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Theory of irreversible thermodynemics hag been avolied to
isothermal transvort procesces in binary electrolyte solutions.
Relations sre presented which exnress the commonly measurcable
trangport quaftities in terms of Ongoger transport Li“ and inv-

I
. d R.
ik ik
coefficients =sre presented in terms of the experinentsl quant-
59 A and Dvo
Bauivalent conductances of rubidium and caesiwn chlorides

ax

oLl

o

erse frictional R,, coefficlents. Relations for L
ities, ¢

and diffusion coefficients of rubidium chloride haove been mes—
gured in the concentration range 0-3lI, These heave becn combined
with the remaining transvort, activity and density dots which
existed in the literzture and the L,y and R,, coefficients
obtained., Literature from 1230 to 1970 hag been surveyed for
transport numbers, equivalent conductences, diffusion and act-
ivity coefficients for 1l:1, 1:2, 2:1 and 2:2 electrolyte =olu-
tions in aqueous media. Results, for twenty eight systems for

)
&)

which date wag a2lso complete, have been calculated as a hasis
of comparison.

The relative sizes of these coefficients have been discu~
ssed in terms of ion solvetion and water structure. An inter-
pretation of the physical significance of frictional coeffici-
ents is developed for completely dissocleted as well as asso-
ciated 1:1 electrolytes. Association in alkeli metsl chlorides,
potassium and silver nitrate solutions has been studied by the
conductance theories of Pitts and Fuoss. Abnormalities in
rubidium-chloride and caesium-chloride interactions have been

" . . . o A . . . R ," e |f\'{!\
ascribed to ion association and the true interionic friction ¢4
calculated and compared with those for the completely dissoci-

ated alkali metal chlorides. The correction reduces the inter-
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a
ionic friction from ite anparent value calculated og[ﬁtoi_
cheiometric besis and plaeces the salts in a rational order.
The significence of Ty the degree of coupling between
mobile species, has been developzd ag asuitable paranszter
for comparisewn of a variety of electrolytes of different

valence types.
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fa,fb
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Nomenclature

Anion in chawter 2; z cosfficient of empirical

fit in eqn(5.12) and (€.13).
Affinity of chemical reaction.
Coefficients of empiricel fitse.

A coefficient of empirical fit in egns (5.12)
and (6.13).

Ifean concentrztions.

Cation in chanter 2.

Capacitance.

Yolar concentretion of ion i.

Density.

Concentration average diffusion coefficient.
Integral diffusion coefficient.

Volume fixed differential diffusion coefficient.
Diffusion coefficient at infinite dilution.
Solvent fixed differential diffusion coefficient.
Totel change of entropny.

Chenge of entropy . due to interactions with the
txterior.

Internal production of entrovy.

Vacuum correotibn factors for salt and solutions.
Farzdey of electricity. .
Praction of the force a2vuplied on 1 whichZBDnosed

by frictioan vwith k.
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viii

Degrez of counling between snecies 1 and 2.
=l T

Degree of counliing hetween species colvent,.

Coefficients of friction between species i =2nd

k and, 1 and solvent.

Annarent and true resistances of solutions.
Stoicheiometric co: fficient of ion 1.
Sum of stoicheiometric coefficients.
Loczl entropy density ver unit volume.

Entrovy in chanter 2 and i1onic strength in

chapter 6.

Absclute temperature.
Hittorf transvort number,
e.m.f. transport number.
Trensport number.

Time of a diffusion run.
Volune.

Velocity of species i in 1it£v£'/cmzsec.
Velocity of species i in cm/sec.
Freguency of zlternating current.
Molecular weight of solute.
Thermodynamic force.

Thermodynsmic force on svecies i.

Distznce in cm.
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M
M

Q

Stoicheiometric activity coefficients.

Mumbers.

Flow of enfropy.

Divergence of entrony.

Mlux of solute at time t.

Flow of svecies 1.

Plow of 1 relative to solvent.

Tlow of free iong i.

Tlow of chemiczl reaction.

Association constent.
Numbers,

Thermodyn=mic diffusion coefficient.
Diffusion peth.

Intringic mobilities of svecies i.

Coefficient of interaction of mobilities of i

with k.

Modality.

Normaelity.

Numberse.

NMolarity.

Molecular weight of solvent.

Transport of heat.



X Thermodynamic force on free ions i.
ik Coefficient of kinetic friction between smnecies
: i and k.

Fean molar activity cocefficient.

N

Valency of ion i.

Solvendt.

Cations,.

Anions.,.

Cell constant in conductance messurements.
Degrce of dissociation.

Cell constant in the diffusion experiment.

O ® R~ M = O

Rate of entrony »nroduction.

Dissipation function.

<

P

Liniting conductivity of ions 1.

} -

A Eguivalent conductance.
'N 3 3 0 -
M; Electrochemical pnotential of species 1i.
M; Chemicel potentisl of cvecies 1.

Mk Chemical potential of neutrsl electrolyte or

ion pair.

b Slectrical votential.

{' Mean molal activity coefficient.
K Snecific conductivity.

1 Coefficient of viscosity.

I . . . .
SL f Surface dzneity of water z2round en ion 1.
,d-
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Introduction

In electrolyte solutions transport of charge ond mazs
takes plece 1if an electrical wnotentizl ig applied to the
solution or if a concentration gradient exists in it. Con-
eiderable effort has been put on the clucidation of these

.. . . . N S, o ]
procesgses from the original iavestigations of mohlro%bn(ld79)*,

Arrhenifus (1887)2 and Van't Hoff (1887)3 upbo the notiscble
: .. 4 5
~work of Debye end Hickel(1023)" =2nd Onsager(1931)’. The

molecular theories of electrolytic conductance and diffusion
are based on the laws of interionic attraction and the conceot
of ionic atmosvhere. These theories succesefully account

for the obaserved trancsvort cusntities in dilute solutions

where long range coulombic forces =2lone are of immoritence
and where other influencesn cuch 28 intermoleculsr ang

short range repulsive forces between iong mey be negligible.

In concentrated solutions however snecific effects become
significant, flow of an ion is affected by the nregence of
similer end counter ions. As concentration increases the
dielectric constant changes in the vicinity of an ion and

there are snecific znd choanging interzctiong between ions

and solvent molecules. For these ressons theoretical eouetions
for diffusion and conductence are linited to a very narrow
range of concentration which for 1:1 electrolytes is uvnto

0.01lf and still lower for higher valence tyve electrolytes.
Fuogs and coworkers6 and ?itts7 have recently tried to extend
the cohcentration limit of their theoretical conductance
equations by taking into account short range interionic effects,
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Their treatment is valid onlv unto z:0.05M'iu sglutions
of completely dissociated 1:l 1bctrolvteg t-“his CORCon-—
tration limit is further reduced in the cn e of asaociated
electrolytes and o solvent of low dieléctflc constant.

A :

An 2lternative vhenomenological avpnrosch tTo the nroblem
hzs been develonead over the l=gt few decedez, It ig hoaed
on the vhenomenon of counling betwsan two or more wmrocesses
in & ftransport exmeriment. In electrolyte conductance, for
exemple, bthe two processes taking olace zre the siruvlitesnsous
flows of c=2tions and eanions in the onposite directions under

gradient of electrical notentisi., The force eacting on &
svecies affects the flow of the secoiid rnd vice-versza, This,
the vhenomenon of couvnling, wos firet rationslised by Lord
Kelvin(1354)8 in & study of the thermoelectric effect.
Rigorous treatment was given by Onﬂ?ger(1931)5 who dewveloDna
the theory of . irreversible thermodynamics later to be er-
nanded snd generalised by Veixnerg, Casimigl%nd Prigoginell.
The complete formulation of the subjesct is most adegustely

treated in a number of treatiseslg’l3’l4’l5.

The theory of irreveraible thermodynamics h=2s been

vecifically =2pnlied to isothermel ftronsport processes in
electrolyvte solutions by "ille 16 aad in @ slightly different
but equivalent form by Newman;7. The complete picture of

the theory as oresented by Miller csn be avnlied directly

to exverimentelly measureeble trensvort nroverties end the
application leads to a2 general description which is velid

in ahy range of concentration. The transport processes &re
described by vhenomenological coefficients which specifically

me2sure the kinetic intersctions between ion and ion, and ion



and solvant. The concentration denendence of the tronsvordt
vroverties like conductance, tronenort numbers snd dirffusion
coefficients are well described in terma of these nhunomeno-
logical coefficients which are therefore more fundamental
then the trensoort nronertiesz themselves a2nd a knowledsge

of these coefficients gives better in~sight into the trans-

1
nort mrocesces irresvécltive orf the concentrztion ronge.

The interpretation of the transevort nrocesses in terns
of the phenomenological coefficients is gurlitative and
therefore becomes more meaningful when 2 clogely releted
series of electrolytes 2re considered. One such series is
that of 2lksli metel chlorides. Nillerng'collected litera—
ture data for conductance, trensvort numbers and difiucion
coefficients in acueous s=olutions of lithiuvm, sodiw: =nd
potagsiwn chlorides in the concentrsotion range 0-3I, gnnlied
his relations end obtained the vhenomenological coefificients,
These transvort data were not comvnlete for rubidium =nd coegiun
chlorides, Zoulvalent conductances of both snd diffusion co-
efficients of rubidiwn chloride alone were laciking. ‘hase
have been messured and presented in this thesis to comnlete
the irreversible thermodynsmnic snelysis of the whole alkalil
metal chloride series and make a comrparison of the chsonging
trends of the magnitudes of vphenomenological coefficients
when atomic size of the cations in this closely gradad series
incresses regulerly from lithium to cesesium while the enion
remains the same and to find an exvlanation for the highest
values of conductance, transport numbers and diffusion co-
efficients in solutions of rubidium chloride while this
electrolyte lies below ceegium chloride in the series.



The theory of irreversible therrodynemic ane2lveoia is
vregsented in cuenter 2 vhere 1t ig chown that only ithree
transvoort cuantities, ti, A =nd Dv’ are reouired to ex-
plain the trensoort orocesses in bilnary electrolytz solutions.
There =re two formelisms in which the ohenomenological
ecuations are described. The first ig thes of direct trens-
nort Lik coefficients and the second 1o that/gnverse Ifrictionsl

R. fficients.
Ly coefficient ’

A detailed literaiture survey Ifrom 1930 onwards wog mede
to collect the transoort gusnitities for 1:1, 1:2, 2:1 mnd
2:2 binery electrolyte golutions =#nd obtsin the whonormenolo-

8l coefficicnta for theme syswens as a bagis of comnoricon

o

i
With those of the =lkall metal chlorides., Thias iz demcribed
in cheoter 3. The exnerimental »rocedures for the rercsure—

-

ments of diffusion coelfficients #nd conductances 2re deo-~
cribed in chepters 4 and 5., In chroter 5 ion aszocistion

in 1:1 electrolyte solutions has been studied using the cone-
ductence theories of fuoss & Fitts end the results of
calculations of the complete thermudynsmic date for rubidium
and ca2esium chlorides are presented in chapter 6 2nd the
physical significence of the vhenomenological coelficients,
Lik end R. ix develowned. The results of calculations for all
other systems are presented in appendix 1. Seven computer
prog¢r8mmes were written in Algol lenguage for miscellaneous

end repetitive c2lculations. These are described in apvendix



CHAPTER 2

Theory of Irreversible ‘Thermodynemics ag Anplied to

Tranzvort Processes in Binzry Slectrolyte Solutions.



2.1 Entrooy Froduction in an Trvoversible Procesg: “rotomo

undergoing irvrevaraible processes w2y be divided into wacro-
sconically small loc2l subsystems., If each subsyvstem is

)

considered to be at loc~2l eauilibrium than the laws of clesci-

nerturbztions from ecnili-

cal thermodynemics are valid., If
brium fre not larse, the change of entrony of the systens in

the irreversible »rocess is given hy
as = a,S + 4,8 (2.1)

where deS is the flow of entrony due to interactions with the
exterior and diS is the production of entrony inside the syo-
ten, diS is zero for a reversible process but is alwavs no~
sitive if changes occur irreversihly.

For an isolated systern in which neither energy nor aintter

can be exchanged,

ds5 =0 , (2.2)

.52 0 (2.3)

fer}
N
il

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

system then

as = a,5 + ¢;5%°z 0 | (2.4)

Aprlying eons(2.?) 2nd (2.3), it is nostulated that
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A vhysical situstion in wnich djS < 0O and diS £ 0 is execlunded

Thet is, in every mecrosconic région of the system the entrony
production is vonitive.

In counled chemical reactions, however, if two simulta-
neous reactions, 1 and 7, occur, then 1t 1= mossible thet
the rate of entrooy »roduction in 1, ﬂjSl/dt, is nositive
and in 2, diﬁg/dt, is negative »nrovided thelr sum is nositive.
The resctions sre then counled, reacticn, 1, »roceeding soon-
teneously #nd driving the second ~gainst its netural or =n-
onteneous tendency. Such thernodynomic connling is fn essen-

18.
tiel Terstnre of living systems involved in rctive trensnort ©

Ty -
1T O e

2.2 The rote of “ntrony Frodguction and the Dissination

tion: The rote of entroovy onroduction for = system, diﬂ/dt,
may be considered to be the sum of contributicns from 211
volume.elements so that
-
N
dl

dat

D
(o))
~—

::£7dv - (
Where ¢ 1is the locel rate of nroduction of entrony per unit
volume, V.

From ean(2.1), the rete of change of entrooy is

!;b
I~z 7!
|

Qul

o D
+

2l
~
N
-3
p—g

d

The totel entrony of a system,S, may be defined in terms

of the locel entrony density ( entrony ner unit volume ), S
by203

V,

P

S = j 5,07 ‘ (.8
\Y



N

The chrnge 1n tot2l eatrooy with time Dbecomes

= jn—fu_‘i av (2.9)

}:1}; ol
i

d_s
e

3 e~ o - ~ ~ ! - T -2 ARl - > T
=% 1= relzted to the flow of entrony, Jor by
d S
'—(1;;—- = e g(‘l,iv J_av ('»“]_O :)

Substituting eans(2.6), (2.9) »nd (2.10) in eon(2.7), we o~
tein
) 7\]’ - < 23T 1 o) )
'-S-‘_F* av = - div Jc; av - G’ds’ (c‘.ll,
' V vV
Zan(2.11) describss the totsl re=te of chenge of entrony with

5

time. Por ony locel chenge 1t becomes

~E o= - div I+ ¢ ’ (P.12)
The rate of change in local entrony is therefore ecual to the
entrony nroduced, 6, vnlus the entropy flow term, - div Jq.
The necessary conditions for a state of ecuilibrium are
thet

, Y - 0 end div I =0 (2.13)

Curi &

and therefors from eqn(2.12),

G =0 (2.14)

=

or =2 svstem in steady state, novever,



and div J_ = ¢ (2.15)

Tor & continuous system, “he entropy vroduction,¢ ,

. . i . A
ie given by the relationship

J J . &,
o - N 1 ] 5 i ~
() grad (=1) + 5 (=) grad (- 247 . (57)(2.16)
L . L i cn i
i=1
where J_ J; end J . =zre the flow of heat, matter =nd chemi-
on

ch
(rate) multinlied by their conjugate driving
forces, defined by the negative gradients of the ftemnersztare,
T, electrochemical notentlal,u/i, and the affinity of chemi-

cal reaction, Ai, resnectively.

¢© way he renlacaed hy the dissgiecotion function, % = g,
It hes the dimensions of energy ver unit time and 15 2 mes--
sure of the rate of locel digsgination of free enersy. lle-

lation (2.16) may be reformulated as

Al s nt -
$ =Te=J_ grad (-1) + ¢ J.grad (<L) + J_,-8,>0 (2.17)
= - . i~ 1 ch™1
i=1

Por isothermszl transoort orocesses in electrolyte solutions
in which no chemic2l rsactions tazke place, the diszinstion
function,@ , is given by the second term on the right hand
e the sun of »nroducts of con-

N

side of eqn(7.17) 2ud defined
jugate flows and forces. Tor a system consisting of a2 neu-
tral solvent, O, and n solute speci=s, the dissipation

function is

$ = 16 = 3 J.X. (2.18)



where J; is the mess-Tixed flow of svecies, i, 0
i

C [
u
™~

2 . , .
moles/cn sec, and X, 1s the therwodynamic force in jou

nole cm.

2.3 Ffremes of Referenoe_§or Mlows: The definition of Tlows
2.18) is given in terms of 2n arbitrary
frame of reference, It has ween shown ﬁﬁ however, that zny
freme of reference may be chosen. The cholce devpends on the
purpose‘of study. The transport cguations for binary electro-
lytes become intuiltively more =accecsible 1f the solvent fixed
rather then, for exemple, the volumne fixed or molar average
velocity frame of reference is used. Relestions exist Tor
the conversion from one frz2me of refzrence into ano other 1 P20, 28
FPor a binary electrolyte solution consisting of cition,
1, anion, 2, of vslencies Zl =nd %, respectively end solvent,

0, eqn(2,19) hecomes
¢ = J1E + I,%, + JoX ‘ (2.19)

where Xi are the gradients of electrochnemical potentials so
that

lfi U5 ¢
J{j‘:—‘—-}?‘:-— (W;C_-,-Zi"ﬁ“ (2.20)

. . . 3. .
where x is the distence narameter, %%7 and %% a2re the gradients
- ) 4>

of chemical and electrical potentials.
The Gibbs-Duhem equation states that

nidll) + n,all, + ngally = 0 | (2.21)



Dividing eqn(2.21) by the volume, V, snd differentiating with

resnect to x, we obtain
chl + CZX2 + co¥y = 0 ~ (2.22)

fihere c; = ni/V, are the concentrations per unit volume.
Bon(2.22) shows that the forces on 1, 2 2nd O are not inde-
pendent. Zliminating X, from ecn(2.19) and (2.22), the dissi-

pation function becomes

JAC Jd~C
B 0“1 02, .
@ - (Jl— —35—)X1 + (J,- —56~)x2 (2.23)

The flow, Ji’ iz given by the product of concentration,

Cy and velocity, Vi of the soecies, 1, so that
J. = c.v. (2.24)

In these terms, (Ji~Joci/cO) of eqn(2.23) is defined as ¢;¥
(vi—vo). It is therefore the flow of species, i, relative to
solvent, 0, and is given the symbol Jio so that

‘ - - =
J.° = cy(vy vy) (2.25)

The dissipation function may therefore be represented
in terms of two flows and two forces, Jlo, J?O and Xl’X2

respectively;

$=1 O+ 3.% (2.26)



2.4 The Phenomznologicsl Tourtions end the Onseger Deci nro-

cal Relations: In gitustions where = system deviates only

. =) - - . . e . .
slightly from eguilibriwa, linear phhomenological eguations
may be written relating the flow of 2 species, i, to =211

other forces so that for an n+l comvponent systen,

N
J; = Z;ﬁikxk i=0,1,2,3...n (2.27)

e

The terms Lik are the phhomenological coefficients and are
independent of the forces,

For e one flow-one force system, the vYhenomenological

eguation is

ey
1]
b
P
N
nd
o8
g

In this simvle situation, the flow of i1 is proportionszl to
the force Ki” The megnitude of Lii is & snecific measure of
the mobility of the svecies and from the general definition
of a force ecuation, one may obtain, under solely electrical
or activity gradients, expressions which corgépond to the
simple laws of Ohm znd Pick. In systens of two components,
of which & hinary slectrolyte solution, on solvent fixed

frame of reference, is an examnle,

gy = Dyp%y + bypks
Jp = LyyXy + IooX, (2.29)

The direct coefficients, Lll and L22, remain out, in =2ddition,
the L, * wmsasure the degree %o which » flow of species, 1,

12 [ L ]
is affected by a force on species, 2. The coefficients,»L12
and L917

princivle of microsconic reversibility, Ons?ger5 haz shetory

are the cross or couvnling coefficients. Using the

% and. Léil
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ax

thot close to eguilibrium

— B,
In the generalised forn eun{2.30) may be written as
[,ik = Tll{i 1,1{=0,1,293,..en ' (74031_)

These 2re called Onszger Reciprocal Relations(ORR) =nd were
5

shovmn to hold under statistical mechanical models”. To cho-

racterise a system of n forces and n flows, n” such coeffici-
ents would be required but under ORR they are reduced to

in(n+l). Thus for @ two component system, only three such

coefficients, L L equal to L,,) 2nd T are reocuired.
° » Lyys Iyplequal $o Loy ) end Loy, !

In 211 ceses the cross coefficients are constrained by the

inequalities
L. T z (L )2 (2.32)
ii~kk ik *

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

In binary electrolyte solutions, the direct coeflicients,
Lii’ are the treansport or mobility coefficlents and mezsure
the mobility which an ion would have if there were no inter-
actions with the ovpositely cherged ions. Lik mean the mo-
bility intereaction coefficients and directly determine the

cation-znion kinetic counling. Both the direct, L and

ii?
cross Lik’ coefficients are devnendent on the frame of refer-
ence. Thus, on the solvent fixed frame of reference they have

contributions from the solvent 2s well.



2.5 Tnverse Torm of Phenomenologlcal Dguations — The Prictionsl
i

Coefficients: An 2lternative representation of phenomenslogical

coefficients hag the form

" .
X, = ¥ Ry 1=041,2,350...n  (2.33)
k=0

in which the Onsager reciprocal relations hold, that is

R.. = R. (2.34)

ik ik
Bgn(2.33) expresses the force, Xi’ a8 a2 linesr function of =211
the flows. The direct coefficients, Rii’ determine the extent
of friction bebtwesen similar ions while the cross coefficients,

R determine the friction hetween counter ions. Both the

ik?
Rji and Rik coefficients have the dimentions of force »nzy unit
flow.

For binary elsctrolyte solutions on solvent fixed freme

of reference for flows, eqn(2.33) reduces to

1 = Rypdy + Byods

P4
Il

X, = Ropdy + Rondy (2.35)

in which Ry, = R,; by ORR. B2gn(2.35) is the awnaleque of egn
(2.29) which is in terms of Lig (i,k = 1,2) coefficients.

Since neither the Xi nor che Ji are indevendent, the Rfk
are not unique. However, under an arbitrary assumption

)r:leRik =0 i=0,1,2,3,...n (2.36)

K=
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the Rik become uniquely defined™”. I'oreover, with this



~ 1.

assumption, the R i1 become reference frome independent“'hrand

additional frictional cosfficients, RiO’ can be obtained, wnich

snecifically measure the friction between an ion snd the solvent.
For = three component system ecn(?.36) becoues

CORiO + c.,R.., + CQRiZ =0

1711

or CORiO (clﬂ 1t C?h 2) i=0,1,2 '(2.37)

The coefficients, R, »nd R. (i,k = 1,2), may be obtainad hy

ik
matrix inversion of the Lii and Lik coefficients, waich on
substitution in eqn(2.37) give cyR.H(1 = 1,2). The cylt, o(1=1,2)

may then be used to obtain CORiO(i = 0).

2.6 Sxverinmentally lzesureeble Transvort Provperties of Binsry

- . . . Ha
Blectrolytes in Terms of Yhenonenological PefT101€ﬂtul) :
Consider & b»inary electrolyte, C A , in a neutral solvent,
O, which dissociates as R
Zl Z2
C.A, =rr,C~ +r,A (2.38)
T, 1 2

Ty and r, are the stoich#ipmetric coefficients of dissociation

of cations, C, and anions, A of valencies Zl and Z2 resoectively.
Chemical votentizl of the electrolyte, LLIZ’ is equal to

the sum of the chenic2l potentials of ions i.e.,

ridl, + 1r'2LL2 (2.39)



znd from the conditicn of electroneutraslity, we have
ry + %,r, =0 (2.40)

The phenomenclogicsal equations on solvent fixed fromes of
reference zre given by eqns(2.29) znd the forces X, by 2un(2.70),

2

To obtain numericel values of the four Ljg ceoelficlent:
of ecns(2.29), four indenendant ewnerimentsl quentities sra
needed and the four sulitable ones are the conductance, fi ,
voluma fixed diffusion coefficient, Dv, Hittorf trensvors
number, th and the e .. ftransoort number, t¢. TBeceuse of

P

Ongeger racivnroczal relations, the croass coefficients sy
identical i.=. ng = L?l' Therefore only three independsnt
guantities are racguirsad. (It will me shown that the two

transport nuubers, th

of ORR).

. C . . . R Lo
zand t7, wecome identical under the conditio:n

We, however, derive exvressions for all the four quantitiesg,

A, th, t® 2nd Dv in terms of Lik coefficients.

2.6.1 Conductance: By Ohm's law, current density, I, is

given by
I = #(-94/3x) (7.41)

where K 1is the svecific conductivity. @Ry definition, =quivelent

conductivity, A, beconmes
A = (103/m).1/(-d¢x) (2.42)

where N is the ecguivselent concentration,



In terms of flows, Ji’ I becowmes

+ 253 ) (2.43)

o

and the forces Xi are given hy

X, = -7, 3@/ 3x i=1,2 (7.44)

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

in exvoression for eguivslent conductivity, A, i=

obtzined from squations (2.29), (2.42), (2.43) =nd (2.44);

— . 3{9— W 2 Ly r'v2 {
A= (10-%® /m)(Zl Lll + ZlLZ(le + LQl) + 52L22), (2.45)
At infinite dilution, the cross coefficients Lik EYe nero
and so

A = (203p%/m) (2200 + 220.0,) = oY + A (2.46)

1t11t Yo

0 . s .
5 2rz estguivelent conductivities of cations

where Lg and )

and snions 2t infinite dilution. At finite concentrations,

Lik are positive and increaze rapidly as concentration
increases,

A is messurzsd on an apnarsius-fixed Trame of reference

26

but it may be ezsily shown®  that it is independent of the

frame of reference,



2.6.2 Hittorf TraonshHort Humberz: Hittorf trensocrt nwnber,

h . . - . n .
ti’ is defin=d as the fraction of the currsnt carriszd by

the ith ion relative to solvent in 2 solubtion of unilorm

concentration. In terms of flow, Ji, t?

1 ]

cen be renresentad
h _ _ - i
vy = 2.9, /T = 2.F3/(2,0) + 2,9,)F (2.47)

Substitution of equations (2.2%), (2.43) 2nd (2.44)

(2.47) leads .
o 2 | o
Ty o= (zlL11 1+ 1ZQL12)/“( (2.48)
where ®f = 2°L . 4 7.7 (L, + Loy ) + 72 1, (2.49)
o 1711 o fiTerri2 21 2 722 tr
and t? iz the c=2tionic transport . number.
2.6.3 ﬁ.m.f. Tronsport Numbers: An electrochemiezl cell,

having identiczl electrodes but which has a varying com-

position, may be revnresented ss

)

Ag/BeNo(c

) AgNe(cg)/Ag

3

—
had ol

whare 02) Cqe In this system diffusion would occur ond
owing to different ion mobhilities 2 charge separation

27

would take vplace. After a chort time™', vowerful coulomn

1

bic
forces soesed un the slow movivng 1lons snd slow down the fast
moving ones so that no electric current flows through the

solution. Thus

o

7 + 4 » =0 2.50
In this situation, gradient oif chemical Dotentlalu,Jﬂ /dx,
and the gradient of electrical ootential, bﬁ/)v 2re noen-n2rc.



Substituting equetions (2.29) =nd (2.20) in eqn(2.50),

SEIY N = (87/2) My /3%y + (85/85) Mo/ dx (2.51)
.L.C — 7 b

where Ul/zl = (Ulbll + szgl)/%

and tg/z2 = (2,0, + Z905)/% (2.52)

~

. - . (6]
where o is as defined in cqn(2.49) &nd t; are the e.m.f.
transport numbers of the ions 1i.
Comnarisgon of Hittorf and e.n.f. transport numhers,
defined in zquations(2.48) 2nd (2.52) shows that they =re

ecual only if le = L?l and g0 only 1f the ORK agg 9bcyed.
- > hY
sxperimental messurzments of 2 number. of systens”™ 1“7 show

no difference in the Hittorf 2nd e.m.f. transvort anuvmboers

and so the ORR are justified.

2.6.4 Tszothermal Diffusion: Diffusion occurs under & con-
centration gradient of -sslt and therefore)iblq/ax is not
zero and no electricaljcurrent flows so that from equstions
(2.40) 2na (2.50),

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

Tgn(2.53) shows that the cationic end 2nionic notions are
couvnled and the two ions move together in the proportion
presant in the neutrsl salt molecule and so J is the solvent

fixed flow of electrolyte 2s a whole.



The diffusion coefficient for 2 bhinsry syatenm in
deﬁcribedl6a’by
Iy
J = == = =(Dy/1000)0c/0% = LM, /3% (2

i...J
S
L]
1
EaN
e

where DO ig the sclvent {ixed diffusion coefficient in
2 . . . . .
cn” /oec #nd L is the thermodynsmic diffusion coefficient

. 2 /. — - .
in moles®/joules cm sec. Ten(2.54) may be rewritten as

~(DO/lOOO)ac/Jx = =Lilb) o/5¢. 3e/3%

so that L = DO/(looo-Ublg/bc) (2.55)
but YU 1o/d¢c = (1 + cdlny/dc)RTr/c (2.56)
where r=or) +r,

and y is the mean molar ectivity coefficient. Substituting
equations (2.55) and (2.56) in ecn(2.54), we get

J:Jl/rl = —(lulz/ax).DO.c/lOOORtr(l + cdlny/de) (2.57)

Prom eqn(?.2¢) for J, end the equations (2.20), (2.39),
(2.50) and (2.51), we obtain

k J:Jl/rl=(1u12/hx)(lez/rlrg)(Lllee—leLzl)/b( (2.58)
Comparing equations (2.57) and (2.58), we get
D, = ~J000RTr({ + cdlny/dc)/c)

(2.7 L . . .52,



In the literature, volume fixed diffusion coafficient,
Dv’ and mesn 10l2l setivity cosfficient,~ , sre ro-orted.
Transformations from one frame of reference into ~unother

22,23.,24., 33 .
- It may bz shown” | that

exlste

Do/ (L + cdlny/de) = D /(1 + md1n ¥/dm) (2.60)

vwhere m i1a the molality of the solution.
Substituting 2aqn(2.60) in ewn(2.59), we get

= r 1d1nY, T P I ¥ £ (2.6
D,=~1000RTr7, 7, (L+ndlny/dm) (L4 Ty, L12121)/rlr20d\( 61)

WO

).
Toguatione (2.45), (2.48), (2.52) snd (2.61) < de~

rived for the four mezzsureable trancuort guantities., These2

where o« is as defined in egn(2.4

four equations cen be solved sirmulteneous ly to obtoin I. ik

in terms of these cguantities. “The resulting ecuation is
/N—tht A/l03u2 1T rkD /1O3YTrr 7 (]+mdlnY7au)(2.62)

Bguetion (2.62) holds for any nzutrzl solvent 2nd cenpliss
to both weak and strong electrolytes., If ORR ares assumel

then tg = t? and eqn(2.62) becomes

302,
Li /N = t, /107075, 7,

+ rirkDV/lO3RTer(l + mdlnY/dm) (2.63)

From egqn(2.63), the thres nhenomenologicel coefficientz,

T le(equsl to L2l) end L,, mzy be obtzined.

11’
Tf P is the coulesbk:/ecuivzlent, R in joules/mole deg. .

.
and DV in om2/sec., th2e unite of Lik are in mongﬁukcmqyggf



The coefficients, Rik’

.
. *
-~

2.7 EBxvressions for Ri&
- obtained by the mstrix inverasion of the Lik' For

system, the Rik are given by

Ry
Ryp = -~
I
| 21
1 T en e
Ryo T
!
o1 = < T
L
Iy
and Rop = 73
| 111 Iyo
- - = ] - L ¥
where L . ; L11122 12T2l
Doy boo

Substituting Lll/N, LlZ/N’ L21/N and L22/N in the
hand side of expression(2.64), we directly obtein

NR NR and NR respectively.

12° 21 22
The coefficients, RiO’ are obtained from Rik
relations as defined in eqn(2.37);

R =

10 + r2Rl2)c/co

=(r Ry,

R =

oo = =(ryRy5 + ToRy5)e /e

R.. =

00 = —(TyRyg + TRyg)e/cy

in which o is the s=olvent concentration given by
¢y = 1000%AmITy

where NO is the molecular wvieight of the svlvant.

are

e binzary

(2.64)

(2.65)

right

MRy 1

using the

(2.66)

(2.67)



The coefficients, R\,
A

in terms of the trzunspert vuontities using vhencmenolorical
c

can alsce be derived dirzsctly

aguations (2.35). The orccedure is the same 2a daa
for Lik coefficientn. The resulting exvpressions ore

~

3.2.2 ) 2524wl
NR{q = (10~ Al/A )—(leg/flrg)(LQ/Zg).M

e 3 2 Ly L 'rl
NRq, = (10°F lez/h ) o+ (Zlmg/rlr2)(b2tl/zzzl).h
3 — 3 12 2 r7 - . 2 2 . ,';l s} CQ
MRy, = (L07F7Z5/p ) = (897,/r r,) (87/27) .0 (2.69)
xrl — 3 m 7 - ~{ X .
where ¥~ = 10”RTr r.7. (l+mdlnY¥/dm)/D_
171 AY
coRig = —lOBRTrtg(l+nd1n{/dm)/rle
CoRop = -1OJRTrtl(1~md1nV7am)/r2DV
Roo/N = (C/Nog)103RTr(1+mdlnY7dm)/Dv (2.69)

. . . -2
The units of Ri coefficients are joule cm sec.nole .

k

2.8 Influence of Ton Pairing on ~henonenologicsl

Coeificients: The pnresence oi ion palrs ia binegry elecire-

lytes has been recognised over the lagt fifty years or so
end it ig of interest to exsmine the thermodynemic anolysis
where the neutral ion pair may be present. £¢n(2.35) is
defined for a completely dissocisated electrolyte. If &
neutral species, 3, exists in addition to cations, 1; and
anions 2, then on the solvent fixed frame of reference the

phenomenological squantions are

X

1=r1r70) + 7500, + r1333 i=1,2,3 (2.70)



where x5 are the thermodviamic forces snd ji are Tthe

conjugate flows for ths free soecies 1. T are the

ik
Onsager frictionsl coefficients. If the electrolyts

is a2 symmetrical =alt, the stoichelometric coefficicnts

of ionissztion, ry and r,, are ecuzl to unity and e¢a(?.39)

hecomeo

Moy +dby =My

whereAL3 is the chemical notential of

terms of forces

the ion peir. In

X

1

+‘x2 = X, (2.71)

Substituting eon(2.70) in eqn(2.71) and comparing tha co-

efficients of ji, we get

riy * Tyo = Ty3 (2.72)
By ORR,

o)

Tip = Tpyy Tyg = Toy and Tpy = r32_ (2.73)

From equations (2.70) and (2.72) for i = 1,2, we get
B . . . . -
X5 = ril(gl+33)+ri2(32 + 33) i=1,2  (2.74)

Since Ji is the total flow of species i, therefore

Joo= 35 + iy i=1,2



¥ = Ty o+ Tyod, Ci=1,2 (2.75)

Using olrely binary aucoroach for the some system the
vhenonenclogical equations are

¥. = R. i=1,2 (2.76)

1 il

The equations (2.75) snd (P2.76) are identiczl in =11
circumstances., The mezoured flows, Ji’ would be (jj+j3)
e€.2., in electrical conductivity the current density, I,

is given hy
I = (Bydq + Bpdp)0 = (290 + 2,0,)F (2.77)

This shows that either ionic or net flows meay be uszd.

The trensnort number, t., however, equals Z.J.R/I
b l’ 9 i1
and the observed flow, e.g., in the Hittorf measurement,
ig the net flow, Ji. Thus the stoicheiometric coefficient,

) . o NP
Rik’ equals the specific coefficient, L




CHAFT SR 3

A Survey of Traonsuvort Pronerties of Binory Jlectrolyis

I

Solutions 2nd “election off & Systenm Tor Synerimentazl Hbtudy:

The theory of irraversible thermnodynszmics develonzd in

chepter 2 shows that 2t lezost three messureable trenanort
pronerties =nd 2ctivity coxfTicisnts 2re required to choro-
cterise on electrolyte syaten commletely in terms of Onzager

transport, L.3 and inversc frictional, Rik’ coefficients.

i
These nronertizs are conductonce, tronsport numbers and

&

Aiffusion. In the 2lkell h=zlide serics 1li terature datz
were commlete for lithiwa, sodiwan snd notassiunm chleridzs
w3, Fillerloa collectod thesze

nd 2pvlizd his theoretical =nalysis fto obtain the Eik.and

C,

in the concentration range

a
R ik coefficiznts.

slkali metal series,

(0]

The remaining chloridezg of th
those of rubidiuwm 2nd ca2esiun, were thersfore of considersble
interest., It was therafore decided to survey the existing
literature for their transoort dzta and to obtain exonerimental
those which are reguired for =z complete a2nalysis.

It was found that in concaentrated zolutions conductance
and Jiffusion dets for rubidiuwm chloridzs end conductonce
dats 2lone for caesinm chloride wers lacking. In the dilute
region, c¢& 0.25l7, the conductince and trensvort numbers data
for both and diffusion data for rubidiwn chloride were not

Ly

available. It was therefore n=cessary bto neasure the electricsl

conductance of both (rubidium =nd ceesium chlorides) ond
diffusion coefficients of rubidium chloride for the whole
range of concentration, 0=3I1, The exrerimental measurements

are described in cropiers 4 2ad 5.



i

b._‘;
(i
In dilute solutions, ¢<U.25, only trenspnort numbers
are left to be measured =nd with their availability, tha

whole transport data for the concentration renge, 03I

would he compnlete.

Tor the literature survey we saarched the chemicel
ahstracts for references from 1930 onwards and conoulted

the data compilad in stinderd textsa’b’c and reviewsd’e’f’g.

Our literature survey coincided with that of Chepmzn
and Newmna nh who collected from the literature 211 the avail-
2ble trensport date for sixty one binary electrolytes. Out

a) H.S. Horned and B.B. Owen 'Physicsl Chemistry of #lec-
trolyte Solutions', 3rd &d., W.Y., Reinhold Publishing
Cormn., 1957,

h) R.A. Robhinson end R.H. Stckes, 'Slechrolyte Solutions!',

, 2nd 4., London, Butterworths Sci. rublications, 1959.

¢) R. Parsons ‘landhook of Plectrochemical Constonts!
London, Butterworths Sci. Publicotions, 1859,

d) A. Tucken, 5d. lLendolt - Bornsfein. 'Zehlenwerte uad
Tunktionen sus Phycik,Chimie, Astronomie', Geovhysik und
lbcn]l\,'Gth 2d., vol., 2, vzrt 7. *Berlin: Soringcr -
Verlsg, 1960.

e) E.W. Washburn ©d. Internationzl Critical Tsables of
Numzsrical deta, Physicg, Chermistry and Technolog
New York, ¥McGrew — Hill 3ook Co., Inc., 1926,

f) E.A. Kaim2kov and N.L. Varshavskzya, 'Measurement of
Transport numbers in Acueous Solutions of Tlectrolytes'.
Uspekhi ¥himii, 1966, 35, 201-288, %

g) J. Timmerman, 'The Chysico - Chzmicsl Constents of linary
Systems in Concentrated Soliutions', Naw York, Interscience

“ublishers Inc., 1960,
* Russ. Chem. Rev., Reb, 1966, P.20-101( m~lich).
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of these, d2ta werc portially comolate for tweonty cioht
syoterns.  Phenowmenological coefficients for these syatems

vers calculated. The results are given in appendix-l.

In table 3.1 we vregent 2 list of misging transvort

- o
and activity data for szguccus oolutions of 1:1, 1:2, 2:1
and 2:2 electrolytes A1l mesans data is miesing for the

whole range of concentretion, O0-3M, #nd - denotez dnta
is complete. The concentreiions gre in noles per liitre

. 0 . Ll
and the temperature is 25 € unlass otherwise mentioned.

h. T.%. Chapmen and J. Newman, 'A compilation of Selected
Thermodynamic and Trensvort Froperties of Binary T’1ectrolyt“~
in agueous solutions', UCRL -~ 17767, ASC contract W - 7405-
eng - 48, University of California, Lawrence ﬂadiation
Laborastory, Berkeley, California.



Teble 3.1

that
Trensoort date /has not beoen meanured exnerimentally for

l:1l, 1:2, 2:1 and 2:2 wlectrolytes

)

—~——

Wlectrolyte A t+ Dv Y
Chlorides HYLitwal x* - - - -
bt 211 £ 0.25  »0.01 -

cst >0.007 < 0.25 - -

mﬁ‘ - 0.2  <0.1 -

Bromides i - all ~all | -
it 811 all - -

Nat - all - -

Kt - >1.0 - -

Rb* - all all -

cs™ 211 all 211 -

Todides gt >0.1  >»0.1 511 -
it all all 211 -

Nat - 81l - -

kt - 21.0 - -

Rb*,cs? 211 all all -

Hydroxides it - all all -
Nat - >1.0 >2.0 -

Kt - >0.1 211 ~

Rb* 21l 2ll all all

st 211 211l all >1.0




Table 3.1 continued.

lectrolyte A t, D, e
Nitrates gt - - 0.45 -
Liﬁ - 811 - -

Na*t - all* - -

Kt - >0.1 >0.1 -
Rb" 211 511 511 £0.1

cs* 211 211 >.014 -

NH4+ - ¢0.1 &¥0.2 -~ -
Chlorates gt all a1l all all
it - all - -

Na+ - all - -

"k*,rpT, 08T all all all -
Perchlorates ¥ »1.0 - all -
it - a1l all -

Na+ - allxx - -

xt all all all -

RDb 2ll all all -

cet all all 21l -

% Except at 1,2 and 4.

*¥% excepnt at 1V,



Table

3.1 contivuwad.

Alectrolyte N Tt Dv #"
Pluarides gt 211 - all -
it all 211 all ~

Na’t 21l - all -

" wpt, ost 21l all a1l -

Chlorides 7t 211 - all -
gt - 211 all -

catt ¢0.05 - >0.,2 -

Bronides gntt all - all -
rgtt 211 a1l all -

catt 21l - 0.2 -

Todides gntt 211 - all -
pgtt all 21l all -

catt - ol Oolgyha -

Sulfates q* - - - -
it >0.7 - >0.005 -

Nat >0.1 >0.1 >1.0 -

k' >0.5 >0.5 >0.5 0.5

Rb* all all 21l (0.1

cst all 21l >0.005 <0.1




Table 3.1 continued.

Tlectrolytes FAY t+ v
sulfates gt At - >0,01 -
Vg++ all 21l all -
}d++ >1.0 - 30,5 B
cutt - 70.5 >0.1 ~
it >1.0 all 511 B
pn >Le0 all a1l N
¥C1 0° >1H <0.01  <0.1 < .05
18°  sim 0,01  <0.1 < .05
35%  ¢1.0M (0.01 <0.1 < .05
50° £ 1.0W 0.01  <0.1  <.05




Neasurement of Diffusivity

lisd to the study of diffugivity

"
\')
2
2]
%
3

4.1 Experimental math

in electrolyte solufions: e report heore briefly the verious

methods which have bheen applizd to the study of difiucivity

4-1

in electrolyte solutions. Technicsal 2etsils of thene methods

J

are znot discunsad since a through review on the subjcet is

31

availahle.

4,1.1 Conductometric Vathod: This method involvazs the

measurement of conductancas of solutions 2s diffucion proczeds
with time. Tte svplicstion is limited to di
only, up to 0.01}1 for 1l:1 and 0.C0B5I" for 2:2

9
lectrolytes. The achieved sccurscy is + C.1 to 0.2%.

4.1.2 Gouy Interferomatric Method: This ig 2n absolute

method =2nd involves the rie2: surament of interference‘?””SQA
obtained on photographic plates when & beam of menochromatic
light is passed through a cell in which 2 concentration
gradient exists. Tt heg been applied to 1l:1 electrolytes
only upnto &an sccuracy of + 0.1 to 0.2%. 'The method gives

integral diffusion coefficients.

4.1.3 Rayleigh Interferometric Method: The princinle involved
in this method is the same as that of the Gouy method zxcent
that the photogravhic system is incorworzsted with 2 cylindericel
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 Stokes Disvhrase (Gell Tethod: This ig ¢ relative

method. The cells nesd to be calibrated with o ctanderd
electrolyte difiusion coefficients for which 2re known

from absolute meosurements, Only those electrolytes which
sre aimilar in nsture to the steoenderd electrolyte con be
studied by thig method. The ma2thod h=gs been =succesgfully
anplied to 1l:1 electrolytes to =an =ccuracy of 0.1 to 0.27%.
The only other systemzs studied by this method ore codiwm

and copoer sulfates to =sn accuracy of 1 to 5%.

4,1.5 Fhotometric liethod: This method works on the nrin-

0
ciple of ebsorntion of light hy & diffusing electrolyte
ceoloured soluticns. The only system studied ia covnper

24

sulfate to 2% zccuracy.

4.1.6 MNiffrsction Yiero ethoed: The nrincinle involved

iz the diffraction orf light whe vazges through a

n it
golution sa2ch loyer of vhich =2cts as a prism. It has been
applied to the =study of cadmium thOTlJ835 , cadrium
ulfate35b and lead nitrate- 35D

atteined is 1 to 3%.

solutions. The accuracy

4.1.7 Porous T'rit Method: A porous plate ig soaked in

an electrolyte solution znd then it is divved in = bath
of solvent or = =olution of lower ccncentration. The
diffusion coefficients obtsined are .with respect to the
cell fixed frsme of reference. The method iz useful in
the study of wezk 2nd complexing eieCtrolytes. It hos
been applied to the study of zinc sulfate(0.03—0.25ﬁ)36
and cadmium iodide (O.Ol—-l.OIx‘T)37 to 2n accuracy of 1-2%.

.

€
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4.1.8 Selection of & nothod Tor the otudy of Difs Celvity
in Rubidium Chlovide Solutions: iz 2bove atudy of the

various methods for the determination of diffusion co-

efficients shows that the high brecision methods hs

been anvlied to 1l:1 electrolybtes only. In the lignt of
thig survey ones of the absolute maethods or the diashrazgn

cell method scemcd To bhe thsa nost 2worconriate for the

diffumivity study of rubidium chloride soluticns., for
the vregent work the diaohragm cell metbthod was chosen for
the following reasons:

a) Rubidium chloride f2lls between potsssium and caesium
chlorides in ths a2lksli chloride =merieg and the nature

of theze salts is similer.

b) The cells could be calibreted with notzassium chloride
solutiongs, the diffusion d=atz for which was avasilable in
the literature fron ahzolute messurements.

¢) Renroaucibility of 0.1 to 0.27 could be ersily snnrosched,

d) Diffusion data Ffor ¥ubidium chloride was required in
the concentrated solutions only and this method wes 2pnli-
cable for concentrations above 0.0517,

e) The method was avnpropriate in cases where diffucion
coefficients did not cheonge ranidly with concentration

and this condition was fulfilled by 1l:1 electrolytes.

f) TLerge volumes of solutions wers available for concen-—

tration anslysis.

4.2 The Disvhreon 2211 Method: The diaphragm cell tech-

nigue was first introduced by HNorthron and Anson38 in 1229
and later modified by & number of worker339’4o’4l’42’43.
It hze its presasnt standing due to the work of the Stokes

The theorstic2l and exvoerimentsl 2ovects of the nethod

45

44

are reviewed by Robinson and Stokes
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In thias methed diffaion of scolut: takaa oloee
through 2 porous dizchragin zsevarating two comnortiments
contbtaining =olutions of different concentraticns which
are mainteined unifori by wechznical stirring. The con-

3

cantratior chonges t2k2 ploce sufficiently slowly so theot

a pseudo obteady ststeX mey be 2soumed o prevall in tha

46

cavilliary noras of the diuhhrﬁqm. Rernes hos shown

that this cesgsunption dozs not lezd to an avpnrecicsblsa
error 1f the volunmzg . ¢f Tthe sclutions in the two comporb-
nients are gufficisntly large comnered with the soece in
the dizvphragn. In this situstion diivfusion cozfficient

wey bhe obtained frow the "icik's law

7(8) = p(=32) (4.1)

}.-}

vhere J(t)%x%is the flux at time, t, D is the differenti:
diffusion coefficient defined 28 the zmount in moles of

the solute diffusing through unit area of cross-sectlion

. . . . e C
per unit time per unit concentration difference &nd 3/

).

ig the concentration gradient. Negztive sign chows de-

crease in concentrrtion =2s diffusion proceeds.

[

Some inhe ﬂ“JuLUAW&mmu\:L Frov vhich thigs moerthod suifzred

ig its ezrlier stozz of imsrovenent have novi beasn largely

57 J Ao 3

V]

overcome. These digsdventages 2nd thelr remedies are =28
follows:

* Theoretioaﬂﬁa steady state of flux and concentration
distribution are readhed31 only if the Concentrations

a2t the ende of the eepillisry veres of $he diephrogm are
naintained constant. These boundary conditions are not
realised in disohragm cell method beczuse the concentrz2tions
at the =nds of the canillisries of the dig2vohreasm chongs

continuously.



—

a)

Disturbence dus to viberstion 2nd hemmerature fluctuations:

These 2re clininated by cezreful design »nd further reducaed

«

1on
by cenfining the diffusion orocesas to the capilligsry noras
oNnly. '

These sre avoided by

b) Stegusat layvers on The dis

Shrsem

stivring the solutiona in the two comporiments continvoisly.

c) Stresening effectn: Thene =ra avolds

o
1/

by putting the derser
1

colutions in the lower compartnent #nd kz2ening the cell dicmhroom

R v 50 & :
to within +1-27 of the horizcental.

d)_ﬁurface trenanort efifecete: With dilute solutions the monility

of particles in the double l=yer on the capillizry vnores iw

ennanced =nd adsoption also ftzkea place giving rise to snomelously

A
limiting

high diffusion coafficienta. 'This hes been overcoms by
the lower concentration to 0,031 above which no surfsce btrensport
effacts are avorecisable =nd m=ke negligible contribution to

the total transnort.

the

4.2,1 Theorctic2l Congiderationg:  Let Vl’ V2, end 73 be
volumes of the lower comvartment, 1, uvner comparimeant, 2, =2nd
the diavhragm of the cell as shown in figurell; A and £ be the
effective erea of cross-section =2nd verticald length of the

disvohregm vores respectively:; c, =#ad ¢, be the concentrations
s [ N i ? l

2
of the solutions in the comvartments, 1 2nd 2, 2t time t ccousl
to zero, and, c3 and cy be the concentrations of the solutions
in the comoartments, 1 2nd 2, after a time tr in geconds, of

the diffdasion exmeriment.

% flux J(t) is zssumed to be constant over = short time

interval so that ecn(4.1) holds.
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In the Steady State situetion the amount of colute
entering the diaphragm at any time, t, is the s2me as the
amount leaving the diephragm i.e., the: flux J(t) is -
constant. Denoting the concentrations in the comnartments,

1l end 2, to be c' gnd c¢'' at time, t, the rate of chenge

of concentration is given by

ac' A
E=-v 3(t) (4.2)
de'! A

t
Su?&acting eqn(4.3) from ean(4.2), we obtain

d(C'—C") B j; Q;
It = —A(Vl + VQ)J(t) (4.4)
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Let D(t) bhe the aversge diffusion coefficiant over
the concentration renge ¢' to ¢! nrevailing ot tim=, 1+,

then it is dafined as

. C' 1 c' )
D(t) = wv= ) Ddc = =iy § D(2)yx (4.5)
cht > ~C c'! IX

Subztitution of ecn{4.1) in ccu(4.5) =nd integration over

the nath x=0 to x=1 gives
J(t) = ~(ct=c"")D(L)/L (4.6)

Combining eans(4.4) end (4.6) o2nd re-=2rranging we get

dln{ct-c'*) A1 1 o\==
- = Gis— + ==)D(%) (4.7)
dt Y 7y Vs

At the end of the exvneriment of duratio%/ tr seconds,
¢' chenges from cq to 03 and ¢'' changes from Co to Cye
On integration of eaqn(4.7) betwean these limits we obtain

c,~-C tl‘:t/v
L2 - 2 vl-)j ?5 t)ds (4.8)
t

A
1n = -
€37Cy L

1

Now D(t) is alreedy 2 concentration average diffusion
coefficient, so, introducing D =285 = concentration =nd time

average diffusion coefficient, we have

D= D()as (4.9)

DP= fint2 (4.10)



where R = yAS

The censtant norometer, H, denends on the dinens-ions
of the cell and therefore iz known &8s cell conubtant. It
ig determined by czlibration of the cell uasing ~n eclecetrolytc
Tor which D ig orecimely known From ahsoluve messurzmenta,
Totzssivm chloride iz uned for this purvose. D in obteoiacd

from 2 set of D voaluses a5 follows:

It hes been shownd? thet 2 negligihle error is int
duced if, instead of using the exact relationshin (4.9),
we treat the integrand as having a constant velue ejusl
to that when the concentrations c¢' zand c¢'' are haeliway
between their initizl end final values. D is then related
to D by '

cma

1 - -
¥ icma—cmﬁTJ Ddc (4.12)

crb

where cma = (cl+03)/2 and cmb = (02+c4)/2 (4.13)

A gqusntity D°(c) is defined as the average D aver

the concentration rangs 0 to ¢, therafore
=0 1 G
D°(c) = = § Dac (4.14)
c
0
From egn(4.12) and (4.14), it may be shown that

— 1 -0 -0
D = TEEE:EEFT(Cma'D (cma)-cmb.D” (cmb) ) (4.15)



Using equ(4.14); the ¢ =ntity D°(c) Tor wobassivm chloridz
/[;
sokss | from ehmolute

eE N

solutions hove been computed by !
nessuremaents of D. Mor 8 szt of mean comcentrations ene
end cmb, of & diffusion run, Do(ecma) and D°(cmb) =i
obteined using en enniricel fit netweewn ¢ and T2(e¢).  Thes
are then substituted in cqn(4.15). D, thus obtoinsd, is
further used in eon(4.10) which =sives the numariecsl nogni-
tude of 3.

After celibrating the cell fer s »narticular concen-~
tration combinstion, the diffusion exveriment is reveated

with the test electrolyte for enproximaltzsly the s2ne con-

-

centration combinstion =nd duration. TUsing the exnerimentsl

values of the concentrations, and ¢,, time, t
T

c ¢ c

l’ ?7 3 ln,
and the cell constont,? , in een(4.10), the concentrzation
end time aversge diffusion exneriment (or the intesral

diffusion coefficient), D, is obtainzd.

4.2.2 Comvutztion of D from D: An nth degree emnirical

relstionship between D 2nd J¢ is chosen;

i=n

D = .Ff ai(m‘“ (4.16)

where 2, oare the constants of the empirical fit. n° is
the Nernst limiting value of D 2t zero concentration
and may be obtoired frow ionic conductences =zt infinite
dilution.

Using the relationshin(4.16), ean(4.12) mey be inte-
grated between the lirits cmb end cms snd eqn(4.17) is

obtained.

* Coerriciencs of ohnin 11t ond oll The suoseducnt 1r1tved

egquations are given in teble Al of the sonendix 1.



=N

D(ema—-cmb) = L? oq.j (5.07)

Tor a diffusion run, cmz, cmb znd D are known from the

. 0O . . N . .
exveriment, D7 is¢ known theoratically; their substitution
in eqn(4.17) reduces it to 2 numericol exvrespicn involvinag

the constant, 2. . To obtain these n constanta, n reisation-

~nd

red

shive(involving o.) are requi:

=

4,2.3 The Nievhrogn Cells: Two sintered glags dis

: c
diazmeters 4Crm and 50mm, hoving porosity four =md seslizd
in nyrex glass tubes, were obtained commercislly for
construction of the cells, The open ends of the tuzes

were terminzted in B-24(f) and 3-14(f) joints znd the volir:zs
of the com-artments were so odjusted that megnetic stirrers
could be eazsily slinned into and token out of the cellsn,

The dimen=iongs and scheonotic diagram of the cells fre given

in table 4.1 znd figure 4.2:.

This cell design 1s that of Stokesd4 and hse been
used mostly for diffusivity exneriments 2t a constent
temperature. Yeh 2nd wills®! end Sonni and Hutchigson
the cell so that it can be filled sutom=2ti-

b

have modified ©
cally =nd the design of the latber workers ellows for the

i

exvension of the exserimentzsl solubtions so that the diffusion

(

runs can be made at higher temperatures and it alsc z2llows

for thz yoslume chsngzs on mixing.

4,2.4 The Stopvers: Stoppers for the cell ends, shown
in figure 4.2h, were made of B-24(M) and B-14(M) joints




which had 2mm capillfaries in them. The B-24(F) joint
was joined to o B=7({) joint while the B-14(11) wes pasled

to & B-T7(f) through = high vacuwn cuslity (Teflon) top.

4.2.5 The Tlegnatic 3tirrzsra: Two soft iror vires of lengihs

35mm oand 45mm were secled in thin glsss tuboed. The thick-—

. - 1 S P R N P e Y g - B
ness of the wires znd the glazs Ltobes were oo a2djusted

that one stirrer of each set would just sink =nd the other
would just float in the experimental solutions. These

are chown in rigure 4.2c.

4.2.6 The I'sgnetic Stirring Devicoe: he stirring mecheo-
nism is chown in figure 4.2, Two horse-shoe mognets, I,

obtained commercially, vere fixed ot the ends of two bracs
ascrews, S5, which pnassed th n the vertical srme of the
brasas plate cosenmbly, B, The gcrew fittings sllowed a

fine adjustments of the magnets. The motor end gecr oyastenm
were zdjusted to give @ constant stirring sveed of 59 r.n.m.
‘The north pole of one magnet faced the south pole of the

other.
44

In the original device of Stoles
touched the two sides of the dievhrzgm. We found thet in
our system the disphregs started wearing¥* off with time.
This difficulty was overcome by keeping the stirrers at

a distance of 2-3rnm frowm the diavhraogm surface. This

the stirrers just

.o 4 . o

* Janz and toworkers E encountered the same difficulty

and avoided it bﬁ verforring meriodic calibgrations end
used a gravh of cell constznt as a function of the working

life of the dievhragm.
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Cell

Dimen-g:ions.

Cell-1

Volume

n

Volune

ILength o

Thicknen

M
of Copartient 1
2

1 1A

of Dianhragm

(V2+V3/2)/(V1+V3/2)

Diameter of Diephraznm

s of Dievhrasm

f Stirrers:.

95.36

109.383
3.57
1.146

50mm

5mm

4 mm

1.138
AOmm
2.5

37
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Urooedure wvag standardisced for all exwerimentel ruiis.

st messurcnents with cassium chloride solutions showed .5
the results were in perfect asgreement with the literasturs
alues . Thls method of stirring was therefore deaened

sgatisfactory.

4.2.7 Deternination of Volunag, Vl V., nd V.:  The volumag,
it D}
Vl’ V2 and Vq £ the cell comnertments snd the disohrogn

pores, figure 4,22, were astermined by weighing the cell

2) completely filled with woter D) with water reormovad from
compartment, 1, ¢) with water also removed from caomporimentd,
2, and 4) when 1t ﬁas dry. AlL the fillings @nd welghings
were made with the stirrers inserted in both the comvariticonts

of Tthe c=llge.

4.,2,8 Pilling of the Cell end the Diffusion Run: The

cell was cleazned vertically. Degassed concentrated. solution
was poured into the compartment, 2, figure 4.2a, zllowed
to flow through the diapnragn cap WA gries under vacuwr,
The cell was then inverted. The uppermost compartment
(now 1) waa filled with the concentrated solution and
stoppered. The cell was then re-inverted. The comvartment,
2, was half filled with the same solution and stoppered.

A thin film of high vacuun quality ApQéOn grecgse was
avpplied to 211 the joints and the stirrers were 2lways

in their respective compartments.



The cell was then clamoad batween the magmets 27 ths

atirring device fitted in = woter thermostet rsintoined
-0 0 . .

at 25° + 0.0057. The concentrated solution in the com--

nartment, 2, wses replaced by dagessed dilute solution

and etirring started.

After two 2nd a h21lf hours of prelimincry diffucion
the solution of compartment, 2, wos carefully withdrovwn
in a 100l pnivette which =lrezdy hod in 16 o 10l of tre
dilute =olution. The cell wes ring:d wwice =nd finclly
filled with the mixed solution end stoppered. The ztirring
and the ftimer were stertsd ivmedisately. Thio minimised

the zero ftime error¥

9(‘:, 152 ma m o , > M
the Zero %Bime Brror: In Stokes original mesthod, tns building

up of 2 stezdy =stete is zchiesved by orelininary diffuzion
of soma hours and then the solution in compartuent, 2,
ig renlaced by the frosh original solution and the diffusion

L7

is taken to vegin from this time cnwards.

If the ectual concentration of the solution zfter

preliminary run he c% ond that of the freshly added solution

be oy then cleerly, c; >c¢,. The Bterdy State however

corresvnonds to c% znd noL to Cy which is usu2lly considered.
. 51 .

The error thus csused is suggested by Frances sconi’™ to be

the zero time error.

Tt is DronosedBl that the zZero time error con he re—
moved if after preliminary diffusion of known duration,
say t_ seconds, the contents of the uprer compertment are

. . 1 ]
analysed to determine concentration Cs and then enother



a0
:(;

run 12 made with the ssue Tresh scolution 2nd the zero tiue

e deh

ia taken ewxactly a2iter tp zeconds without chenging the

solutions. The concentretion, o}

53 would then bhe the zero

time concentrztion.
Qur anprorch to minimise the =ero time error wos

y won oround

N

dizferent. Siwce the volumes of solution, c
60ml =nd that of c, woes = ]

mixture was very nz2ar to o

Oml, the concentration of the

N

ihen the diffusion hzd taken nlace for e
the stirring was stonved end the solution wss withdrawn
from the uoper comnartmer ., The cell wes token out of

the thermostat, dried exter v o2nd solution then withdrawn

\,l

from compartment, 1. All the solutions were then snzlysed

as deuscribed baslow.

4.3 Deternination of Concentrations by Conductometric

Fethod Involving Calculationg by Successive Approximetions:

Polynomials (4.18) and (4.19) were curve fitted®betwee
measured svecific conductivities, i , and known concentrations
¢, and between ¢ 2nd ecuivalent conductivities, A, resnecti-

vely for ¢ < 0.1,
n : .
c=2a_ + S a.(KlO3)1 ' - (4.18)
o Tz ,

A = 8, + E a. c _ ' (4.19)
. $21 _

A weighed sample of each solution was diluted to

¢ <0.1l"., Its snecific conductance was measured and subs-

¥Coefficients 25 and a, ere given in tableAl of anvendix 1,



tituted in egn(4.3.8). The vzlue of o thus obitaine? woo
used in eon(4.19). The A given by eqn(4.19) wee substitutac
in the relationchin

— i 1‘5‘3//& A r

K.10 (4.20)

and & better value of ¢ was obtsinzd. The ean(4.19) 2nd
the relationshin(4.20) were then uced in tuyn t111 a velus
of ¢ wag annrozched, which was within + 0.02% of thet
given by =any further cycle of anproximations.

The concentrations of the concantrated sclutions were
calculated from thot of the dilute sslutiong uoing the
dengity equetions

: n i
m/c a, +& eyc (4.21)
i=1 -
. A i
e/m = a_ + L g1 (4.22)
i=1
Vacuum corrections were apvlied for 211 weights,

a4
Velunetr

dised silver ni

obtained were within + 0.27
which are considered to be the

4.3.1

ic titeretions

trate solutions

Determination

were 2lco mode against stander-

cnd the concentrations

of the conductometric value

more sccurate.

of Concentration, cy: Concentrations

o] 2 f a
09 03 nd 04 of

the method dascribe
could not he meazurad hecsuse 11 cha

cy s

¥ Coefficients are

ziven in t3ble Al of

ion experiment were obtoined by

The

diffusi

above. original concentraetion,

nged duvring the

annendix 1.



preliminery diffusion run. It could, however, be cal-

culated fron Cors cg and ¢, 2nd the volwazs of the comnsérit-

ments ~nd the dizphragm vorass, =t the end of the exnerinent

e
[5]

since the total smount of solute in the ayalbtem remained
constents The emsll amount of solute in the disphragm
was assumed to be half at the concentration of tha come

nartment, 1, and half 2t the comnsriment, 2, c, Was then

given by

[OV]
SN

) (Vy+V /2)/(vl+v3/2) (4.2

3

4.4, Resultes of Diffusion Meacurements

Caelibretion »1th Fotasziws Thloride Solutions:

For cell calibrations seven diffusnion runs were made usin

A~

v

potassiwa chlorida solutions over the concentrstion rangs:
0.01-3.0ll, A comouter orogramad was written, which calculaztec
concentrations from experimentsl conductances mezsured

before and after each run. The results are nresented in
table 4.2. The cell constent obtained from various runs
remained constant with in iO.l% upto 17 but then it increszsed
slightly with concentration. The incresse was within ihe

experimental error snd the mean value was 0.4487+0.2%.

4,4,2 Diffusion Measurements with Ceesium Jhloride

Solutions: The results of measurements with caesium chlorid

solutions'are presented in table 4.3. To comvsre these
esults with the literature differential diffusion co-
efficients, the lz2tter were converted into integrel fornm

¥ given in appendix 2;
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-

Diffusion runs for Czesium chloride solutions

Run 8 9 10

cq .05656 .1109 .5050
5 L0000 . 0000 0754
C, . 0466 . 0869 . 40838

¢, .0088 .0210 .1585
ems .0516 .0989 L4574
emb .0042 . 0105 .1169
Ji L1664 L1164 1664
w?wo;m 1.242 1.640 1.737
dwﬁodm.v 1.526 1.903 1.858
B. (Calc,) 1.925 1.898 1.856
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end then conmared with the exnerimontal integr~sl 2iffusion
coefficienta. A third dasree wolynonisl (4.15)
hetwsan D =nd JT by 2 lenat agusres treatment oad

coefficlents of the fit were substitutad in the

(4.17). The volue of D corrzsponding 1o esch not of cuma
and cib were then calculrted. The exneriments]l velues
were within iO.l—O.2% of those obisined frowm the theoreticsl
fit,

4.,4,3 Diffuvgion Versurements With Hubidiuwn Chloride

Solutions mxverimental resulis sre given ia table 4.4

- 14 0

inwhich the letters 2 to h denote the numbe: ot diffusion

3

A

runs made. A fourth degree devendence of D on JC wes uaed
in egn(4.16). Substitution of the literature value of
D?(equal to 2.051) :ind the values of cma, cub :nd T for
each of the runs, 2,bh,c,d,e and h, in the exnression(4.17)
gave gix relations =mong the constrnts By Zoy By and &y
of the fit, eqn(4.16). These relations were aolved simule
tenecusly using a 4X 4 determinant. The comouter progromme
is described in the 2opendix 4. Three combinations of
four out of six rel=stions could be obtained to cover the
.01 to 3.0L. The values of D obtrined were

Cw

whole range
within 2) + 0.1% uvto 1.5" b) + 0.2/ upto 2.7H and c)+ 0.3
at 3.0,

Tin=21ly the fourth degree volynomisl(4.16) wes Titted
betweendc and the mean experimentel D for the experimental
range of concentration 0.01-3.0l and the resulting scuation
extrepolated to obtain D for c <0.01N. The c2lculated
results were bethter than O.l% of the literature values.52

Table 4.5 summarises the rbnulta.
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Measurement of Conductance

5.1 Historic Develonsmenta: After the extensive otudy

)

. P o ) . 5
cf the design of conductance cells by Jones and “ollinger’

(.

in 1931, the theoretica} and experimentsl assnects were
reviewed Dy Shedlovsky5L in 1960, A few nodifications heve
taken place in the mezsurement technigues for diluts as

well as concentrated solutions. Kay and ccworkersbb deviged
2 s3lt cup disvensing system without cyncmjnﬁ the contents

of the cell to the atmosvhere =znd yyselu developad 2 dough-
nut cell for concentrated zsoclutiong, in which the sfne

57

solution could be diluted 2 number of times. King has
introduced 2 commact cell design for mezgurements a2t high
temperatures =nd wro:quruaoGuint58hﬂs renorted work on
conductivity cof bhinery mixtures of electrolytes in aguecous
solutionz. The comvlete =situation of conductence up to 1C67

was reviewed, with 248 references, by Bartheng with porti-

cular reference to meas ients in non-agueous solvents.
Since then a number of nepers have been contributed by [Fuoss
and coworkers6a—e for the extenzion of the original Fuoss
and Onsager 60 conductance ecustion which is now valid unto

0.1 concentraztions.

Por the measurement of conductances of rubidium and
cassium chlorides in 2gueous solutions for concentrations
from 0,01 to 3.0/, we hzve used Joneg and Bollingerb3 type
cells incorporating the modifications suggested by later
workérs, which would be describad in the subsequent sections

which now follow.
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5.2 Gonductznces of Bubidiunm snd Coesium Chlorids Soiution:

5.2.1 Conductivity #ater: Ordinzry distilled wztor wes

redistilled thrice, firast over acidic potasszium dichromsia,
then over alkoline votessiuwn pernangonate snd finslly di
tilled as such into a 15-litre Dyrei aanirator. ‘“hrce 5
litre round-bottomed flosks, heated electrically, were uscd
for distillotion. Stesn coning out of o flzek wes nsda

to pasz through 55"~hizh vertical glass columms nocled with
glass beads before it wzg condensed into the next =poroprizt:
flask. The zapirator was fithted with a Teflon too =t the
bottom and Teflon bung with two hceles, at the ton. The
holes in the bung carried glass tubes, one for distilled
water snd ovher for cucking in clesned ailr passed Throag:
Sofnolite. The purifizd water thus obtsined h=2d = snecific

: "‘6 a M a' 3 O
conductance of 1 X 10 and after degossing 0.1 to C.2x 10 7.

2.2 Purification of Nitftrcgen: Unburified cylinds
wag nsgsed through concentrated sulfuric acid and sodium
hydroxide solutions, two tubes nacked with sofnolite 2nd
glass wool and finaslly twice through conductivity water.
The bottley uased wars of 200ml cswacity ond were fitvted

with 3-24 g2s heszds which ia turn wers fitted 2t thz botion
with_sintered glass disce of porosity 4. The g2s iszsulng
out of these discs was in the form of bubbles so that 1t
could comz into maximun contact with the purifying solutions.

The degassing apparatus is shown in figure 5.3.



A

5.2.3 Orystallisation of Ansler Tetassiuvr Chloril: from

Conductivity “oter: B.D.H., An2lsR ocotussium chlowids was

disgsolved in conductivity water $i11l the solution wos
gaturated. The saturated solution was filtered hot under

vacuun using 2 norous

k)

gloes filtering funnel fitted into
a 2-litre conical filtering flzek with B-24 gstendsrd jooat.

The conical flask containing the saturated =olution

@D

e
was cooled by surrounding it with finely ground ice. '[h
'}j]n

crvatals avpeared instzontaneously. The mother lLicucr was
poured off intc znother conical flzsk and vreserved. Ths
crystals were trensferred to a 2-litre heaker snd conductiviity
water wag zdded in small amounts =zo that on heating =z2gzain

the solution could rermsin s2turated ot = 100°., 7This solution

was sgain coolad rapidly using ice as bhefore.

The crystals thus obtained were dried in an oven at’
13“ C in Pyrex glesss drying dishes for 24 hours. The drying
crystals were cooled in =2 dvoygator ovar silica gel for zn
hour or so znd then ground in =2n agabte mortar in asm=2ll amounts.
The ground sz=lt was further dried in an oven at 1300 for 3

. . < s
days and then stored in = desy@ator over silica gel.

5.2.4 Alcoholic Precivitation of Potossiun Chleoride:

To the mother liquor obtained from the second crystallisation
from conductivity wester, sn equal =amount of 08% absolute
alcohol6l was added. The precipitated salt was filtered

- and washed with small smounts of 50% alcohol. The drying
end grinding precess was the ssme as for crystallisation
from conductivity water. The dried, ground sa2lt wes in

. c
the form of vpowder. It wss also stored in 2 des%b:tor

over silic= gel.



5.2.5 Purification of Puhidiwm Chloride: 99,87 Tshoratbory
resgent grade rubidivm chloride supvnlisd by B.D.JII. =snd Jocb
light company wzs crystallised from conductivity weter,

The salt was recovered from the mother liquor by =lccholic
precinitelion using the some nrocasdure =28 for DO TEERLUN
chloride

5.2.6 An2laR =2nd Snectro-cconic Cszesium Chloridan:  Aboud

200 grems of AnalaeR and 20g of Smnec-pure caesium chlo

ide
salts were ground in on 2gate mortar. The powdered ezlts

-

were dried as such in platinunm drying dishes snd uszd with-

o
L

out further purificetion. There wes no difference in

conductances of sclutions msdzs from AnalaR or Zuec-vure

salts. The messured conductivitiern wers within ths »re-

cigion of mezsurement for colutions of the szme concentraticy

2.7 The Gleas Anonorstus:  Tor prevering experiment:sl
olution, 100ml and 250ml Pyrex Quick-Pit flaske wi-

£
toppers were used. These flasks end other pyrex gloss
1

n

192}

apoaretus were first sosked in 5yroneg detergent soluti

for 3-4 d=ys and then washed with chromic acid znd nitric

scid. ®inelly they were stezmed (stesm of conductivity
water) for 10 to 15 minutes (for each flask and

brated glass =zvparatus).

After steeming, thes glass anr

conductivity water and AnzlsR ac

veratus was rinszd with
tone, =2nd then driesd by

e
compressed air issuing under pressure after passing through

silica gel and gless wool to remove moisture end Jdust.

v



The =@pparstus, Tleskes in perticular, were not dried in en
oven so that the 2ir in them is Xent 2t room temnersturs
end humidity because otherwise 1if zir in & flaask is dry
and & few ml of =2 concentrated solution are =dded to 1%
a little evevnoration is likely, which results in 2 chengs

of true concentration of the solutionez.

The flasks dried over 2ir were found to hove the cene
welghts within 0,0002 grems after reneating the nrocess
of cleaning. All the flesks with stoprers were numbered
using & dismond =zcratching knife so that using the some

and gtopoer, their weights could be conmvzred snd reo-

&3
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R
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72
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tant Taemverature Bath: A temp@raﬁure of 250 -+
1

-

vene mercury coiled gloas

O ict
&)
o
m
}_.’.
o]
(o)
2
<
e}

1 B
thermo-regulzator in 2 light-weight transformer oil tonk.

The ol w=s heated by & 40 waitt elecctric bulb =2nd cooled
D

by circulatirig ten water in “ie tank using a coiled copper
S

s}

pine immersed in the tank. thorouvgh mixing of the cil we
affected by 2n 2lectric motor stirrer. The rates cof heating

cooling =nd gstirring were regulztesd in such 2 woy thot

s s o}
tenveroture variation wro within + 0.0027.

An BE-I"11l TOT IMN standerd thermometer model K14047
calibrated to H.P.L. standsrds wss used for temnerature
nessurenents. I+t was not considered necessary to ceslibrate
this thermometer further bhecause the solutions of electro-
lytes under study have the same tempersture cosfficient
as those of votassium chloride, which is used for cell
calibrations. A4 constant error of » Tew hundredthz of 2
degree would largely be comnens;tedGB ty a corresoonding

chenge in the conductivity of the stzndard.



5.2.9 Conductivity Rridee: A digital zutobalsnce nracision

hridge B-331 menuifactured by Veyne Herr Co., Lid., wes uned
for conductonce mezsurements, This autobalance bridge dis-
playad capacitance ond conductence simultancouvsly on two
meters, in accurzcy of 0.01% was ettzined by coerating
six pushbutton decz2des, threc for caovacitance =nd three
for conductzrice. The ingitruwent incormorsted o soeciol

circuit, cz2lled "1

[¢))

ed elliminator'", which completely cli-

ninated error in resistance sad by th2 use of long
connecting leads. The bridge oversted at 2 freguency of

15¢1.55 H .

Tor conduchance nmescurements at other Ffreiuvencies
ranging from 500 te 4000 ecyeles per cecond, external
sources of frecusncy and dztection were used. The =isnel
generator was a Yayne Xerr oscillatcr, model AT 5121, 'The

xternsl detzctor model 6016 of Stzndzrd Telenhone Comoeny,
waa recomnended by the Veyne Xerr Co, for use with taeir
bridge. With this detector we found that it wzs difficult
to make conductande me?SuTementq better than + 1%. o
reason could be found for the insengivity of the instrumont.

Tt nmight have bean due to miscellsaneous eleétrical circuitso

3

in the laboratory. ¥e, however, monaged to get & detector™
of the feneral Redio Compzny* =2nd this was sensitive enouga
for measurements with the bridge accuracy of 0.05%(with

the external source znd detector).

Kindly lent to us by Dr. T.R. Foord of the dercertment
of Blectricel ngineering, University of Glasgow.

X% {iﬂ, UL - H



5.2.20 Conduetivity Usllas:  The descigi. of concy
shown in fiscure 5.1, i the work of Jones and

wiio made an exbtensive atudy of cell design to

shunt effect =2nd volerisation errors. The shunt ;
which is due to high cavacitances, is avoided by keeping
contact tubes widely separated and the filling tubes anart,
The molarication is avoided by »latinising the 2lectrodesn
and using 2lternating current.

Tour vyrex cells of cell consbants 35.807, &7.140,

Fiy

4

92,900 and 172.20, were used to cover the whole range o
concentration . The dismeter of each electrode wasn & 1.6
Dimengions of the filling end the contact tuben were the
game in all cages bult the length of the narrow nortion of
each cell were varied to obtain different cell constants.
The approximate dimensions of the cells 2re shown in teble
5.1 To obtain a lower cell constant the length of the
narrow oortion hetween #the electrodes was decreased and
the diameter was increased. 6

The filling tubes were incorporated with bulbs in the
centre., Thig facilitated rinsing of the cells, The cont--
act tubes were filled with mercury but before filling, the
glesg Dlatinum joint was further sealed inside the contact
~tube with the Araldite powder, which hardened on heating
and subseduent cooling., Conver rods of :two mna diameter
were used to make contact with bridge leads for the cell
of cell constant 35.807 while nlatinum rods were used for
cells of high cell constants., Covver rods had to be '
cleaned with dilute hydrochloric acid from time to time
to remove the oxide layer which 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.1. 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 .5 0.5 5
q 1.5 1.5 1.5 1.5
I.D.q. 1 1 1 1

1= length of the narrow nortion between the electrodes;
I.D.1= diameter of the capil;ﬂary tubes between the
electrodes; h= distance between the electrodes;

D= diemeter of each electrode; m= horizontal length of
the filling tube; n= verticak length of the filling
tubes; I.D.n= internal dimeter of the filling tubes;
p= verticak length of the filling tubes; I.D.p=
interns1 diameter of the filling tubes; g= dianeter
of the bulb in the filling tube; I.D.g= internzal
diameter of the bulb.

7
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ficure 5.4
Su (or ?t) Jlectrode Cu (or Pt) #lectrode
e Etoi¥er =T . 'Stopp r B-7 ?ﬁ
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Araldite

Battery
Avometer—
‘ Two Way Key




5.2.11 Platinisation of Csll Hlectrodza: Tor Pb¢1n15<LL0“
again the ingstruvections of Jones and Pollingez‘j waere followed
The vlatinisation =olution conzisted of 0,025 hydrochloric
acid, 0.37 pvlatinic chloride @nd 0.025% lead scetate. 3ix
coulomhs of electricity pesr noitare centim~ter of ths 2lsc-
trode area were nz2ssed. The nolarity weag altered after
every lten seconds znd the platinising current reduired was
10mA per omg. The electrical circult is shown in figure

5.2 in which ¥ is the two way key saad B is the Detbery.
Avoneter, V, indicated current. Afver plzatinisstion, cz2lls
were washed with distilled wszter ond were always kept filled

with 1%,

5.2.12 Cell Calibration: ¥For cell czlibration, 1.0, O.1
r

nared

\u

and 0.01 demal solutions of nmotassziwn chloride were »re¢
ag recommended by Jones and BxadShaw§4. 1D* gsolution was
prevared by direct weighing znd 0.1 and 0.01D =olutions
were prepared by dilutions of the 1D solutions. Demal
solutions are indevendent of the atcnic weight of the
stendard electrolyte,. Amounts of Xtl reguired for 1000g
of the solutions sre given in table 3.2 glong with their

corresvnonding srecific conductances,

5.2.13 Prevnaration of Demal Solutions: For a 1D solution,

-

aporoximately T7g of ¥Cl were weighed to 4 nlaces of decim#ls.

This weight was converted into vacuum wesight by apvlying
the vacuum correction factor 65 , T, which is obtained using

f =1 + 0.0012(1/a - 1/8) (5.1)

* D stands for Demsl.



Tab

le 5.2

Preparation of Demal solutions.
g of KC1 ner 1000g {Vac.Zorrsction| Snecific
Demal - P - : Ve deras
of soln. 1n vac. for sqlutlon conductence
.01 0.745263 1.00105 .0.0014087
.1 7.41913 1.00105 0.01.2856
1.0 71,1352 1.0010 0.111342
Table 5.3

Vacuum correction Tactors

Tor =salt and =o

lutionsg.

Vacuunm Correction for

Tlectrolyte| Tol.wt.| Salt,fs | -cotution D
e, 1 c> 1l
KC1 74.56 1.000455 1.00105 | 1.001
RbC1 120.92 1.000300 1.00105 | 1.001
CsCl 168.36 1.00015C0 }1.00105 | 1.001

fad e
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for aalt this
where d is density of the =salt or solution an@[is egual

to 1.000455. TFrom this, tha weight of the solution reguired
in vacuum was calculated, which on division by vscuum co-
rrection factor for solution gave the weight of solution
reguired in air. A 1little less then the required snmount

of conductivity water wes added to the flask containing

the salt =znd finel weight wos made by =dding water droo

by drop. Solutions of + 0.01% accur=zcy could be easily
prevared by this method. =~ 10ml of 1D solution were weighed
in another fl=zsk =and diluted to obtzain 0.1D sclution. U.O01D
solution was'similarily obtained by dilution of 0.1D solution.

ot

5.2.14 Conductance Measurements: Tell-1 (with lowsst cel

constant) weas calibrated with 0.01 and 0.1D solutions while
all other cells were calibtrataed with 0.1 and 1D solutionsa.
The cells were rinsed four times with 10ml samnles of ths
stock solutions. After filling the tube, the stendsrd joint
(of the filling tuhe) wes dried with filter vaper and
stoppered. ©No a2ir bubbles were left traonped in thz solutisn

vin the cell.

The calls were then thermostated in the o0il thermostat
for 15 to 20 minutes before conductance measurements wers
made. The measured conductences remained stationesry with
time within the accuracy of measurements. The cells were
renoved from the theruostst, stonners were removed =nd the
solutions were stirred by tilting the cells slightly. The
‘stoppers were revlaced and the conductances were measured
once more. No change was observed in the measured conduc-

tances showing that adsorption effects were absent.



The specific conductence of watar was added to the
specific conductences of the demal solutions snd the csll
constants were then calculated using the relationship

where f is the cell constant, v 1s the observed conduc-
tivity and K is the total svecific conductivity 'of the

solution.

For confirmation of the cell constents, 0.0L, 0.1,
1, 2 and 3 moler solutions of NaCl and XCl were prenared,
their conductances were measured asnd the equivslent con-

ductances calculated using the relationship
A =y .103/0

The cslculated values were in agreement within + 0.02% of

66

the literature results.

5.2.15 - Premnaration of RbCl and CsCl Solutions: The

equations (5.3) snd (5.4),

c/m = a, + é:aimi | (5.3)
Si=1
2 1 =
m/c = a_ + $a.c (5.4)
o " &

were used to calculate moler concentrations, c, from
molalities m and vice versa. Coefficients, 2, and a;
of relationship (5.3) were obtained from Herned and
Owen6 .4)
were obtained by a2 least squares, fit between m/c

3

o

’

'7 EeY . .
' gna the coeificients oif reletionship (

Ut

and c¢. These coefficients 2re given in



tableAl, avvendix 1,slong with the vaolues for Kol solutions.
The relationships (5.3) and (5.4) are applicable upto 4I

concentrations. For CsCl solutions, the equation

d = 0.99707 + 0.12933¢c - 0.002166¢ 2 (5.5)
. 68 e s
was available =, and was used to calculate molalities, m,
using the relationshio

il ]

m = c¢/(d-0.001.c.% (5.6)

"
where Wb is the molacular weight of the sa2lt and 4 is the

density of the solution in gram per nl.

Solutions were prevared a2t approximate melzlities 23
well as molalities corresponding to exact concentrations.
For preparetion of =olutions at exzct concentrations, if
Wa 1g the anparent weight of the s3&lt in air then the
apparent weight of the solution required in air, Wy, is

given by relationship
Wy = Wa X (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. Relationshivp

(5.7) may also be rewritten as
Wy = Wa.Y | (5.8)

where Y = (1+1000/%Wb.m)fa/fb (5.9)



B
e

An apvoroximate smount of salt was weighed and nulti-
plied by the fzctor, Y ond the apparent weight of the
gsolution required in air wzs thus celculated. A little
less than ths calculated a2mount of conductivity water was
added 2nd the final weight was made by adding water drop
by drov as mentioned za2rlier for vreparation of demal

solutiong.

Solutions wers also prepsred at spproximate molalities
and the exact concentrations calcuvlated using relationshin

(5.3).

. Degesaing of dilute solutions 2nd filline of cells

\Jn

1]

for conducthznce mezcsurements: Jonductznces of a2ll solutions

above 0,1l were measured without egassing while for all
gsolutions below 0.1!', conductences were measured before
and after dagussing with purified nitrogen. Snecific
conductances of undzsgaassed and degaszsed conductance water
were subtrscted from the observed specific conductences

of the solutions. TFor ¢>0.01, no avnreciable difference
was found in calculated ecuivalent conductances by both
the methods. The degosaing 2and filling =2vowaratus i3 shown
in figure 5.3 in which A is a three way tavp, B is 2 two

way tap, a2and H is the gas head.

Firstly, outlet C of the gas head is closed, B is
opencd while A is closed from the side of the B-10 joint
.and open to the atmosphere. This way the gas after vpassing
through the solution issued out to the atmosphere through
the outlet in tap A.
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rfter degessing of the solutions, the outlet € of the
gas head was opendond fitted into the inlet C of the cell.
Nitrogen gas, instead of vassing through the solution
esczped through the cell, thereby creating its own 2tmos-
vhere 1in 1t. This was 2llowed to take place for 1-2 minutes.
After that, top B was closed 2nd tao A wes closed to the
atmosphere and oven to the2 solution side. The grs vnassed
straight through A 2and crezted & pressure on the golution
thereby making 1t rise up to the ges head tube dinping in
it. The solution then sterted filling the cell through
the inlet C. The stovper D was onened to let the gas escavpe
the cell. Bubbles left

while the solution wes enterin
i znd tilting the cell slightly

g
in cell were removed hy shzking
When the level in the second filling tube rose nesarly to
the required mark, the tap 4 was closed and outlet of the
gas head was taken out of the cell a2nd stoprers were imme-
diately v»laced in the filling tube C, 2s well 2s in D. The

cell was then ready for conductznce measurements.

5.2.17 PFreguency Devendance of Conductance: Freguency

devendence of conductance is givernn by Jones and ?ollinger‘sb3
relationship
R_=R —Rz" R W2‘Cz' or R_ =R, - R (5.10)
D L T s R <) P t

where RD is the apparent resistance, Rt is the true
resistance,and W and CD are the angular frequency 2and
capacitance resvectively. If Rt is taken to Dbe roughly
equal to R _, eqn(5.10) becomes



. 3
RD = R_t _,t an . . (5.11)

For 211 the cells and the whole range of concentration
from O to 34, RD was betw$gn 500 and 50,000 ohms &nd CD
was of the order of T 107" fazrads. TFor frequencies, 1000
to 4000 H_, substitution of W, R and C_ in aqn(5.11) shows
that the error, R = R 2 ’

3 BV
nzgnitude is much less than 0.01% and the chunge cannct

2. : =, .
N 'Co y 1l negligibly smsll, Its
be observed on thz instrument. In theory it is clear thzt
the measured or avpparent resistance ig the true resistance.

re first made at bridge

O

In practice, the nezzsurements we

frequency end then using =zn externsl freguency source znd
detector in the range 1000 to 4000 Hz for 0.01, C.1, 1.0

and 3.0M solutions 2nd no visible chénge was observed

within + 0.05%, ( which is the bridge accurscy for external
source and detector). The most recent account of;degendence

, : . 9
of .conductance on freauency has been given by Hoover .

5.3 Results of Conductance Measurements

5.3.1 Conductance lNeasurements in Dilute Solutions

Table 5.4 summarises the results both for rubidium chloride
and ceesium chloride for concentrations less than 0,1H.
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LA

Recults of conductonce mensuwronents in dilute solutione.

nhel T B GET e
c ¢ ) P yA 5 )

- 007 146.34 .04 138,11 .01 164,52 06000 134,63
003 145.91 .05 136.75 .013888 142.09 .07000 133.51
.01 145,07 055 136.10 015133 142.71 07837 142,65
0103 144,98 0633 135.28  .019998 141.32 .08 130,52
<013 143,96 .065 135.00  .028255 139.40 .06926 131.69
015 - 143.30 .07. .. :134.59 .03 139.01 .09 131. 67
L0L7 - 142.77  .O75 134,15 .04 137.32 0929 13138
. 019 142,23 0828 133.43 04784 136,12 .060 131.04
.02 141.98 .09 132,87 049997 135.81 .1.00  130.24

.03 139.77 .10 132.14 .05 135.80 .100 130,85

~—s e ——

onaucte mce meeaurenents in concentraled "0111“" ne

.Results are summarised in tablie-5.5

‘ Table~5.5
Results of conductonce measurenents in concentreted solutions,
Rof ~ Cegll
e A c H c N c h
.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 1.09, 86
.30 124.00 2.5 10».6/ 510) 1i8.20 2.5 104,52
«50 120.35 3.0 103.88 .70 115.73 3.0 101.63

70 17.77 . 05" 114.33




5.4 Analysis of Conductance lNessurements in Dilute

Solutions - A Study of lon Aszscciation:

5.4.1 Fuoss Agg}yﬂid: During the past three yesrs Puass
B

and co-workergs hzve published extensions of the original

Puoss-Onseger conductsnce ecuation 0 cnd applied the extended
equation to data for sodium ~-nd vnotassium chloridesz, caesium
bromide and iodide, vpotasssium nitrate =nd silver nitrate.

The experimantal data weve firat snalysed using the implicit

equation
A=p, =S JC + Zclnc + Ac + 803/2 (5.12)

in which 3 end & sre theoretics=l paremeters snd A end B
constents of émpirical fit., Ffguation (5.12) is valid unto
O0.1IM concentration znd successfully revroduces the exveri-
mentsl data within the precision of messurements. A computer
programue wae devised which revroduced the A A end B valuss
reported for sodium and potassiunm chlor1dea6b C . The ex-
perimental dzata for rubidium end weswum . chlorides were then
processed. The vealues of dielectric constent and viscosity
of water were taken 2s 78.54 end 0.005603 (poise) ot 2590

and the resulfing equqtlon for rubidiuwnm and cessiwn chlorides

were
A =154 .01 - 9&00040 + 26.60 clne + 207.7c - 195.103/2(5.13)
N=153.59-95.000 J¢ + 26.31 clnc + 190.40—171.603/2 (5.14)

The equivalznt conductences for coesium chlceride in
the range ¢ 0.01F, calculated from equation (5.14) were



)
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e,

in agreement, to within 0.03%, with those obtained by Swen
and Hvans who, using the originsl fuoss-Onszger ecuation
obtaized_sth value for coesium chloride of 153.61 + 0.02,
which is in avreement with equation (5.14). The A and B
values obtained for caesium chloride, equation (5.14), asre
similar to those for caesium bromide and iodide ¢ and the

order is CsCl< CsBr < Cel.

Bguations (5.13) =nd (5.14) fer 1:1 salts in the con-

centration range 0.01 to 0.1l give g2 tlschtorv values

. g a—c, 71~
of/ko when terms in 03/2 are retained 7173 .

C\

Using this concentration range imvdroves exverimental

accuracy and so is prefereble to us 1ing concentrations < 0.01V.

FPor solutions where lon association is wresent Fuocss

.

and Hsia6a first used the explicit equation
A o= (b -an) (I +8X/0)/(1 + 3¢/2), (5.15)

where « 1is the degree of dizscciation, 8N and nX/X con-
tributions from electrovhoretic and relaxation effects
respectively end ¢ is 2 function of the ion-size parameter
8. tguation (5.15) may be =olved &z a three psrsameter
equation tc give self-consistent velues of‘ﬁo, 2% ana X,
the association constant. The latter is derived from
values, using activity coefficients from the Debvc—ﬁﬁcxgl
limiting lsw. Although the valuss for dlstbncefbio est
approach are large, 5-6& , equation (5.15) adequately repre-
sented data for sodium and potassium chlorides znd czesium
bromide and iodide uvn to 0.1M. IMac¥Fenzie and Fu08s6e,
however, fcund the®t with votossiur 2nd silver nitrates in

water and in agueous diox=ne, where the amount of sssocizticn
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is comparatively large, the value of I, obtainzd was

<y
relatively insensitive to the velues of a° chosen. They
then treated equation (5.15) 2s a two verameter ecuation

end calculated K, from the best fit of 2°.

A detailed computer programme (No.1l58) of this trest-
ment was kindly sunvlied by rrofessor PTuoss znd was used
to process experimental'data for rubidium and czesium
chlorides znd to recalculate results for other &alkeli sslis.
The distance paremeter 2 is obtained from the association

ongtent, K_, using the relationships
[o33

(47Np3/6000)7 (b) (5.16)
where F(b) = B (b) = (e%/D)(1 + ) + 2.435 (5.17)
and al = ﬁ/b (5.18)

Activity coefficients, f+, are calculated using the exoression

- Inf+ = 7/(1 +7) (5.19)
where T =pK/2 ' (5.20)

0] -~

Relations between N, P, 2, b,7 and K are given in an earlier
publlcatlonf75 A limit has also been set to the maximum
concentration such that ‘c(max) <107 ol D3 where D is the bulk
dielectric constant. For agqueous solutions ¢ (max)$ 0,051

and as association increases this limit decresses further.



Table 5
Resulte for Rubidium Chloride data using the
Fuoss analysis. ‘
c Aoz Acalc-ﬂobs « fi

.008 145.908 -.002 .9982 .8272
.010 145.066 -.004 .9978 .8109
.0103 144.945 -.035 25977 L8085
.013 143.980 +.020 9972 7901

. 015 143.337 +.037 .9968 ,7782
LO017 142.757 ~-.013 L9964 L7674

. 020 142,218 -.012 .9861 .7576
.020 141.964 ~-.016 " .9959 .7528
.03 139.802 +.032 .9942 7141
.04 138,131 +.021 .9926  .6847
.05 136.758 +.008 .9911 .6610

. 055 136.224 +.034 .9904 .6507

O
e i3



Resvlts

C

.01.0000

.013888

.0151%%
.019998
.028255
.029991
030000
.039991
. 047836
049997

.050000-

Tor Caesium Chloride data using

A

144.
-093
. 691
-299

-390

calc

500

041
039
.320
.109
135.
135.

815
814

S Table

-

2.1

Acalcwﬁdﬁ

oL

< 99671

. 99558
.99524
.99292
.991.82
.9913%9
.99139
. 98890
. 98730
. 98683

- .98683%

the Fuoss anslysis

£4°

—

.81097%
18480
STTIST
. 75299
. 72026
. 71438
L T1L435
.68300
.66622
.66150
.66149

o is the degree of dissociation and fiz is the square

of the mean activity coefficient.
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The results for rubidium 2nd ceesium chlorides are
given in table 5.6 and 5.7. Table 5.8 summeriscs calcu-—
lations for other alkali halides end votassium and silver
nitrates. TIncluding in this table sre the /30 vilues ob-
teined from ecuation (5.12). These ars lerger by (.08
and 0.05 conductance units for rubidium snd ceesiws chlorides
and similarly for sodiwn 2nd potassium chlorides 2ad ceesiunm
hromide., In ths sequence of =zalts from zodium chloride
to silver nitrate the ion size poremeter ao, decreases &g
assocliation constants, Ka, increase. Toe values for Ka
for sodium and notessium chlorides are 0.17 with uncertainty
of +0.12 so that, as

o
. P n ~
significag. The asesociation constonts for rubidium and

3y

nected, the assscistion iz bharely

caesium helides are gignificant but sueller then for po-
taszium and silver nitrates. The values of ascociation
constant, Ka, for rubidiuw snd czesium chlorides are 275+
.083 and .409 + 061 resvectively. Tor ceesium chloride

Ka is identical with that for ceesiwt bromide 2nd compares
well with an e2rly ectimate by Davies76 of =< 0.4, measured

at 18°¢C.

5.4.2 Corresponding Conductonces: In 2 recent paper
Gugge qae1n77 hags used the conductsnce equations of Pittg

to calculate the comductance with an electrolyte would
have in the 2bsence of ion ascocietion. The vprincinle is
one of corresvonding conductances, in which the desired
equivalent conductance, /A, is calculated using data for
two standsrd 1l:1 salts which were considered to be comple-
tely dissociated. It is shown that for a given value of

concantbtration,c,
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1
1 ry =B '
AT - AO - Y o - r (e, constant) (5.21)
T 2 1 2
A™ ~n" By =Ry |

where r is the constant defined by the AO values znd thers-
fore indeveandent of concentration. Suwerscrints 1 =nd 2
denote the standsrd salts. TIn the original paper these
salts were vobassiuwm 2nd lithiuvw chlorides, but in this
work sodiwsn and lithium chlorides were used in order to
inclvde ootassium chloride, 2as in the fuoss trestment given
above. (For self-consistency the degree of dissociation is

again given the symbole« , where § wss used in the originsl

1]

naper). The vzlue of « 1is cazleulsted as bhe ratio Aobﬂ/h’
calculated from eguation (2.21). The results ere shown in
table 5.9 end fig. 5.4. The degreez of dissociction oresent

at enszcific concantrations are closely similer for bhoth

b)

c
treaiments snd the agrezment hetween them is never worste

than 0.5%, slthough in 211 coses the Ful@ss estimate is the
lower and extraosolates to 2 value which corresvonds to Davies78
estimate of « for Cscl at 0.1HH. To compare associstion
constants the Fuoss activity exnression, equ.(5.19), has
been vsed 2nd the resulbts given in table 5.8. Once nore

the =zgreovent for the 2lkali h=lides i3 excellsnt 2nd within
the uncertainty of the ¥_ values obtained hy each rethed.
The corresvonding conductance method does however give lower
values for votassium and silver nitrates and each method
shows that zssociztion in notazsium chloride is negligible
oY Zero.

The agreement betwesn those two indevendent anproaches

.is, therefore, excellent.
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Table 5.8

Resulis for ho, a  and Ko vsing programme 158 of Fuoss for

literature dato on other salts.

[ .

1 Implicit ' .| Gugzenheinm
2 Eguation Toss Progromme lMethod

f4 ( L ) — .
4o .

O 0 o . - \

[4)) A ‘: 8

FJ{ ‘/\0 ;\O a, Ixa Ka ([’{ )

i 126.61 126.58] 5.23%| .168 + 0. 124 | O

A%

=
v
oo

XG4 1 149.96 | 149.92] 5.223] .172 + .120
BbLL 165k ol (53.93) .q47 | o5 £ c0Bn | Ak £ D
Csl 154.19 | 154.30) 4.851] .%11 + 0.042| .28 + .10
CsBr | 155.75 155.31| 4.597( .409 + 0.061 | .40 + .13
CxCe 153,58 | 153.53| 4.598| .409 + .051| .40 + .10
KNO5 | - 145.00| 3.726| .784 + 044 | .66 + .05
A0, | - 1%3.41| 3.509] .875 + .101| .70 + .05

(Ka(g) is the ashociation constant calculated using
A Guggenheim's degree of dissociation,cé%, and Fuoss's
activity coefficient, f+., over the range .01l to .05 ﬁ).
¥using NaC4 or LiC4 as standards instead of LiC4 and

KCl as standards.



Degree of dissociaiion,«,
method of corresnonding conductances(%Xg) 2nd

Table 5.9

from Guggenheim's

D

from Fuoss orogramme (XF).
c .01 .02 .05 .10
oAg .9986 .9987 .9990 .9993
KL olp 0986 .9076 .og42 -
(g .0970 .9958 .9946 .9935
BbCL op o078 L2959 L9911 -
Xg .9960 .9940 .9900 .9960
CsCl >p 2067 .0939 .9868 -
Xg .9963 .9895 ,2806 .9680
KNO3 &3 9934 .0885 .9753 -
Xg  .9976 .9900 .9780 .9620
AgNO3 &n 9930 .9872 .9725 -
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CHAPTHR 6
Results and Discusaoion of the Irreverzible Tharrodynamic

The exverimentzl results obtainzd for the electrieal
conductances of rubidium =2nd cazsiw: chlorides tosether
with the diffusion date for rubidium chloride comnlete
the parametvers required for an irreversible thermodynemic
analysis of these s2lts in the concentration ronge 0,25-
3.0, Trensport nunvers for both salts were obhltzined frow

13

Tamas, Kanosli 2nd Schelber in this concentration range.

uthors found their data to f£it the emnirical equstions

3
g
[©]
[43]
[0]
Q

o
- 79
of Joneg and Dole“Y,

tl(RbCl) = 1.5060/(1 + 0.005461.¢) ~ 1. (6.1)
~t1(0301) = 1.5084/(1 + 0.01059./¢) - 1 (6.2)

to en accurecy of 0.1%. Literature values of the volune
fixed diffusion coefficient, Dv’ for c=2esium chloride were
obtained from Lyons =nd Riley3 . To coavert thesze (and

the exverimenta2l results for rubidiunm chloride .obtzined

in this thesis) to the solvent fixed frame,of reference

it was necessary to evaluate the acﬁivity correctiqn ternm,
(L+mdlny/dn), eqn(2.60); over the full concentration rznze.
For this purpose a fourth degree emvirical fit was obtained

between 1nY and Inm;

1ny = ag + §"9i(lnm)i. . (6.3)

i=1



The coefficients a, %o ay for both z2lts (2nd =lso for
votassium chloride for check calculations), given in teble
6.1, revroduced 1lnY vzlues to an zecuracy of iO.l% over
the range 0.1-4.0 molzl. The values of the function
(1+mdIln¥/dm) given in t2bles 6.2 £nd 6.3 were obtzined

from eqn(f.3) on differentiztion.

Using the theory discussed in chavoter 2 a computer
programme wzs written (2ppendix 2) which feorcduced Miller's
calculated data for the chloridse of lithiuwm, sodium, po-
tassiwm and hydrogen to iO.l%. Pha complete sets of trans-
vort data for concentrations in the range 0.25 to 2.0
molar for rubidium 2nd czesium chlorides were Drocessed
for calculations of the phenomenslogical coefficicnts,

Lik and Rik' The comwuter read c,m,t+, N, DV and (1 +
mdlnY/dn) from the dst2 tooe and firct calculated the
transport coefficients, Lik from eon(2.63)., 'The inverse
frictional coefficients, Rik’ were then cealculated from

Lik by their matrix inversion using eqn(2.64). The ion-
solvent frictional coefficiants, RiO’ were cealculated

using ean(2.66) which involved all the three transnort
nrocerties =2nd the sctivity corraection terwm. ‘riese co-
efficients could 2lzo be obtained using ean(2.6¢) which
involved trensvort numbers, diffusion coefficients snd

the activity term 2nd for ROO diffusion coefficients and

the activity correction term only. This does not mean

that conductance znd/or transport nwibers are extrenous
parameters in ean(2.66), for obtzining the coefficients

Bio 700
reduces to egn(2.69). The results for rubidium znd czesiun

. Y%ef
and It can be seen on expansionfths eqn(2.66)

chloridess sre nresanted in t2bles 6.2 and 6.3. 0Ooclcula-

tions were slzo corried out for [ cewlimwed)
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To obtain a deecoer understending of electrolyte
transvort in concentrated medisz en examinetion of the
variations of these coefficients with concentration is
neceasary. The interonretation of such coefficients is
qualitative and therefore moast soundly hesed when a series
of closely related salts sre comnarad.

In the present series of investigations on rubidiunm
and caesium chlorides the remaining &lkali metzl chlorides
provided this background for comnsricgon. The exnerimental
salts contain the largest cations of the series with larges
mobilities end arc the pgwly - salts of this series for whidiien
association might be exvected (chaplber 5).

In this analysis, the nobility or L-coefficients and
frictional cr R-coefficients have been calculated., These
two sets are mathemetically esyuivelent but each hoz merits
for interpretation. The mobility cocfficients give relation-
ships which are formally more similar to classical equations
for example equivalent conductivity, A, where the simple

Onsager equation
AzAO“(‘iﬁo'*'ﬁ)\Fc-

may be compared with eqn(2.45);

L L 2L
_ 2”11 302 32
/Xm-(Zl TR ? N )10 JIA (Zl 5 IJ ) 10°7~,

The first term in each equation is a fybtion solely of
-ion mobilities and the second term contains contributions

from the c2tion-snion interesction.
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The friction or R-co~fficients are more skin to en
electrical or mechanicel rutistance and have the advoentage
of being independent gf the frame of reference. The coup-
ling coefficient, RiO’ hetween ion and water may be isclated
and exanined., This form=lism is largely fovourad by workers
in the field of membrane transvort snd the friction =nslcey,
discussed below, h=2s been develonad by Spieglergg, Ketehzlely
and others.!? 94

6.1 The Mobility Coefficients: The vhenomcnologicel egua-

tions Tor a2 binary electrolyte solution containinsg cetion,

1, valency, Zl’ anion, 2, valency 52, and water, O, 2re

given by the exvnression(2.29) where Ji ig the flux of ion,

i, relative to the solvent. A thermodynsmic force on snecies,
ca

i, 18 defined by the gradient of electrochemical motentia

al
(-grad ﬂ:i) snd therefore is the force on one nclz of snccies,
iy the flow, however, ig largely oroportionsl to the con-
centration of species. This concentration difference is
defined and the variation of these parameters with concen-
tratibn reflects the changes due to the environmentsl vari-
ation. The analogy is that between the use of specific
conductivity =snd ecguivslent conductivity, A , 29 2 basis

of comperison of electrolytes at verying concentrations.

6.1.1 The Coefficients, T,,/N =nd T,,/N: The L../N is
an. intrwmasic mobility, thet is, the mobility @n ion would

have if there were no interactions with the oppositely
charged ions. It includes 2 large obstruction contribution
due to lattice exchanges, smaller effects such as coulombic
interzctions with the othsr i-tyus ion, solvation znd the
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frame of reference interactions with the solvent. The
cationic 2nd anionic mobility coefficients, Ll]/N and
L22/N, are plotted in figures 6.1 2nd 6.2 ageinst the
gquare root of ionic strength, S, where S is given by

5 = N(zl - 22)/2 (6.4)

T

The observed trend of the intrinsic mobilities, Li"/“’
may be tentatively exnlained on the bzsis of the accumulsted
evidence $%,.9%, %7  4f water structure =nd the effects of
electrolytes on thst structure. The mobility coafficient,
Lll/N’ ig lergest for RbT ion showins that this ion has
the highest mohility in the =lkali m2%21 chloride series.
For Rb+, 0a” end ¥V ions the values lie perallel and very
close to ezch other 2nd are the least affected with change
in concentraztion. Tn the csse of more solvated Na' end Ti'
ions the cosfficients, Lll/N’ decrease with concentration

showing that the most solvated Li* ion has the least mobility.

The nobility coefficients, LQQ/N’ plotted in figure
6.2, vprovide @ basis for the comparisgon of the C1~ ion
robility in = variety of »zlt solutions of different con-
centrations. At finite concentrztions it derends uvon tae
nature of the s2lt. As the concentration ' tends towards
Zero, L22/N values convérge to & common point in accord
with Kohlreusch's law of indenendent mobilities at infinite
dilution. At a2 finite concentration the L22/N coefficients
are in the increasing order of the atomic numbers of the

cations. That is,

1iC1l¢ NaCl{ Xcl4{ Rb21K CsCl



mahle~b, 2

RUSTDTOY CHLORIDS S s
G I Egv Cond als D{vY UhmorinabamsSd
00000 0.005000 154,16 SPL AL ALY 1.0000
05000 0700040 IR o L 00 Do
Q2500 0, 252070 125, 45 L8500
05000 0510100 120,36 0L 5002 1L 5700
07000 0715900 19777 01002 7 .5930
1.0000  1.059340 115.23 O lors (G0 N, o8l
1.5000  1.588009 112,00 0. 49560 Z.0240 0. u:ma
2.,0000 2 ?FSMOn 10930 Oclivlns 21000 0., 9351
3.0000  3.371300 103.97 04719 2, 2U50 foOb)O
Sqrt S 111/ 112/ 122/ 2 Qi2
X110 112 w2 w2
0, 0000 8.3511 0. 0000 8.2021 0.0000 0L OO0
3.1623 7. 8403 0.7005 ToTHI5 0.1649 000899
50000 7. G435 0.8362 15973 02083 1163
T.0711 7.5382 1.0722 75330 C.249 nxuﬁa
8.3656 7.5045 1.1203 7. gzuS 0.2735 S84
10.0000 74801 1.3194 75545 0.2990 m 7/?0
12.2474 7. 4453 1.4757 7.5416 Y. 3291 0.1959
141421 7.3870 15792 7.51061 03499 0.2120
17.3205 T 2077 1.7149 7.35386 0.3806 062350
Sqrt S NRi1 ~NRi 2 NR22 Q10 Q20
X110 =11 =11 =11
0. 0000 1.1974 0.,0000 1.2192 0.7039 07103
3.1623 1.2858 0.1162 103009 0.6722 0.0769
5.0000 1,3“>u 0.1546 1.3343 0.6633 0.6661
T.0711 1.3540 0.1027 1.3549 0.6547 0.6550
8.3566 1.3668 0.2162 1.35631 0.6493 0,.6481
10,0000 ~ 1.3795 C.2U16 1.38695 0.64306 0.6403
12.2474 1.3573 0.2731 1:3795 0.6367 0.6306
14,1421 1.4175 0.2980 123931 0.6319 0.6235
17.3205 1.468 0.3408 i 4325 0.6246 0.6123
Sqrt S ~R10 ~R20 ~-COR10 ~COR20 ROO/N
X110 19~9 10=9 n-11 1-11 o=
0. 0000 2.1638 2.2031 1.1974 i.2192 7 . 8909
3.1623 2.1205 2.1479 1.1696 1.1847 7.7387
5.00)0 2.1333 2.14905 1.1708 1.1797 7.3044
7.0711 2,1343  2.1360  1.1613  1.1622  7.8483
8.3h68 22,1289 2.1221 1.1500 1.1469 7.8656
10 000 22,1286 2.1099 11379 1.1230 7.9284
12,2474 2.1413 2.1073 1.1239 17061 8.,0948
14,1421 2.1745 2,1272 1.1195 1.0951 3.3555
17.3205 2.2829 2.2101 1.1270 1.0917 9,0959
*Trang port number at 0.1l is in"eroolc ted.



9’ ?l.).,]:r"lh'" 0.3 : L
CLEITUNM CHLORIDRE
c 1 Fav Cond Gt D{v)nh 1 nsdinGama,/dn
00000 0,000000 153,63 05030 2,040y
03000 010070 13085 0. H020% L8710
G.2H00 0.253300 12370 OeHOOH T 8550
05000  0,519500 118.90 OA5T72 1.8500
0.7000  0.722800 115,73 00,4952 1.9710
1.0000  1.046100 11310 OPRSelate 11,9020
1.5000 1.602800 TPO;%S 04391 1,8600
2.0000  2.790500 107.20 04351 2,020
3.0000 3. .452400 101 .53 QU812 Z2.1750
Sart S 111/W 112/ 122/ w2 Qi2
xX10 n+12 n+i2 w+12 .
0. 0000 8.2976 0.000 o 8.1286 00000 00000
3.1623 7.75¢6 0.73! 7o 7334 0.1730 0., 0947
5. 0000 76854 100360 7.6721 02378 0,1349
7.0711 7.5902 1.2730 7.6673 0,2371 0.1676
8.3565 7.5334 1.3783 7.6527 0.3073 0.1815
10.0000 74653 1.48617 7.615% 0,32820 001961
12.2474 7.3538 1.5829 7.6110 0.3493 0,27116
14,7421 7.2624 1.6657 7.5825 0.3668 0.22U5
173205 T OTUT 1.8023 7. 4857 0. 4007 0,250
Sqgrt S NR11 -NRi2 NR22 Q10 Q20
X110 10-11 10-11 p-11 .
0. 0000 1.2052 0.0000 1.2197 0.7050 0.7092
3.1623 1.2G654 0.1231 1.3048 0.6713 0.6743
5, 0000 1.3253 0.1790 1.3276 0.6573 0.6581
70711 1.3545 0.2259 1.3419 0.6472 0.6430
8.3666 1.3727 0.2472 1.3513 0.6433 0.6301
10.0900 13931 0.2700 . 3600 00,6300 0,62%4
12,2474 1.4236 0.20061 1.3755 0.6361 0.6195
14,1421 1.4500 0.3185 1.3883 0.6332 0.6121
17,3205 1 .5081 0.3671 1.4254 0.6265 0.5977

Sqrt S ~R10 -R20 ~COR10 ~COR20 ROO/N
Xi0 ) m~9 10-9 n=11 p=-11 0-=7
0. 0000 2.1777 2.2040 1.,2052 1.2197 79179
3.1623 2,1267 2.1438 1.1723 1.1817 77471
5. 0000 2.0924 2,008 1.1463 1.1486 7.6459
7.0711 2.1140 2.0205 1.1280 1.1160 7.875§
8.,3055 2.0035 2.0537 1.1254 1 .1040 T.7146
10,0000 2.1166 2.0548 1.1231 1.0904 7.8612
12,2474 2.1731 22,0304 1.1275 1.07C4 8.1921
14,1421 02,2325 2. 1117 1.1315 1.0703 8.571¢
17.3205 2,3553 2.1939 1.1409 1.0582 9.4519

% Tyransvort number at 0.117 is intervolated.
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Since the intrinsic mobility of an ion dozs not devand

- upon the effect of the counter ion, the =2hove ordar nmay

be explained in teriis of the state of the solvent structure
in the opressnce of different cstions. The solvent order
producing cz=% 1onn, Ti" and Ha+, incresse the weter structure
and theraby uecr@ ¢ the mobility of the €1~ ions. The

+ W
and Cgz , on the

solvent order deztroying iong, K+y Rb
other hand, decrezse the resiétance of the solvent medium
to ionic flow 2nd cause 2n increase in the mobility of the
chloride ion. On the basis of this hynothesis the secuence
of the C1l" ion meobility would be essentizlly in the som

order 2s that of the cations as is observed in figure 6.1.

In the elknli wet2l chloridas, RbCL falls betbween
Kel snd CsCL but its  eguivalent conductance, transvort
numbers and diffusion coefficients, lie above that of
CsCl. That is, they are the highest in the whole =zeries.
The largest megnitudes of the intriwmsic mobility of Rb™
ion, Lll/N’ provides an indtlcation to the cause of this
snomalous behaviour. Since the intriwsic mobility of an
ion devends upon the state of the solvent, the latter is
offering the le2st resistence to the flow of Rb' ion, and

so0 explains the order of the transport vroverties.

6.1.2 The Cross Ccefficient; L,,/MN: The cross or inter-
action coefficient, le/N, nlotted in Tfigure ©.3, dir:zctly
represents the cation znd enion interaction. Because 1t

is a2 solvent fixed coefficient there is some solvent con-

tribution. It ie zero a2t zero conczntration ss there are

no interzctions when the ions =re infinitely ssverated
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and increase ravidly with concentration. At higher con-
centrations, le/N goes through riaxime for LiCl and Na2Cl
but increases continuously for KCl, RbCl and CsCl, the values
at a particular concentration being largest for 0sCl =rd
amallest for LiCl. The highest intriusic mobility of Rb,
shown by Lll/N coefficients, does not alter the order of

IJ]-?/N.

+ ——re
and Cl compored to

The largest interaction of C=s
that of TiT end 017 might well occur if the Li¥ ion were
proverly screensd by ite largest solvation sheath vwuich
would incresse thes distance of closest apnroech and hence
descrease the zv:arege coulombic force bwtween them. On
the other hend the effect of the larger solvation shes
around it ion would be to orientate solvent more rigilly
and subject it to partizl dielectric constent arcund the
ion and enhsnce the coulombic interection between Lit end
¢1” ions. If, however, this modsl is acceptoble, the dis-
tance effect would have to be substantielly larger in order
to explain the geguence. The decrease in‘LlQ/N for NaCl
and LiCl at higher concentration 1s again baéed on this
model (of dictznce =ffect) which decreases the cation =nd

anion interaction ver unit ccncentration.

Stokes %8 hos suggested that L19/N might reflect in-
civient ion association because of‘increased coulombic
inter=2ctions due to decreazse in hydrztion zs we 70 from
it to cst. If this were the case then incipient ion
association would be maximum for CsCl and lesst for LiCl.
This, however, is elso the order of the intrinsic mobilities
of the c2tions which, in turn, ere determined by ion-solvent
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s
interactions. This/wore clesrly brought out by the Ly ,/N
vzlues for HCL, hhos and HN=20H which are very higsh indeed.
Stoke!s model therefore doas not vrovide a cla=or nicture

od ion-association Kedem and Camlangq

have defined s
new parameter 012 28 a better measure of the dsgrse of
counling between swnecies 1 and 2 in a two component system.

935 is exnleined in bthe section 6.3.

'

6.2 The PFrictionsl Cosfficiznts: The phenomenological

egns(2.33) reocresents relationz betwesn the Torces, Ki’
end their conjugate flows, J., in terms of the frictionsl
coefficients, Rik' This inverse descrivtion of ftransport

by friction=l co«fficients »nrovides zn 2ltern2tive ond

03]

comnlenentary revresan ion. It ie theﬂretjcally lesz
e

ntat
well defined because of the sssuantion “Cld 1 =0 1=0,1,2;

<
eqn(2.26). The =2dvanteges are that the §;10u1 onal coeffi-
cients become indenendent of the frame of refer encego and
addition=2l fricticnal coefficients, RiO’ which mezsure
friction between ion and solvent, are obtained. On solvent
fixed frame of reference the vhenomenoclogical egns(2.35)

may be re-written as

J. (6.5)

+ R,
i = Fids Tk
Prom egqne(2.36) and (6.5), R;, may be eliminated to y«21ld

. - 3)-(cy/e )R 075 (6.6)

Fach term on the right hand side has the dimensions of



thermodynamic force znd renresent the frictional inter-—
actions of snecies 1 2nd k, end i and =olvent. This is
eszsenciaslly the mechanistic interpretation of Soiegler33
who congidered = force, Xi, to be balanced exactly by
the sum of 211 the frictional forces, fik’ figure 6.4,
such that eqn(6.7) holds;

Pioure 6.4

Bguilibrium between & force Xi anplied on on ion i, and

the frictional forces, fik and in'

f.

ik <::
i;h

i :> Xi
f 4
i0 =T .
n M
X; = ;{_Dfik = E,,f'xik(vi“vk) (6.7)
Y K

where X3 is the coefficient of kinetic friction and
e .
(vi—vk) ig the velocity of 1 relative to k. AlsoKrelatlve

flow (Ji-J igs given by

k)

(Ji - Jk) = Ck(vi - vk)' (6.8)
From eqns(6.6),(6.7) and (6.8) we obtain

~X5p = O Ry i,k=0,1,2;1k; (6.9)
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For completely dissociated 1:1 sslts, ol = 02 = N,
therefore ion-ion friction ig revresented by
“Hyp T MRy = =Xy = MRy (6.10)

That is, the coefficient, ~NR12, renresents the coefficient
of kinetic friction, Xqoe

For a three component system ean(2.37) mey be re-
written as

N

ciRiy = - £ o Ryy (6.11)
4s0 #k

From egns(6.9) and (6.11) we get

c Ry %;gxlx (6.12)

Il

The term CiRii is therefore the sum of the frictional
coefficients between one mole of species 1 and 211l other
species k& in one litre of the solution. On this basis
the Rii coefficients assume lesser imvwortsnce than the

coefficients, R,y , 1 # k. 4s for evemple the value of

NRll(c =11) for RLCL, Ffigure 6.5, is minimum becauss ORlO’

figure 6.7, is minimum 2and the order of NR coefficients
g ’ 11

is the same 2s that of The relative di1fference

O 10°
in negnitude davends uvon the volue of N312 st thzat con-
centration. In the same way the beheaviovr of NRQQ coeffi~
cients, figure 6.6, devpends uvpon that of cOR20 and NR,,.
Purthery the coefficient, R, /“, figure 6.9, ig simply &
surmation of the coeffioients, Ryp nd ROO’ ean(2.66).
Therefors tha transocort nroc s in electrolyts =solutions
zre better underst if we study thz nature ol the cosifi-

0
Cients R.~ 2nd ¢, R.q .
cients, CO{ o 2nd cp iy,
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6.2.1 The Coefficients, -c o7 -

2 \Ji_‘_ O I ¢ (
—CoRy end -cuR,y ere “lotted in Tigures 6.7 and 6.8 res-
nectively. They reoressent friction hetween one gram ion,

R.~t The cosfficiernts

-

i, @nd the surrouading solvent wmer 1itre of the solution.

The cosfficient, —QOR]O, ig the le=2st for ATL and

largest for LiCl. A%t infinite dilution it hes diﬂbLuPt

values for esch catlon. 48 conceniration incry 3cr/ﬂom~
tinuouvsly for NalCl =nd LiCl. This mzy be exvlzinzd in
terms of the tendency of th: solvant, weter, To =olvate

the iong. Li' 2nd Ne" ionsg 2re highly zolvated znd ss

concentratiocn inerecznen morae snd more weber molecules sre

removad from the sol hz process ¢f hydretion.

This is why ~COR10 increasass continmucusly for o
~+ + ¥ o
X Cas’ ond Rb iong =re the lezst zclvated and therefore
b
—CAR
10

value of —coﬁlﬁ for 2Ll shows that the sclvent iz offering

U

for these ions is virtuslly constsnt., The lonest

4+ . . .
the least resistance to the motion of Rb  1on snd for this
reason, the ifransoort pronerties like eguivslent conductzacs,
transoort numbers and diffusion cozfficients, for RDTL,

are the highest in the =21%=1i metal chloride series.

The znion frictionsl cosfiicient, ~CORQO, laersiBes
continuous for 2h01 =nd Ca0l while for XCi, 11:0C1 #nd

TLiCl it passes tuhrough minima snd then inereases. 3Since fhe
anion is the s=ne, _EORZO convarse to the sam= noint 2%

infiaite dilution. 4% Tinite concanirztions the
of —00320 despends upon the structurzl interections of the

ions with the szolvent. In dilute solutions the order is

Tifl < Hasld Tel & (p317) & (7aT1?) .,

* ~c cresses
0R10 incre



— CoRp > 1O

42

Sy

»
r

22

- = COelo

St B —————

Figu f; ¢-7 —~

Q‘O

vs JN

3
T Y )
to |- ' 7(
({178

W6
F Hel -
2 N ’

S R TN NN HUNNS SN D W B | | 1
® 2 4 . 1o ” "y 6



(03

Fipure 63
- =l
_ - CoRa0 - (0 VA JN
18
— -
)
o HeL
N X
&
1S ¥
o
.V
' ' 4
ly u
- Na.d
r3f-
'.a KoL —
B R ———
- ’eba_l B
B —>r
v/}
YR N WU N NN NN NN NN N MU TR MU M N N S |
¢ 6 .1 /0 2 /4 /%



u.
P
léim

There ig an inversion at & 0.4 2nd the final order is
LiCl > Hall >XLL >RbC]l >Cell

Thias behaviour nmay be esxnlained if we exemine the stats
&

of the gsolvent in the vicinity of 2n ion. According to
ws . L. .
Gurney‘sgb concenta, Li and e ions ere smolvent order

producing. They enhance the structure of the solvent and
increase the ion-solvent friction. On ths ofther hand,

the ions, K+, Rb+, ns™ and 017, 2re solvent ordar dastroying.
They loosen the structure of the zolvent 2nd decrense the
ion—solvént friction. Tn dilute sclutions of LiTl, the

ions ere far anart ond the order destroying tendasncy of

the C1” ion is domin~snt in controlding the baheviour of
~COR20 2nd therefore the znion-solvent friction descrezses
initi=lly. As concentration incregses the order wnroducing
tendency of the it ion becomes effective and the 17 ion
mnoves through 2 mors structured scolvent. The motion of
the anion is conditicned by the order voroducing or order
destroying tendsncy of tha cations. Therefore in concen-
trated solutions the order of "CORQO is the asome as that
of »cORlo.

The conditioning of the motion of the £1° ion by the
solvent order oroducing snd order destroying tendencies
of the cations is suovorted y the behaviour of _COHlO
and —COR2O coefficients in HC1, HISO3 and NaOH solutions.
Tha results for HNO3 and NoOH are given in avppendix 1.

The coeff?cients, —CoRygs for HC1 =nd HNO3, and -¢yR,
for NaOH, vlotted in figures 6.7 2nd 6.8, are very mmall
as commsred to thoss of the alksli metal cations, fig.6.7,



oy

end the Cl™ ion, fig.5.85. This reflectd the unicue trans-
port mecW&igm of the u' and OH™ ione. However, these ions
are polarising - 2nd highly order producing in their
effect upon the solvent. This is reflected in the increasing'

valuzes of —COh90 Tor HCL =nd HNO3 and of —CORJO for NaOH

as concentration increases. The curves of ~Colion Tor HEL

=

c
and HI‘-FO3 lie 2bove theat of Tigl, figure .8, ond tha curve
1

of ~COR]O for N=OH
The anion vplays the same role in figure 6.8 28 the HT ion

O
lies =above that of NaCl, figure 6.7.

99}

does in figure 6.7. At infinite dilution —coﬂlo for NaOH
is the s=eme as that of Hall showing that tho ofder vroducing
nature of the OH ion 2nd order destroying noature of (17
ion have little effect unon the structure of the solvent
in the vicinity of tre cation, e,
Thet the golvent is highly stractured in sclutions

91 . o
“ho has re-

of HEl is supnorted by the work of Sulovkin
ported the surface densities of H?O nolecules in the ¢1rot
coordination layer of the cations<and anions, fi and 5_.
The vzlues, calculated from the stoicheiometric sctivity
coefficients, are given in taeble 6.4. It may be scen that
§; for H' is closer to thst of Ti* ion and (& in Hel is
higher than that for the 2lkesli metsl ions showing that
the solvent around €17 ion in HCl is more structured then

in the other halidsas.
Table 6.4

Surface den®ities of water in the first coordinstion layer

of cations snd snions.

nt it we” wt rbt ost
Cations| fx |0.060 0.065 0.053 0.043 0.040 0.036
Anions | §1 10,043 0.035 0.035 0.035 0.035 0.035




may be cogelcted with B-coefficients of viscosity intro-
end Dole’”

duced by Jones

v = Wlo(l + AjT + B c)

o ®

16)]

39

Gurney has

to individual ionz 2nd to the electrolyte as

- R

010
The order of coefficients L»vnﬁ

and

207

through the eqn(6.13).

aigned numerical values

dilute =olutions of alkaeli met2l chlorides.

reproducad in table 6.5,

Table 6.5

B-~cogfficients of viscozity.

(6.13)

of B-coefficients

& whole in

These 2are

B-coefficients
electrolyte +ve ion -ve ion
LiC1 +0.,139 +0.14% -0.007
NaCl +0.079 +0.086 -0.007
KC1 =-0.014 -0,007 -0,007
RHO1 ~0.037 ~0.,029 | -0.007
Call -0.050 ~-0.042 % -0,007
|

A -ve B-coefficient for an ion implies that the ion
is ordsr destroyving and a +ve B-coofficient meesnsz that
In this senge Cl7,

4. . .+
ce”t ions are solvent order destroying znd Li

. 23
the ion,order producing.

order producing.

k*, rp*

+
and N=

and

N
}v

in dilute solutions

$
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The B-coefficiante reocresent contributions from co-
gspheres of individual ionz =2nd in dilute solutions they
are indewnendent and additive. Since in =2cusous sglutions
woter molecules maoke the co-snheres of ions =2nd the co-
effici=nts, "CORlO and ~COR20,,sﬂd un to give the function,
ROO/N, it is of intersat to commn=re the overall B-coeffi~

PR

cients of the electrolytes with the function, RDO/N,‘?lOuJ;i

in figure 6.9. In solutiocns of XC1, 1bCl =znd CeCl the
effect of -ve overall B-cozfficient is thet the soivent

ig loosening its structure =2nd this le2ds to countinuocus
decreace in the total friction between the ions and solvent.
This is shown by the dzcreasing trends of the curves for
these éolts., In the sclutions of TLiCl and Nalfl ths oversll
B-coefficients are +ve, ROO/N for these salbts incresces
continucusly with concentration.

6.2.2 The Coefficient, "Nng: In figure 6.10C, —KRIZ

is plotted vs.JS. It is & smoothly increasing curve with

zero intercent at infinite dilution. The revresentation
of the cation-anion friction by the fpictional coefficient,
-NR
127
of kinetic friction, X0 eon(6.10)., The latter, as it

ia suonorted by its ecuality with the coefficient

is the frictional ccefficiznt between on=2 grem ilon, 1,
and 211 the ions, 2, in one litre of the solution, must
tend to zmero 28 c¢m=c, tonds to zers., Two features are
sonarent: a) lithium chloride has the gg%test frictionzl
coefficiant in the series wherezs 1ts counling of flows,
as measured by ng/N, is the lesst, b) unlike the direct
frictional coefficients, NR.., which are in the inverse

order of their corresponding ion nobility coafficiantse,
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Lj./N, the cross cozfficients, -I do not invert. The

i“’
curves Tor rubidium snd caesium chlorides lie betwsen those
of sodiun 2nd notassium chlorides. 2According tc the exnacted
order, they should have been below that of vpotassiumr chloride.

The magnitude of -1 for these two salts zvcezrs fo be

NT
12
enhanced and shows that there iz °n ~2dditionsl f=
increazes the friction betwean the cations ond or
4 + ; .
ng of these salts, Rb' and Cs', are the hesviest

alkali metal szries. They are therefore nost likely

=
=
ot
e
®
—~ O

to ion-nairing which msy bz of the type discunsed by Gmrneyt
between order destroying ions, Rb" eona 017, and Csi&Cl_.
'rom an esrly conductance work ot 14%¢ Daviesga chteined
PKkvaiue of 0.4 for CzCl, where Fais the associlztion cona- -
tant. OFf

fect of ion association onn the frictionzl coeffi-
cient, -NR

199 iz therefore of great imvortance.

The influsnce of 1lon asscciation on the vhencmenolozicsl
coefficients wes studied in chsoter 2, section(2.9) where

it was shown that the vhenomenological coefficients, R'l’

ik
obtained from the formzl an2lysis of trsnsvort data, apvply
to both strong and weslt electrolytes. The mecﬁ;istic in-
ternretation of Snieglerg5, igecussged in section 2.2, showed
thet 1t is the function c, R i1 which dotermines the friction

between cations and snions. The magnitude of this function

devends upon the concentration of species, k, in the solution.

For commnletely dissocizsted 1l:1 saltse, Cy = ¢ = M, and
therefore —NR12=X‘2 - renresentation of the caztion-anion
friction holds, »ut for systems in which association tekes
nlace Cy F N and =o x5 ,,,-t—.JR If £ is the degree of
dissociation then Cg=dfl;ﬂd thurafore

+Xi50 = =KWy = =Cpngy (6.14)



It 1¢ the ngtLOn, —-dﬂﬂj(, that deterninez the interionic
frictional interzction. Th: degree of dissociation o« noy
be obteained by studying ion associstion using currently

. 6,7 . , .
avallable theories of conductance in =2lectrolyte colutions.

Ion association for a&lkzli metal chlorides was studied

#sing the exverimentael conducthtencs datz

N2

in chanter 5
for RbCl 2nd
the other =z=alts., Asg

oc
wes found to be negligible for lithium, sodium fnd notessium

0a01 snd the literature conductar data for

cization constant, Ka, table 5.

~

chlorides while for rubidium and cocsiwm chlorides its.
numericel values were 0.275+0.083 =znd 0.409+0.061 reasnesc-

tively. Using these velues of Ke and the relationchip®®

o( = 1 - I\T(ft) L2 (6.15)

where f+ is the stoicheiometric activity coefficient, &n
estimation of the degree of dissocietion, <, weés mede.
f+ was obtained from the mesn molel ectivity coefficient,

¥, using the relationshin?3

f+ = 0.997Y /¢ (6.16)

The results of calculaetions are given in table 6.6 along-
with the czlculated values of the function —«NR12.

In figure 6.10, dotted curves revresent - xNRl2 for

rubidium and csesium chlorides.

FPor lithium, sodium and notassium chlorides, £ = 1,

and therefore

~ &NR., = -NR (6.17)



Table 6.6
Calculated values of dzgree of dissociztion, «,
and -wN_ _ using Ks5=0,275 for RWLCL end 0.409
for 0sC1i?

e

boses

RbC1l CaCl
Concentrationt——— -
c b o TRy s =
.25 688 1.667 | 150 072 1.953
.5 633 1.943 .182 .603 | .9220
. T 606 |.926 . 200 H72 1 .601

1.0 .580 1.901 .218 <540 | .870
1.5 556 1.858 . 235 .508 | .820
2.0 .543 |.813 . 242 L4091 | .765
2.5
3.0

.537 {.761 243 LAB0 | L7705

.536 1.703 . 240 ! 476 | .634




Between one 2nd two molar concentrations the seguence

of — &{INR ig

12

RbC1l < CsCLl< KC1 ¢NeCl £ LiCl

Above two molar, -oANR for RbCl and CsCl overlan end there

12
is no difference in their megnitudez becsuse of lerge un-
certainties in ¥Xe end hence in « .

Foe RbCE
Below 11 concentration the curve[is virtually coin-
cident with that of ¥CL end for CsCl it lies 2 little above,
Unfortunately accurate transnort number datz below 0.251

does not exist, so no accurate estinmate of —«Ni,, con be
[4

made in dilute soclutions.

6.2.3 Traction of 2 force annlied on ion, 1, which is

opnoged by its friction with the ion, 2, l?: for =&

solutions containing cations, 1, 2nd znions, 2, ecn(6.5)

may be re-written as:

X, = —RlO(Jl—Jz)—(cO/cl)RloJl (6.18z)
X, = RZl(J2—J )—(o /c >R20 5 (6.18b)

From egns(6.182 and b) it is obvious that the applied
force, Xi’ is exectly balsnced by thzs sum of two opunoging
forces. Substituting an 2vplied electric force, Xl-a F(_Jv),

in eqn(6.18), we get:

_ ~R12NA CORlOthA
1 =P, + Fyg 3 - =5 (6.192)
- 10-F Cl.lOJF



—R?]Nh _CORQOtQNA

1 =P, + Py = —S5— 4 = (6.19p)
S R TR

Where F12(:F?1) is the fraction of the force @pvnlied on

ion, 1, which is opposed by its friction with the ion,2.
FiO is the fraction of the force =2vvlied on ion, i=1,2
which 1s ovnosed by i1its friction with the solvent, O.
F ogualg T from the id:ntity:
10 €au 1 5o fro i dntity
Ront, = Rynt (6.20)
@his result is derived from the inverse description of

the transmort numbers &s

t) = 320/(Rlo + RQO) | , (6.212)
t, = Ryo/(Ryg + Byg) (6.21b)),
Bgns(6.18) and (6.19) may be re-written as
—ngNA —RIQ(JI—J2)
F12 = --—-3-—2- = - T (.6.228,)
10-°F 1
] —CORiOtiNh ~CORiOJi
CilO Iy 171

The forces and flows may be replaced by the identities

X o= ZiF(—)P/ax) end J; = cyvy
where the velocity, \ZE is in litres/cm2 sec. For an
applied electric gradient of one volt, (-3f/3x=1), in

eqns(6.22), we obtain
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Re=V)
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(6.23a5

—_ — __:— 'r;’\/r
A (vl v2)¢,41
and A = ViF/Zi (6.23h)

where Vi(cm/sec) is the mobility of the ion i under unit
electric gradient and is defined as lOBVi/(~3ﬁ/3x). For

cations Zl = +1 2nd aniong Z_ = ~1, therefore,
A= (vi- v,)F , (6.243)
t = v F (6.24Db)
t, A = VT (6.24c)

These exprescsiong6.24) define the relative mobilities and

individuel mobhilities of ions in more classical terns.

In figure 6.11, values of F are plotted. As con-

12
centration tends to zero, Fl2 tends to zero and Flo(=F20)
to unity. An avvlied force on 2n ion et infinite dilution
is totally balanced by its friction with the solvent. In

is:

dilute solutions the order of Fl?

LiCl > Nall > KC1 > (RbC1?) > (C=sC1?).

The ion-ion friction amounts to 10% of the total at < 0.05V,
In the range of comnarison, CsCl has the largest value of
Fié which amounts to 40.15% of the anplied force at 3M.

In the range 0.25-3F there is & series of cross-overs until

the final order is:

CaCl > RbCL> KC1 >NaCl1l >L1CL



The coupling of flows 2s measured by the mobility
coefficient, le, might be expected to be a function of
F12 and 2 mobility term. Ry expansion eqn(6.222) mey be
expressed in terms of L-coefficients;

H

1.2 )=L. /L

Py 5709 5 (1)1 =2T1y 547155 )/ (T 4 T 0=y )=l .

or I, = Fip o L (6.25)

Where T = (L .2 )/(Ll] 2Ly 5+ Ds0 ) is the thermodynemic

110070y

diffusion CO@fllClet ag defined in ecn(? 55). The sequence

of the couoling of flowg through the =2lt serieg may there-—

fore be explained by varistions of Pl end L. In dilute
solutions where hl? values are in the reverse sequence,

it is the value of L (conditioned meinly by Lll) which
contrels the secuence of ng. The oroduct FlQ'Lll/N VS.J%
is closely gsimilar in form to Ll2/N and pleces the saltge
in their fcorrect' order over the full concentration range,
The magnitude of F12 is not in iteelf 2 guidz to probaeble
ion @ssociations since it may be increassed as much by dise-
ordering of water ags by direct increase in ion-ion inter-
action., It does, together with —Nng, provide a view of

coupling phenomensa complementary to the le/N coefficients.
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6.3 The Degressof Coupnling, 0102979 and Uopt The coupling

of flowie =g me2sured by the coefficient L, ./ devends upon

12
the mobility of the ions. ledreater Ghe mobility coeificients

fhe {
Lii/§Zh1gher would be the magnitude of I.,/IN and vice verse.

e 12
This may easily be seen from e comvarisfon of Lii/N £nd Lj?/N
values of CsCl and LiCl ot the extreme ends of the alkeli
metal chloride series. I'or a2 large nuaber of 1:2, 2:1 end
2:2 electroliytes, avrendix 1, the mobility coefficients Lii/ﬁ
are lower then those of the alkali metal chlorides. Conse-

quently the counling coefficients /N are lower but in

T
12
most of these systems the extent of cstion-anion counling

is very high. Therefore the coefficient L12/N is not a good
measure of the couvnling vhenomens when 2 large number of

systems are conmpared.

In chenter 2, it wes shown that the mobility coefficients
were constrainad by the inecuzlity, eon(2.32), which for =

two component system becomes:
L2 & Li,.T (6.27)
12 — 711°722 :

Kedem . »nd canlan®? nave introduced 2 dimension-less para-—

meter, q, such that

o = TppNlyy-Tog - (6.28)

935 is defined as the degree of coupling between svecies 1
and 2 snd is 2 mezsure of the ineocuality, eon(6.27). In
terms of R-coefficients qy, May be written as

Qyp = —312/./311.}{22 (6.29)



For binary electrolyte solutions where there are no counled

chemical rezctions* 95 is regtricted by the condition

0 £ ¢

19 5%1 (6.30)

The nearer the absolute value of a is to unity slighter the

devendence of J on x where j 2and x are given by

j= Jl/JZ and x = Xl/X2 (6.31)

]

That igs, 2 high velue of g indicates tight counling bet-
9 > .L] 2 o 5 D
ween the two orocesses. For Uqp = O, j is »nronortional to
[e8

5

x; then the two nroces=egs are indenendent of each other and
each flow is orovortionzl to each force without =ay influ-
ence from the other force. SEPY igs, thus, 2 basisz of com-

parisgon of different orocesses.
Since the friction2l coefficient formalism gives us
additional vparameters, RlO’ R2O and ROO’ we may define the

degrees of coupling between ions and solvent, that is,

%90 = 10V h1R00 (6.32)
oo = ~RooBooling (6.33)

490 and Qs ATE also restricted by the conditions, eans

(6.34) and (6.35).

* ql? cen bz -ve (in counled chemical rsactions) if Ll?
becomes -ve. PFor exzmnle, the flow of = sclute through =2
nambgrane may dreg =nother solute 2long the s2me dirasction

o 3 ol C
(L12> 0) or tend to »ush it bch(leé ).

Aty
R

SN



0 £ ay5 & 1 (6.34)
0 & Uy £ 1 (6.35)

a5 for alkali met2l chlorides is vlotted in figure
6.12. Tts concentratio: devendence is similar to that of
F12 (figure 6.11). The degree of counling between cations
and @#olvent, %07 plotted in figure 6.13, is the ﬁighest
for LiCl showing that Li* ion is the most counled with the
solvent in accord with its hydrated nature. The coupling
between €1~ ion and solvent, as measured by Gog? figure 6.14,
is comnlementary to that of qu' At infinite dilution Ao
has different valuesgs for each «21%t because by definition,
1t hasg contributions from the cationic mobilities. This
may eagily be secen by ecxvansion of ecns(6.22) and (6.33)
which leads to eons(6.36) and (6.37);

. 1

A9 = (Dpp = L1p)/(Tpo(Dpy = 2Dy 5 + Lyq))" (6.36)
— % 6,

420 = (Dyq = Dpp)/ (D (Tgy = 2Dy + Tp,))° (6.37)

The imnortencgquo hecones more =2unoarent when we com-—-
vpare the transvort orocesses in a variety of salt solutions.
Plotted in figure 6.15 are the q12 vzlues for various other
systems (results in =2ovnendix 1). From alkali metal chlorides
x . . .. . .
we have Ulotteﬁﬁﬁgdﬂaﬁl for comnmerision nurvosss. TFor 1l:l
acids and basges couvnling between cations and anions is the
least snd therefore‘q_l2 for HNO,, HCL and NaCH 2re the lowest.
. ++ ++
On the other hand the sulfates of Cu ', Zn and ca*t are
knorn to be the most counled with thesze cations and hence

q12 for theze systems are the highest.

* qy5 of NaCl
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6.4 Conclusions: Irreversible thermodynanics »rovides e
reneral macroscopic freme work which can be anolied to
irreversible vprocesszes no natter how complex they may be.
It describes the trensvnort processes in terms of linesar

transovort Lik and inverse frictionsl Ri coefficients.

k
These coefficients 2re rores fundemental thon the cormonly
measured quentities, N, ti snd Dyend give better insight

into the interionic effects., The Lip(iik) coefficlents
I

measure the Jdegree to which 2 thermodynasmic force 2voplied
on gn ion 1 affects the flow of iong % =znd the coeffiicients
L.. repressnt the mobility sn ion i1 would have if there

1i
were no intzractions with the oprositely charged icon.. In

the inverse descrivntion, toe coefficient Rik(i,k:O,l,Q)
measure the friction2l intaractions hetween lons and ilons,
and ions 2nd solvent, The Rik formelism for o tronsoort
process is in meny ways better then the Lik formelism becsuse
the former is indevendent of the frome of reference and
additional ion-solvent interaction coefficients sre obtained

as discrete terms.

The avpoliceation of the theory to solutions is novel
and, in consecuence, the vnrediction of exverimentsllpmcosure-
able transport quanivities is unlikely to be =chiievad in the
near future. The number of sz2lts for which dztz now exists

in

o

reasonable range of concentration is very limited.

Never the less, the votentialities for precticezl soonlicetions

165

~of these results is becoming apvarent. Miller hes shown

by & semi-empirical method that the transport oroperties



of any earbitrezry nmixturs of electrolytes may be cslculated

with good accuracy from comwlete sets of binsry deta. Un-
b}
H

published results of Paterson et 8l..,” have shown that the
conductances of ternary =2nd cuaternary mixtures in the con-
centration renge 0-31 may be calculated within an accuracy

of +0.2%. GUxtension of this to vpractical avnplications in
industry is quite obvious but 2% this time an insufficient
number of sa2lt systems has been investigsoted. The experi-
mental messurements, reported in this thesis, for conductances
of RbCl and CsCl znd diffusion coefficients for RbC1 complete
the trensport data for the 2lk2li metal chloride series for

its own sake and for a study of the thermodynsmic 2nzlysis.
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Appendix 1

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

The coefficients, 25 and 2. s of the empirical fits
used@ in chapters 4 and 5, are presented in table Al.

The coefficients of the emmnirical fits used for
obtaining molelities from concentrations are given in
. table A2 and those for obtaining the activity term,

(1 + md 1nY/dn), betweeny and m, are given in tables. A3
and A4, Those of table A3 are taken from reference 17
of this appendix.

Results of calculationg of the thermodynamic anslysis
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, tebles 6.2 and 6.3 respectively.
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Avpvendix 1 continued

Sources of Dats

Potassium Chloride at 090 degree

c-m: Obtained ~raphically from m/c vs ¢ eurve using density
data of ICT(1929).

]
A : TFrom'Landolt-Bornatein(1960)'., Data available only
uvto 1 moler concentration.
2

Y

t,: Trom .0l to .05 molar by m.b. method of Stesl(1965)
and from .01l to 3.5 molar using e.m.f. data of Caramazza
et.al., (19 50) 7.

Dv: Also from Caramszza et =21, (1960)3 for .1 to 2.7 moler
concentration. Values a2t lower concentrations ere extra-
polated.

m-r: Again from Caremazza (1960)4' for .05 to 3.5 molzal

solutions.:

Potassium Chloride at 18°C

c-m: Using density data comvpiled in Timmermen's Physico-
. . 5
chemical Constents of Binsry Systems™ (1960).

N end m-Y: As for Potassium Chloride at zero degree

fron references 1,3 and 4.

Potassium Chloride at 350

c-m: Using density date of 7Pirth 2nd Tyrell (1962) feor
0.1 to 4 molar and of Ksminsky (1957)3 for .001 to .5 nolsr.

A: TFor .0005 to 0.01 molar from Benson and Gordon (1945)
and for 1 toc 4.5 molar from Suryznarayanz et a1(1958)'0
For ronge .05-1 moelar d=2t2 is not =2vailaobls and hzs heen

intzarnolated.

t+, D, and n~Y: 4is for “otassium Chloride 2%t zero degree

from references 3 end 4.



. . 4
Potassium Chloride at SOJC

c-m: Using density date comril d in Timerman's Phisico--
chemical Constants of Ninary Systems S (1660),

pN: Tor .01 to 4.4 molsr from Chambers (10)8)”
t+, Dv amd m-¥: As for Potassium Chloride at zero degree
from references 3 and 4.

(Temperature for the following systems is 25°C)

Potasasiunm Chloride

Sodiwr Chloride

Lithium Chloride

Hydrochloric Acid

Celeiuwm Chloride

Berium Chloride

Lanthanum Chloride

Tor all these systemg the valuable: compilation of
data by Niller(1966)6 for c-m, A, t Dv anl m-Y hzs been
fully used without any alterations.

4+

2
Cegjsium Chloride
N
c-m: From c/m = do~ ﬂ‘+om2 the oofficients‘a and b are

renorted in Harned and Owen (1l )u) nage 725,

A: PFrom Paterson et al(1909)3' for .1 to 3.pD molar.

Vt+: Tamas et.21(1966) for .25 to 3.0 molar.

Dv and m-y: Trom d=ta compilations of Robinson znd 3tokes
(1959)h0,

' No transference data is available for c¢ £0.25.

Rubidium Chloride
c-m, m-Y and t, 2s for Cafl.
/A end D_: Reported in this thesis ,” chanters 5 ond §

ey

R
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Sodiun Hydroxide

c-m: From ICT(1229) density data using equation m/c =

a + ble) + 0(0)2. The coefficients are given in table AZ .
Values of m/c decrease continously from the vslue of 1,003
(for H20 m/c = 1.003) for dilufesolution to 1.00045 for

1 molar solution, showing that the volume of solution de-
creaszes on dissolution of the electrolyte.

A: For .001 to .04 molsr from Marsh =nd Stokes(l@64f
and for .065 to 12.5 molor from Darken e% al.(l942)'5 .

t+: for .01 to 1.0 molar comwmiled in a review hy ¥zimakov
and Varshavskaya(1966)m' but actusl measurements wzre nade
before 1929 by e.m.f. mathod.
D.: Prom Fary's thesiz (19266)

v
collected from reference 17.

A . .
v . Thig reference ig

m-Y: Trom activity dats complled in Farson's Hand Book
of Tlectrochemical Constants (1959)19,

Nitric Acid

c-m: As for Sodium Hydroxids.

A: For .01 to .2 molar from Landolt—Bornstein(l?60)' and
for .2 to 3.5 molar from Haase et al.(l965)'6. |

Dv: Prom Chapmah's theeiz(1967)!7T for .4 to 3.0 nolsr by
Rayleigh Interferometric technique. At lower concentrations
values are extrapolated.

t+: For .01 to .10 molar from Prue and Covington'8(1957)
and for 0.1 to 3.5 moler from Hease et 21(1964) 19,

vm-#@ As for Sodium Hydroxide.

Ammonium Nitrate ,
c-m: Usinz density deta of Camnbell et al.(1959)20 for
.01 to .10 molar and (1950) 2!

for 1 to 6 molar.



fA: For .01l to 1.0 molar from Cempbzll et.al.(l959)zo =nd
sbove 1.0 molar from Wishaw snd Stokes(1954)%%,
D,: TFrom Wishaw =nd Stokes(1954)%%,

t+: At 0.1 moler from Vzelnnes 2nd Cowverth-—-vaita(.
and at% 0.2 moler from IMilios and Newman(l9o8)zq. At =&
other concentrations values are assumed to be the samz as
for .1 and .2 molar. '

m-¥: From differentiation of the eDﬁL”lC“1 ecuation Ln1f$

%Jgan + bm + 0m3/ + dm° 4 Pms/

The coefficients 2,b,c,d,e ~md f were primarily obtained

+ fﬂ

from Chepren's thesis(1067) snd are revorted in table A3.F
Actual activity coefficient values are compiled 1n Parsons
(1959)'5 and Robinsons Stokes (195% ) HO,

Potagssium Nitrate

c-m: Using density dotz of Jones and Tolley(1933)2°.

JN: Trom date of Shedlovsky <1932);5 »
t,: For .0l to .2 from Longsworth (1935)*7, for 1.0 from
Sukhotin et 2l.(1969)*% and for 0.1 molar from Naelnnes
and Cowperthwaite (1927)

D,: From .00l to .0l molsr from Harned and Huds&n(lOSl)

by conductometric methed end for .04 %o O.1 from 50Khshféul

to 2n =ccuracy of 1-3%.
m-Y: PFrom data compiled in Parsons(1959)'9,

Potzassium Bromidsa

c-m: PFrom ICT(1929) density data and also from Harned =2nd
Owengs. ,

f: From Jones and Bickfcnd(l934)3q end also from Benson
and Gordon(1945)39,

¥% 80{ }g»i dl?\\-g (b ;‘ ﬂ }?\u& P.s ON ‘&J\_ NP o _‘u”‘ u1'§4-1-u.1)‘ };5
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t+: Upto 0.2 molar from Longsworth(1935)37 by m.b. method.
At 1.0 molar from e.m.f. data of ICT(19229)3%. wor 0.5 molar,
the values eare assumed to be 0.490. This assumption is

made because t+ for KBr lies in the vicinity of 0.500 for

the whole rangz of concentration and for the calculations
ofl;12 and Ry,, thes product, (f9xft) , remains within 0.1%
e.g., 0.50X 0.50 = 0.2500 2nd 0.490 X 0.510 0.2499.

DV andm-~y: From data compiled in Robinson and Stpkes HO,

il

Potazaeium Todide

c—-m,DV and Y : As for Potassium Bromide.

N: Trom Chombers(1.958)3%,

t+: Upto 0.2 molsr from Longsworth(1935)37 by m.b. method.
For 0.5 to 3 muzlar, t+ is assumed to be 0.490 as for
Potassium Bromide. The vorocduct t¥t_ does not alter signi-

ficently when t+ lies in the vicinity of 0.500.

Sodium Todide

c—m,Dv and Y : As for Potassium Bromide.
A: Trom Aston et al.(1933)1"'.
%,: At 0.2 end 1.0 molor from Rey et.al.(1958)"" At infinite
dilution from limiting conductances and 2t .01,.05 2nd .50
from interpolation of the other d=t=.

Density data for all, K¢l, KBr, KI and NeI is also
available in Lengyel et al.(l964)39. |

Silver Nitrate

c-m: As for Potassiua Bromide and also from Campbell et =21
(1959) 43, | .
N: From Shedlovsky(1932)lé and Cemvbell et.al.(l959)h .






































































































































































































