io n  t o  be

le n s  t o  be f i t t e d )  
s e t s  cf x and y )  
y i n  p a ir 's )

(12 s e t s  of n and y )

( lea v e  as r :oh)
( le a v e  as su ch )

( two nurl :es as th e  degree  
cf equ: olon )

( i f  1 th e n  oqn i s  f i t t e d  
between r and y  bub i f  4 
th e n  eqn '3 f i t t e d  between  
In x and r i y )  

e as l. ch)
e as s : ch)

(nair^ and loading* put -» a f t e r  j 
i f  no nvcrc- eqn i s  t o  be f i t t e d  
o th erw ise  voto n o , cf d a ta  s e t s  
of x and y )

1 9j -1 ♦>
0.1 | «770j
0.25 *V 83
0,31 *688j
0.4$ ,666|

(data f  or . i t t i n g  second eqn)



1. * 1I "rev:I*a>90 _Q -L
J';D255T;:; Of ■; PtH~1 f g-; Of 6221.3 p.,,..... “  ~.
Imbih fiHlmr fJb:Lc Rmgrar; calculates 1 +],IIn ârra/d Ti

fr o r  5th cp lam p degree f i t  between 
In ii cud la ; hip. ?

•fen 1 hi * .u, k*, u *x * Upĵ  ̂ £*•■ *
inteph'i ^±7' n*  f  «
~op4nT&'0* cjpp'(To); 
a ga i n : g oryt ox a (2 0  , 7 0 .J :1 };

35:«read (20); Crmead (h6 '[jP:^reaci (2 0 ) ;Em;rad (2 0 ) $
F :«=rcad (20);  ̂f ; :P  or rat (L .ss «;d,ddcU'i-i mnd'l ) y. 
w r ite te x t  (70 4 .. Le8s IjiTiltiiVihovL Ch ] DXĤ L- CG ffti c ] ] )  $ 
nspread ^20} |  fc v y ir h i slam l$ u n t i l  n do 
be pin uppccadYho) ? : —

pfT^T, (th>-:2xt)tc i5>l>oc V2*4:02yz 175 i-5>^ocT4 ? 
w rite  ( 7 0 ,1 , ra) j w r ite  (70*f -Jit} j new lin e  (7 0 . 1 } j 

end * nu~read (2 0 )  ̂ I f  n « 1 than g ob o again  j 
c lo S e  (2 0 ) |  c lo s e  ( 7 0 ) ~ — — —

end ->

In stru ction s fo r  data input 

Lc c l  Nape and heading [cc]p
B| C; D; E$ F | . (2nd.,, 3rd* 4th and 5th and 6th

c o e f f ic ie n ts  or the ;3fh degcee 
equation . If  the degree is  lower 

then • put zeros for tho hint c o e f f i c i e n t s )

n }  (n o . of so ts  to  03 ca lcu la te d )
ra$ (n nurdbar cf m o la lit ie s ,  m* a t v-hieh

l-rMiln g&m/dbK is  t o  ho c a lcu la te d )
1 $ CB 0|-> ( 1 fo r  rep ea tin g  tho c a lc u la t io n s ,

in  th is  case goto Ic a ]_ Name and 
heading LGGi* 0 7:> is” f c r  f in is h )

Speclmsn data input

S -JAL0TA[ cc ] lx it cc ]:
- 1 . 0 1 2 4 7 ^ I V. 05577k>~2 1 4,64480»~3 j 3.64775»«41 0,0$ 

5 J.0 5 0 2} .iQOSj .201?} .5088} .71SS}
1J

[c o j r lx s  l[cc]_ : 

-1 . 1722<jb-1 } 9.301  9-3 » -3 J 4.80871  v-3 } 3 . 7 7 0 2 3 o - 4 J 0 . 0 }6}
. 1 eo<S4 } . 2 0 1 9 5 }  . 2 5 2 8 7 }  . 3 0 3 9 6 }  . 5 1 0 1 } . 71895}
0}->



1JL
o.5 S !. f,;<- v. .  ,

oc G 5 - y f . /,»
o.7 $ A. »i,' ' .1. ’• 9
o. 8j .6 1 8;
o.9l .61 o;
1 .0? .6 0 4$
1 «21 .5 9 3!
1 ,4 $
1.6$ .5 2 0!
U S ; .5 r̂-!2.0j .5 7 3!
2 .5 1 .5 2 9!
3 .0 | *5 " 9!
3 .5 ! . 5 7 2;
4 .0! .5 7 7!
1 !
0 ! 55 r » J;
4 $ 1 ! 0!
P! 01 0!
£ cc Iraola Xlty *vs A c t iv i t y  *e o e f f ic  len t *:f  a* *kc l[ c c  ]. 
eqn "is f i t t e d ,  betw een  In m and in £nrmtcc Jj** ~



pnnaK' h  ly 7

‘JX02552 AOOWPUdn 030062JPSP~>
Imp an ccf.;y.;.̂vb This pi'ogrm roads n sets of eoncn,

'...J. j_ ‘-..-j /  C iv - i ls - u  if,y j  o C ; j .  v ' u . u  c c .- . . i^ c iC  c i  v -L c y  j

transport numbers, diffusion coefficients 
and activity term and it then calculates 
Qnsagor L mid ft coefficients and three degrees 
of coupling; mid outputs the results in tabular 
fomj

integer r* rt, t2 s n, zs z1 , z2, f, md, i, BVj 
real T, M* Qj

open(20)|  ̂ DV n -read(20)3 open(DV)?
f format (! middd. ckkid'S ) j copytext(20, X) V , [j ̂ JJ 3 

repeat: H:*froad(20)j rreread(20)| f;-read(20 )T 
again 2 copy text (20 c DV, JjjJs

M:«road (20) 3 r1 s^readf 20) j r2 :**read(20) j
z 1 : -read (20) 2 z2 j -urea d (20;3 r:~r1 +r2 3

z : thread (20 ) 3 n : -read (20) 3 rad: -read (20) 3 
login array e« d, m s. ti $ Ida , P, 111 , 122, 112 , R11 ,

2, K10, 1120, R00, 112, x, y, act [1 :n];
for i:«= 1 steP t until n do herein 
cT:C] n~read(20dV ~ 111 IT J «reac(2 0' J? lda[ 13:-read (20) 3 
tt [ i ]: -read (20) 3 D[ 1 ]: “read (20) 3 act[ i ]: -road (20)
end 3
qT^I 0 T8xTo<TXrXr*1 X%1J 
for i n- 1 s ten 1 until n do login 
xtT] :«D[ iJ/CqXacbCTD™ Y[iTnmxSlT]/(t 000XFT2 ) j ‘ 
if md ** 3 then rn[ 1] :« d[i] else 
iS[ i]:«c[ i77(d[ i3*"0o001 Xc[ 1 ]>v'0X
111 [ i ]: «y ( i 3 Xt1 [ i 3 T2/z 1 T2+r1 T2Xx[ i 3 5 
if c[ 13-0.0 toon I12[i]:«0.0 else 
liri 2[ i ]:«y [ i 3 X (1 -11 [ i3 )7*{£T><z2) + r1 Xr2>0;[ i ] 3
122[ i] :-yj i]x(l ~t1 f i 1 )T2/z2T2+r2T2xx( i]3 
x[ i] :»111 [ i1x122f 1}-M 2[ 1]t2|
R11[i3:«*l22[i]/x[i];
R12[ i] 11 2[ i]/x[ i 31 PI 2[ i] :«-R1 2[ i3xy[ i] 3
R22[ i 3:**111 [ i ]/x [ i 31 ,
if md » 3 then login if c[i] « 0.0 then x[l] :~0.0l807/z
“ Ise x[i]^T”icT;o 1 W , 1 7 / {  1000 x z inn"!}) prd

e l s e  x [ l  j :« 1 0 .01 5/ ( z x {10OOXd[ i ]«*i-iXc[ i ] ) ) 3

-3 O ei 0 y

JI10[ i  ] : « -  (rTxOTl [ i  
R20[ i  J :« -  ( rt XR12 [ i  
R 0 0 [ i ]  : « - f r 1 x R 1 0 [ i ‘

-fr2xR1 2[ i  ] )x>:[ i  3 3
+r2Xl\22[ i ] )Xx[ i ] 3 7
+r2xR20 [ i ] ) >-cx( i ] end3 t e s t ( o )3

w r lte te x t (D V > £  [J 1 s k J J S s M T s  ]Sqv*Condf6s 3t*K 3s ]0(v)]o3r s 1
1 -2-mXci3riOai:ia/dra[ 2c ]““! )T *“ ' *

tor i :«1 s t e p  1 u n t i l  n do homln ““ ™
sp ace  (DV^TXr ~~ —
w rite (D V , f* c [ i ]

w r i t e  (DV, foi^nat( I ndd. dddddcl 3 ) ,  m[ i  ])  3 
w rite  (DV, form at {]. -ssndddcda)) ,  I d a f i ] ) ;

VJr»-t i\r~(V>\T _ f* _ f -i 1 \w r i t e  (IV , f ,  t1 ["£]) 3 
f .  D [ i ] ) 3wr i  t  e (DV 5 .., „ L ̂  i f} 

w r i t e  (DV, f ,  a c t [ i ] ) j  nevrline(DV, 1)3 end 3



f o r  1 1 c top 1 lu it ig. n do b e g in

space(DV, 5 ) j
write(DV, f, lOXsqrt( z x  cf1] x  ( z1 “ 22 )/2) ): 
write (DV, f, Hill] X *12 ); 
writo(DV, f, I12ni;:a12 )', 
write(DV« f, 122[ 2 )}
write (DV, f, F12[i])j 
write (DV, £, I12(ij/ sqrt( 111 [ i]xi22[ i] ) ); 
newline (DV, 1 )} endj

writetoxt( DV, f [2c931Sqrt*S( Ha ltBJt1 [6s1~tIK12(5a] 
NR22[7sT Q10’l'Ts lQ2o to 1 0 s  ]Xf<3t631»-11“  “  

I 7 s j » “ i i “  I 5 s i > - r i f 2 c i  I  7 ; “ ""
fo r  i  :« 1 s t o p  1 u n t i l  n do b e g in

sp a ce (D V ,5 ) ,
w r ite (D V , f ,  t o x  s c r t (  z X c [ i ]  x  ( z t - z 2 ) / 2  ) )j 

w rito (D V , f ,  );
w r i t e  (DV, f, -R12[ i lx jo -1 1 ); 

w r i t e  (W e f ,  R22[ i ] x H~11 ) j 
w r i t e  (DV, f, -HI 0[ 1 ] / s q r t (  R11 [ i]xROO[ i ]  ) ); 

w rite (D V , f ,  -R20[ i] /sq r fc (R 22[ i]xROO[ i ] ) ); 
new line(D V , 1 )j end;

writetext( DV, [ [2c9s13qrt*S[4 s]-H1 0[ 6s]
~R2 0 [ 6s ]-C 0R1 0 [ ^sT-CDa20[ 4s iRuO/lff c1 Os ]

X Io[7s  Jw*- 9 j J 7 j i o - l  1 1 J J te jp -7 [2 c I  )$

for is« 1 step 1 until n do “begin

sp a ce (D V ,5 ) j
write (DV, f, 10X sqrt( zx c[i] X (z1~z2 ) / 2  ) )j 
write (DV, f, ~v>-9xR1 o[ i] )j /#wrlte(DV, -»-9XR20[t] )
'■ write (DV, * f, -^-1 r xHtO[ i J/(zX x[ 1 ]) )*, " 1 . ....

write (DV* f, -J0-11 X R20[i]/ (zxxfi]) );
write (DV, f, 2;00[ i ] X?,*i ** 7 )j ncv/lirie(DV, 1 ); 

end end: n :*=rcad(20)<Ti~'Di « \ "then goto again else if n=2 then goto repeat^ 
close(20 )j closc(DV)j



-I o o
Specimen Data Input for Programme 7 “ r,; L;

'JO I
S * ja Ic rr.i;-C i2 * '

y^\ 9-i ?. -' f> % r:: «•t.. -; J« ? j <?
[p6c 93 ■L 1?uVic1:).. uki* Oh Ic:/3.d(d[2cJ: •
Ton r 0» u v <; c 1 ? c > 1 ; +11 - 3 ' 1 r  1 0 ; ...-• j

0*001 0 e000-K)S 15>t„167 0*50 1̂5; 1:8. 05I ; 0000;
0 *1 0 ; 0 ,100{oi; 132.11 *»• 0*50325 1 ,► 8791 0«3923 5
o e2 !5.; 0*252 (.1 r? „' / 3 125.*! 5 e

j} 0P501 95 1,7 T £ 0 .6790;

0*501 0 *5101 O ; 120,36 9 0 *5002; 1 ,Pr7f\ « ? k )  I U  $ 0 *8764;
0 *7 0 ; O o 71 o:'* 73 & 117.77 «•

O c ■H992j 1 .P'J3 «» ‘s'y-J > 0 *8796;
1.00 § 1 ..0:5. î A 1 1 5 , ;‘0;. o. '! 9731 1 ,• - 0 ,3375;
1 * 5 0 ; 1 ,0 ■ Kyi') • ■? 1 •?■,. op * \ e.’ l- 0.0 y * 2 ,.02*11 o„ 910**5
2; 0 0 ; 0c„e1 56'!■OS 109.3 '*€».Sf 0 ,J: r.![(.T « *+ vO<s 2 ,,1 001 '•-/ 09381 5
2 * .50 j 2 *ry t-r \ h I .S'' ~0 ; 106*67 c 0*4531 5 2 <«! 1*5*3 *l3 ) 0 .97005
3 .0 0 ; 3 .J) f < w.)0 ; 103.97 <> 0*4 Vi 9; 2,• 2X 5 .? * t-OO5053.00; 3.37*30* 103.971 0.4919 
1;
t p &  53 lr\3l;dd l\y-"chlcr-:!do[ 2c. ]:[ p6c 53 IrutsWluni Vchlcr-:!dol 2c. ] :
12 0 * 52 ; 1 ; 15 11 ~ i i  1 91' 31

c % c c v><» 0 . 00000; 1 5-4.16 ; 0 , 5 0 4 5 ; O g Q l̂ * ' &0 0 0 0 ;
0 .1 0 5 0.1  0064; 132.11  ; o« 5032 ,; 1 2706 ’ «■ • f s 2 0 , 8 9 2 3 ;
0 .251 0 .2  52 Syj 125 .451 0 . 50I 91 1 pr:/i * 0 * 8790 ;

0 .5 0 1 0 . 5101 01 1 20 .3 6 1 0 . 5002 ; 1 .8 7 0 1 0 * 876*1;

0 .7 0 1 0.71  0951 1 1 7 . 77j 0 .45921 1 .898? 0 . 8796 ;
1 .001 1; 03 834; 1 1 5 .2 3 1 0 , 4 9 7 8 ; 1 ,9 4 4 1 0 , 8885 j
1 .5 0 1 1 .5 854 01 11 2 .0 5 ; 0 , 4 9 6 0 ; 2 ,0 2 4 ; o . 9* o 4 ;
2 .0 0 1 2.1 564-01 1 0 9 , 3 4 ; 0 ,49451 2 .1 0 0 ; 0. 9381 ;
3 .0 0 1 3 .37 130 1 103 .971 0.491  91 2.2451 1 . 0050 ;
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