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GENERAL INTRODUCTION




earliest days has been to study the thermadynanie arn

transport properties of electrolyte solutions, Host of this

effort for understanding the behaviour of electrolytes has

peen devoted to solutions containing water, solvent in general,

in large excess. This is ;@izﬁy pecause there are successful
wpirical, sem ~empirical, and tmwmi

desc

.ong £or

ibing the properties of electrolytes in the éilute region.
an the sther hand, the attempt to interpret properties of
&ﬁﬁt@iﬁe sslutions at concentrations far from the very

@ilute region has not been very mmmah The major handie
eap in interpreting the properties of electralyte salutions
_at higher concentrations is due to the lack of a feasible ,
analytical expression in this region to acesunt guantitatively
Ai,%r tﬁg electrslyte property. cmtmm effarts have been

- g@iﬁg an to overcome the above difficulty in extending

 ptudies on electrolyte properties to eoncentrated solutions
and the importance of this kind of study has m highlighted
very recently by mem.i

among the equilibrium and noneequilibrium properties
of slectralytes, their transport properties are relatively
more difficult to deal with and have provided a most challen-

3l research.



Cad

tn the present work our main interest is o shtalin an exprew

ssion for describing guantitatively the MWiw of

gransport properties, viscosity and conductanes in particular,

af electrolyte solutions in the

dilute to saturatisn point. nefore presenting the actual
study made 1t would be worthwhile to review the existing
models available for describing the viscosities and conductan—
ces of electrolyte solutions and - . molten salt systems.

ce of viscosity, 1 is the ©
ariginally developed for dilute suspensions based on the
cal principles of hydrodynamics and is of the form

N o= N, (142.58) {0=1)

where v Ais the viscosity of the pure salvent and © is the
volume fraction of one litre solution occupied by the solute.
& can be written as o=0g,, where 8, and ¢ are the molar

and molar concentration of the saslute, rospect
herefore, Bq{O=-1) becomes

n = 7, (1+8e) (0=2)



ween the adjacent layers of an electralyte sslution. They

] sed that the electrical forces between ions in the
golutisn tend to  establish and maintaln a preferred
ment and thus to ‘stiffen*® the solution rherchy 03

expression of the form

n= ﬂoﬁhmm} {0=3)

where A is a positive constant and depends on the gslvent
roperties, lonic charges, lonic mobilities, and temperature.
. wg (Ow3) was found to be applicable anly uptd a very low
ically this
equation was of little use in calculating the visec

entration of electrslytes ({ 0.01) and praet

The most widely used equation for deacribing the
,, ence of viscosity in the dilute region
45 the empirical equation of Jones and sle? which is
essentially a hybrid equation of Bgs e:a-zim {0=3) and
it 1s of the form

=M, [’i&miﬂ + B0 7 {Om=d)



effect on the solution and the 8 values are faound to be

The Jones-Dole equation is genera

apta a few tenths of molar poansentratinne, Hodified Jonese

et W‘%im by including higher terms of ¢ have been
ried.>*® mowever, no nev interpretive information has been

‘mﬁm tmﬁifsa; W@%&a& W@g@ﬁ 5 interpret
ehe viscosity data in the dilute region is of vand.’ vand's

solute particles distorte tw ﬁm lines @& £iow of the
solvent and it is generally wﬁtm as

n(n /7 ) = ¥e/ (1=qe) (0=5)



4

wre ¥ and g are constant parameters. ¢ is proposed t:

the hydrodynamic interaction parameter. several alternative
Wawimﬁ“;{’ which are essentially based osn Vand's equate
isn have also been used for describing the viscous behaviour
af electrolyte sslutions, Vand's type equations have been
£aund to be successful in describing the concen

e of viscosity at higher concentral
t¢he theoretical concept based on which vand's equation was

derived cannot be expect

rhase higher concenw
trations due t> the fact that in eoncentrated solutions

im the solvent medium (amount of solvent is comparative
jess). Consequently, the reason for the applicability of
 vand's equation in the concentrated solutions must be of a
‘digferent theoretical origin.

There are a few more other empirical ex ations’ls1?
which have been employed to describe the visesus behaviour
of concentrated solutisns., Suryanarayana and Venkate

reported that an empirical equation of the type

n,. A’ m@éﬁ’xg,} (O )

Jequately describes the variation of electrolyte viscosity
{Omb),

at the high concentration range. In I




t’ and B’ are empirical constants,’l, represents the ratis
ﬁ" the viscosity of the solution at a given eoncentration

4 [ £2 that at saturation at the same temperature, and X, is

.  ghe ratio of the mole fraction of the solute at a gim
scentratisn to that at saturation at the same temperature.

] Temperature dependence of viscoslty has alss been
. widely studied. wNormally, at higher temperatures the
temperature dependence of viscosity is explainable by the

ndradel® or Arrhenius type equation

N e A exp (8 fﬂ {O=7)

where A” and B” are constant parameters. T is the absolute
 gemperature. Bq (0=7) was ésrim& theoretically using the
absa>lute rate theory a;symh and the equation so obtained

ia of the form
M= (NhAY) exp (BG /RT) ~ (0=8)
where h is the glmk*?a constant, N Avogadeo's wnumber, V the |

molar volume of the hole in the 1icuid, Ac” the molar free
rergy of activation for creating this hole in the liquid,

and » the gas constant.




§m to explain the concentration dep
's.;m halides in the range 1-10 molal.

electralytes whose viscosity-temperature dependence
ng which is true im@ all electralytic syste

The widely used expression for describing the
 electrical conductivity of electrslytes in the dilute region
is the famous square-rast law of Kohlrausch. The thesretical

acesunt of this square-rnot law was first given by Debye anéd
uekell?® by employing basically the concept of srimitive model
in which aguenus solutions of eimnle salts wore considered as a
1 hard spheres in a continuocus dielectric

ium, the solvent water. The square-rsot law is written as

A=A\, = se¥/? {(0=9)




. '~ iitgm‘/\c the molar conductance at infinite dilution,
ids upon the viscosity

{relaxa=

€ strophoretic effect) and dielectric
n effect) of the solvent. S is generally known as the
dting-law slope. |

The range of validity of uq (0=9) was extended by

~ MMwu margin by introducing the ionwsizZe parameter,
'a®, ints both the electrophoretic and relaxation parts of
the €2 - This extension was done by several
1mmaig*% and the modified conductance egquation for non=
. associating electralytes is of the form

A = /\o'ﬁ—&m + Felne + Be {O=10)

3 ‘similar t> S, the ¥ and B, parameters are also dependent :
. yiscosity and dlelectric constant of the solvent, The

. modified eonductance equation for associating electrolytes
is of the form

A =A< )2 4 B« )0l e) + Bald @) = Kylie)E

{O=11)

where X is the degree of dissociation, £ the tivity coeffi-
ecient, and L the equilibrium constant for the association.




. in spite of the impr
uare=-root law of the conductance, the range of validity of
4 (0-10) or (0-11) has been found o be still confined to
me dilute region.

In the concentratad region no theoretical expressi
yet available to interpret the conductance data. The
~only smpirical expression which has made sume
4 a describing the conductance data of concentrated electro-

. igtie solutions is of wishaw and stokes®!. This eguation is of

A =1 /q} LiAm<e¥? aepe¥? 7 (0=12)
m the parameters < and P depend upon the viseosity and ;

&ielectric constant of the solvent as well as on the tempera-
ture and concentration of the salution, 1though, theoretical

available, a qualitative explanation has been proposec
according to which the multiplication of the theoretic

term inside the square-bracket of ¥q (O=12) by the reciprocal
of the relative solution viscosity might be accounting for
the ionesolvent interaction which gmtﬁmim sionificantly

to the conductance of the electrolytic solution at higher

eoncentrations.



x sl £or Transport Prope -ties of Molten Salts

sf viscosity

: pormally, the temperature dependence
- 3 eonductance »f fused salts at higher temperatures is
nd t> be Arrhenius and is explainable by g {(0=8)
od on the transition state theory. Vhen the temperature

f%iar electrolytes alsa) that there is always a © hange

iwm arrhenius type temperature dependence of transport
property to a non=Arrhenius type dependence. Several theo=
 retical miﬁz%n have been advanced to account £or the

npon-Arrhenius temperature dependence of transport property.

Among the various expressions the kui«-f?'
equation>® has been extensively employed for describing the
noneArrhenius behaviour of transport praperties, The VTF

, matiw iz of the form

Y(A,B) = Ay exp /o8 WO By (=13}
where Y refers to either conductance, A or £ludity (#=1/n).

Ags By, and T, are the three constant parameters. T. is a
significant parameter known as ideal glass transition



s& from the AdameCibbs configurational entropy model.??

<sibhe model

As we have based sur study on the Adam
‘, A}, it would be wortlwhile t5 review this theory here.

_ i m and Cibbs viewed that at low temperatures tm transport
bgmﬁ:y af a liguid is determined by the probabilities of
i“‘Waﬁva rearrangements, In order t5 evaluate these

. g¢ransitisn probabilities, Adam and Gibbs defined a cooperati-
: wely rearranging region as a sub=gystem of t:m w}s@ which,
apan a sufficient fluctuation in energy, can rearrange into
 another configuration independently of its environment.
eonsidering the probability of a cooperative rearrangement
in a fixed subsystem as a function of its size, the
W&a&im& far the average transition probablility, w 7Y,
was obtained as

GOy = A exp f=Af s:jk‘? Sas (0=14)
where & is a frequency factor, Al the free energy barrier

per amzse of particles hindering the gw&t&% rearranges

ment, 8 me eritical esnfigurational entropy which a

ﬁ




£ Por obtaining the VTF equation from pg{Owl14}), one
gates T, to the temperature at which the na

Y S, ¥m$, S, may tm be evaluated as

ﬁg P g?' Aizg éin T {0=15)
ere AC, is the difference between the liguid and glass
': heat capacities. On assuming Aﬁ-p as constant, Tu{O=15)

8, =AC, 1n(T/Ts) (0-16)

2n the light of this result and realizing that the transport
erty, ¥ {A.#B), 18 mm&:mal to (T}, BEgll=14)

where %ﬁ and g.i ﬁ*ﬁ;AF /k A§:p} are ﬁ“ﬁﬁth sarancters
semperatures T not too far above Te. it may be showr
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hich on substitution into Tg (0-17) gives the VTP eguation.

pend of Heat Capacity

As mentioned above q (O-17) has been derived from

ameGibhs mxﬁ with the assumption that the configura~

m&é is always found to show an intricate de

mature. acesunting £or the temperature deoends

~ in mq (0=-14) is essential for sbtaining an improved Adame
 @¢ibbs equation for the transport property of liguids or
g;ams, Therefore, it would be relevant to yveview here the
 mature of the dependence shown bg heat capacity on tempera-

The thermodynamic relation between the two heat
gapacity terms, f":F{ at constant pressure) .and C {at constant

 gslume), is given as
c =Cy+ <2/ yv (O=19)
where X, 18 the coefficient of walume expansion and ¢ the

compressibility. ﬁiﬂﬁﬁiﬁk calculated C far vrystals
by considering a crystal as an ensemble of indepencent




cuishable harmonic oscillators. A more successful
ry of heat capacities of anlids was faymulated hy

e, 34 model also a crystal is pictured as a

3 In this
lection of harmonic oscillators, but the sscillations
' eonsidered t> be due to the vibrations of the entire

pystal and not due to the single atomsy a cryste
{dered to be a ‘huge molecule', According to Debye's
%iml

¢, of c:rystazi& at low temperatures is propd

m third power of temperature. At very high tempe

es the wa?iue of C approaches 3 R. At intermediate
seratures it is, however, difficult to precisely represent
temperature dependence df C by a simpler mathematical

orm. The contribution to crystal heat capacity due to

‘electronic degree af freedom has also been calo
A=z 3&’?/’::’?, where ¥ is the Fermi energy) and it shows a
e on temperature. This contribution becomes

iﬁ the case of amorphsus materials thearetical

i

. @eseription of the temperature dependence of heat capacity
E is more complicated, ¥Even at low temperatures a departure
3 the @

Wmm Tecube law was sbserved in these materiales. A

g #i%imt feature of many amorphous substances iz the
"tﬂ“ﬁi

3 *guper=-Debya* excess heat capacity at low tempers
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cently, DiMarzis and Dowell® by taking ints asesunt the
snfigurational (Gibbs=DiMarzis’® configuratisnal entropy
del) as well as the vibrational igiﬁstﬁmgﬁ model) degrees
freedom could predict the specific heat discontinuity at
the glass transition to within 20%.

E Tn liquids also since the exact evaluation of
':"in‘ii‘ﬁ functions is hardly possible, a precise theoretical
r'rm}aatian of their heat capacities as a function of tempera=
_ture is an extremely difficult task.

he Class Transition Phenomensn

1n describing the transport behaviours of melts,
liquids, and electrolytic solutions since glass transition
temperature has been considered as a more sionificant and
important parameter, it would be worthwhile to ﬁw here a
brief acesunt of the glass transition phenomenofe

Tn the conventiosnal sense the temperature range of
the liquid state is usually considered to be £rom the normal
Boiling print (upper limit) to the equilibrium freezing
point (lower limit). It is, howaver, possible to extend
this normal temperature range of the liguid state by bypass=
ing both the upper and lower limits. The upper limit may
be extended by performing measurements at pressures higher



ary for the liquid state is more appropriataly taken

he critical temperature, T,. The lower limit may like
bypassed by supercsoling a 14 ‘ :
ency to remain in a state of internal eguilibrium
below their normal freezing points. In nature some of
4 ‘ ids have iﬁmm tendency
g the liguids supercaoling may be
nt tendency of some of the liguids to superesal
due ¢35 their failure to crystallize at or bel
: m freezing point which may be understsod interms
‘the model developed by Turnbull and Cohen”’ based

petic considerations of crystallizatiosa.
§s model noticeable crystallization will not sccur i

e of foreign nucleating agents if Vp Y30, and

AG' 5 0, or 1£46' or5G” $30( AHg/p ) = 30 BT, where \

s the ratio of the molar liguidesolid interfacial tension

B the heat of fusion (AHg), B the ratio of the emtropy of
asisn to the gas constant, AG’ the kinetic free energy

’ 7y barrier to

: grier to nucleation, AG " the
wa of the finite crystal, and T th
g polnt. L3s which ﬁa not bave an in-

. tendency to supercsol, crystallization may he averted
dden quenching of the system during




The extent to which a liquid may be supercooled and
in the supercoa>oled state for a long enough time to
irform measurements on it varies considerably from system
, system. If the properties of a supercosled liquid are
the onsat

easured at increasingly low temperatures withou
¢ crystallization, a point is eventually reached at which

equilibrium properties can ns loager be determined for the
due to the intervention of a nonequilibrium process,
the glass transition. The transition of superesoled liquid
into glass is characterized by a more or less sudden decrease
. in the intensive thermodynamic properties like heat capacity,
. expansion coefficient, and compressibility from liquid-like

. walues to values very close to, but generally greater than,
| those of the crystalline phase of the substance. In this
sense the glass transition, although it is a non=equilibrium
shenomenon, possesses many of the characteristies of a second
srder thermodynamic transition in that the transition occurs

~at esnstant volume and entropy and is marked by discontinuie-
¢ies in the second derivatives of the Gibbs free energy.

In the temperature region where these changes oceur, the
viscosity inecreases rapidly, but not discontinususly, t2
values in the vicinity of 101> P, It must be emphasized that
ehanges in termadynamic properties ds not nogur merely

amss high, rather the changes must

because the viscosity bec



ar in order t» avert the occurrence of a thermodynan

as painted nut by ﬁaﬁmm,sg viz.,

' ransition temperature, ’rq is generally ~ 10=20°% higher
han the ideal (reversible) glass transition temperature, T..

In the present work we have measured the viscosities
nd eonductances of six aguesus electrolytic solutions as
SMS.M& of temperature and concentration with a view o
imza;;mg. as mentioned above, an expression for describing
. guantitatively the transport behavisur of electrolytic

- salutions and to examining the applicability »f such an

3 expression. This work has been presented in Part I of the

; thesis in the form of three chapters, vizZ., Chapters 1, II,
and 11I. In Part IT of the thesis which contains two more

mﬁfﬁ; ’fi§i¢' CM‘;&E&!‘& v ﬁnﬁ Y, we hﬁ% ewhaly o

study t> molten salt systems also.
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