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—o CHAPTER 1 &—
» INTRODUCTION »




Diffusion is one of the irreversible rhencmena wvhereby
local differences in concentraticn in a system ere recduced,
1411 a systen of ﬁmogeneous concentration resillts, This 1is .
due to activity of particles to disperse or intsminzgle by
Teagon of their thermal energy, It 1s a spontaneous process
vhich eliminates differences in concentration over different
regions, 1f they existed initielly, '

Thomes Grahan1 wvas the first to study the rrocess of
diffusion in a systematic nmamer, Te found that the rmags of
the sudbstance that diffuses in the solution phase is largely
dependont on the nature end concentration of the substance
in solution, \hile Fick?, sssuning that the force responsible
for diffusion flow in a dinery nixture is the gradient of
concentration, formulated the relationship nov known as rick's
first and second laws of diffusion, i‘hese lavs were adopted
for different experirmental conditions, and expressions relating
~ the diffusion coefficient with various perareters involved



vere proposed by different workers notably by Stokes, Cyring,
Nernst, Nartley, Onsager and Fucss,

1.2 Flck's Lovs of Diffusion
1e2,1 Fick's first lny

Tiffusion in everyday practical epplications is often
a two or three dimensional process, lovever, nost of tre
methods by which 1t 13 studied and measured involve a cne-
dinensional flow,

If the diffusion 1s restricted to a vertical column of
uniforn cross-section, then the flux of the matter J, defined
as the mmount of substance passing perpendicularly through a
reference plane of wnit area during unit time, is proportional

“to the concentration gradient 3C/x at that level, Tere C is
the concehtration of the Aiffusing substance and x 18 the
éistance, which 1s tha co~ordinats chosen perpencicular to the
referenée plans, IHence,

J = "D"%%' e (101)

The proportionality factor D is the diffusion coefficient of
the substance under consideration. The concentration gralient
39C/5x 13 the rate of increase of concentration with distance
measured in the direction of flow., It 13 usual to take the
direction of flow as the positive direction of the distance x.
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The flux J 13 expressed in moles per mz per second and the
concentration in moles per m3, then D has the dimensions
cm®/sec. The negative sign in equation (1.1) s introcuced in
order to make D a positive quantity, since 2C/ox 1s nezative
in virtue of our choice of sign for x, vhich increases as the
concentration decreases, Fick's first lew irplies that D iz a
constant for a given mediun, temperature and rressure, btut this
is not strictly true, as D 1s Imown to be concentration
dependent, I'owever, the equation (1,1) is of importance in the
study of éiffusion by stesdy state methods in which the
concentration gradient 2C/a5x does not change with time, It
gives us a wvay to determine the flux through any cross-section,
if we know the values of C throughout the sgystenn, It can serve
a8 e basis for estimating how the systen changes with tire es
a result of this flux,

- 1e2.2 Fick's pecond lry

Yost modern experimental techniques, however, are based
on the observation of transient processes in vhich the
concentration chenges as a fumction of both tire and disteznce,
In such a situation, the phencmenon 18 batter descrided by a
second order qu differential equation, Imown as Tick's
gsecond law, vherein the derendent veriedle J is elirinsted .

Let us consider a tube of uniform unit cross-section



intersected by two planes normal to the x~axis situsted ot x
and x ¢+ §x respectively (Fiz. 1.1). Then the amount of the

x + §x

S
oy
»

anH—anfusmn through the column
of uniform cross -section.

substance entering the volune-element between these planss
through the plane at x and leaving throuzh the plane at x ¢ §x
in a time interval § ¢t 43 given by

TSt = -(D-g—i- g §t

and
ar‘) . §t respectively.

It ¢ = (D —==t=
. ( (x + §x)

The difference botwcen (De 9C/0:x)* at the rlene x + Sz end
(De 3C/5x) at the plane x mey be expressed as

(T-3') 5t = DOECAD, , 5 = (3C/m.) 8t
Using the Taylor's theorem, this expressicn recuces to

(T=TNHEL = (D- ) o Sx o &%



This sccumuilation, since 1t occurs in an elezent of voluso ¢ x,
glves rise to a concentration increase SC vhich is given by

9 I
Sc = oX L. Y o 4¢

end in the limit $x —»> 0, one obtains the relation

ac 2%
< = D'—a:;"' oo (1.2)

Fquation (1.2 1s called Tick's second law of diffusion derived
on the assumption that D 415 constant,

If diffusion occurs in an arbitrary direction, we hove
to add at the right hand sida of the equation (1.2), two

corresronding expressions for the y and 8 co-ordinates givirng
2% = Do ¢ o%/y? & 3%/52?) = Do

vhero V2 is Laplecats operator.

Berthonet's3, Fourier! a" and Oim's amlogy between

heat conduction end diffusion, wvas rediscovered by Fick, eand
can be irmediately sdapted to diffusion problens,

1¢3 Iyres of Diffusion

The diffusion of an electrolyte in any meliun: nay de
studied in two different weys., First is electrolyte-diffucsicn,
in vhich a single sgalt Aiffuses in the solvent nediunm end doth
the rositive and necative ions rove vith the ceme velocity in



order to maintain electrical ncutrality at the macroscopic lewvsl,
Under this condition, the ionic atrosphere suffers no detoma;.ion
end the relaxation effect vaniches, TFurther, the elsctrolyte
noves in onae direction end the solvent bty replecing 1t roves in
the oprosite direction. Thus, the electrorhoretic effect becomes
an important factor in sinzle electrolyte diffusion and its
computation beccmes necessery, Finally, since the ectivity
cosfficient of the electrolyte is not constant throughout the

diffusing systen, it eppears as a thermodynanic term
(1 « c...a_lélclif)-- - 4n the theoretical equation,

Mternatively, the aiffusicn ray also be studicd in a
sclution containing three or mere different ions., Since more
than two icns ere rresent in the solution, all the ions necd
not move with the sane velocity. While a genorel treatzent of
‘this case 1s very complicated, a simple limiting lew has been
derived by Onsaaers for the diffusion ccefficlent of en ion at
very low concentration corrared to that of the other lcns
rresent, The concentration of tre latter rozzins essentially
constanf throuzhout the solution. 7The ectivity coefficient of
the ion in qQuestion is then constent, as the ionic strength of
the solution containing it is kept constant end the thermodynenic
tern vhich affects the electrelyte-Aiffusion, is simply unity.
Since, however, the mizrating ion hes a velocity relative to the

other ions, its atmosrheres 13 asymmetric end the time of



relaxation 13 not zero and its computation provides the
necessary and gufficient basis for the calculation of the
liriting lev for the veriation of the diffusion coefficient of
the trace-ion with the total ionic concentration., The
concentration dependent electrophoretic effect 1s negligitle
here, This type of diffusion 1s termed as tracer~-diffusion
and vhen the trzce-ion 18 isotoric with one of the solution
components, the tern self-diffusion 1s often used.

1¢3¢1 Ihecry of clectrolyto-diffuaicn

The history of the theory of electrolyto-diffusicn
begins with the work of Long® in 1580 when he formulated
relaotion betwoen the diffusion coefficient of an electrolyte
and the mobilities of 1ts constituent ions.

Eight years after Long's work, the sane relationship
was developsd quantitatively by Hernsty. vho considered the
driving force of diffusion to be the osnotic pressure gredient.
T™is view was supported by :mre:!.ner8 while develoning the theory.
But 1t was Gibba’, who first suggestod that it is the gradient
of chenical potential in a solution wvhich is the virtual force
causing diffusion, 7This icdea wves later elaborated by others
notabtly nggermeinm. Hc.rtlsy". Cnsazer and Fuoss12 to descride
the manner in vhich the diffusivity of an electrolyte veries

vith concentration. Tho result of this arrroach is the so-celled
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Terngt=NTartley reletion in vhich théy have considered that each
ion 13 movinz under the influence of two forces; (1) The
gradient of chenical potential for that lonic species 2nd

(2) The gradient of electrical potential produced by the motion
of the oppositely charzed ions. The correspondins expression
18 23 follows 13 ‘

SN+ Nt Xy ,
D! Q 5 -* + M_ o 1.
= 11:-5. ENFANTET (1+c T2t (1.3)

Vﬁere 7; and 92 are the mmber of cations end anions with
elgebraic valency 21. Z, end limiting fonic conductancss }:,
and A, respectively,

Cnsager and Fuc:ss12 in 1932 had shown that Jjernst and
Fertley failed to take into sccount the electrophoretic effect
vhich is prorminent in the electrolyto &iffusion, The following
éiscussion deals with the computation of this effect.

1.3.1.1 Iha electrorhoretic effect
The eiectrophoretic effect arises cGue to the tandency

of a movinz ion %o drag a part of the solvent rlong with 1t

duo to the viscocity of the nedium, Tha distridution function

4,2, the probedility of finding a particular ion in a given

rosition relative to another ziven ion, is the chief controlling

perameter in this effect.



All the ions are surrounded by solvent molecules vhich
are, in turn, in contact vith others which are under the
influence of the external fields of neighbouring ions. As o1y
ion noves, 41t tends to dreg other ions along vith it, the force
being trancuitted through the solvent molecules., IlNeighbouring
iocns, therefore, have to move not in e stationary rmedium, but
with or szeinst the stream, 2s the case mey be, The effect will
ﬁe clearly concentretion dependent falling to zero at infinite
diluticn end its computation will require the use of the
éistribution function, since 1t irvelves the distance tetwveen
the ions., The followinz treatment of the electrorvhoretic
effect wves given by COnsager and Fuoaslzbased on Dobyo—!.’uckalu
theory.

Around the solected ion, the stmcsrhere oy de
considered to be arranged as shown in Fig., 1.2, in srrericel
shells of radius r and thicimess ¢r, in eech of vhich the
force per unit volums T is constent.

Fig.1.2-The electrophoretic effect.



Let us consider the sirplest ca2se ylz. that of two
lons in a neutrel golvent, If diffusicn veloclty eloro is
considered, the net force on cations, anions and the solvent
for the vhole volume of solution rrust be zero, If the bulk
concentrations in moles per unit voluze for cation, enicn ond
neutral solvent ere respectively C,y C y C4 ond the forces
per mole belng Xy X9 Xqp then 1t follows that

C X, +CX +CX = O... | oo (1)

¥ithin tre ion atmogphere surrounding eny ion, the net force
por unit volums i3 not zero, beccuse the local icn coacentrations
C;. C:. differ from tha bulk concentrations, 7This force per

unit volume 1s the seme at all roints on any sphere aunfmmding
the central ion, end the not force on e spherical shell of

‘radius r and thiclkness dr 1s therefcrs,
¥ = (C:_X* * C:X__ L C1X1)1)Tt rzdr ) (105)

Neglecting any variation in C, from its tulk value (vhich s
true in ailute solutions) we can eliminate C,X; by using ejuation
(1.‘*) . Henc‘.

F o= ((Cl=COX, ¢ (Cl-COXIWTrir . (1.6)

end this force i3 assunaed to czusa the shell znd all roints
within 1t to move with a velocity V4 which 123 given by Stokes’ law



F = 6Tnrvy
Therefore,

V, = 3?1- ((Ce = CIX, ¢ (Cd = C)La) Pedrs oo (17)

The motion of this skell provides a velocity incremsnt for the
central ion, and the total increment AV4 can be cbtained by
integrating the velocity of each shell fron the distance ra= 2
(distance of closest epproach to the central ion) to infinity,.
This gives |

r=o00
‘ﬁmi..fifﬂu-cga.(d-cuxlnu-..uw>

Using the mlu;: ?:L and C! as given bty Coltmmann distribution
lav and expressing the concentraticns C, and C. in terxzs of
quantity ka (k = reciprocel of lon atmosphere radius), we
get the expression for M‘., by solving the exponsntials
involved in it, as follows

0

| 3 Fr = old=1)g.
AV, = g a5(%e) 2! ;;Lz. E w9
=1

vhere

4 = (’:'2' ) (ka)

vhers @; 1s the exomential integrel function.

Sﬂqﬂ

In diffusion, the forces X, and X. are the coxbinaticn



of a virtual forcs produced by the gradient of chemical
potential and electrical force &us to the diffusion potential
vhich results from the electrical attraction of the fester
noving ions for the slower :ioving icnic specles, these forces
can bas conveniently evaluated in terms of the velocity of the
ions snd their absolute mobilities and the exyressions for

AV for cation and anion come out rosrpectively to be

22 zd.zd

AV 2 ¢
—t = i Ay A - §+
_ a'(Z, = 2)
)
end 3
2d.zd 223
A. g2 5T R
v = -y A‘ = = §_ oo (1.10)
al(z, - z)

)
Thesse velocities are sdditional to the velocity produced by
the diffusion force. Thus the electrophoretic effect enhances
the riobility of the cation by the factor (1 ¢ §:) and that for
the enfon by (1 + §-). DBy substituting the vanlues for the
increment, the Nernst~Hartley equation takes the forn

dln y
p' (1 ¢Co o =
)

) (2° e >4, ) e (1.11)
)

Where D° 1s the Nernst liniting value of D' and the 4; tem
represents the electrophoretic corrections



- 13 =

(2312 « 230422
' 1.
o’ |Z‘_-Z_| . (1.12)

A’ = H-AJ

- Taking into conslcéeration this electrophoretic effect Onsager
and uoss

/(arrived et a mors refined theory of electrolyte-diffusion. The
irmprovenment introduced by then is expressed as

o n aln ye
= 1000 RT ( 9++ Q-) (-'c-')(1 + Ce ——r—) os (1013)

dln y
where g i3 the electrorhoretic term and (1 « c.——c——) i3

the thermodynanic term, They sre given by the folloving
expressions ¢

. o_ ? L]
’g“a 1007"":10 & I; I Iz.|./\° “-A'g'_“-%n" e (1.1,")

where

=(12] A = |2,]X-)2 =19 /T
—A%-’ - : ) 3‘.11-3—19-—-.

RAZ0 120 €+ - neT 1448
ee (1,15
2 ° 290 2
23 K.
_..cn.., = Ay ’o ) w’z"‘""' $ AWE .. (1.16)
No{ET)
and
aln
<1 ¢ oo d) gqe 15WSEVC L gognC .. (1)
(1 « AV

vhere R 4is the gas constent expressed in J mle ' KV, € ma
n, 6re the dielectric constant end viscosity of the mediim

respectively, 7, and )_ are the mmber cf cations and eanions



for the given electrolyte with charges 2 + 80d Z_ end their
1imiting equivalent conductances A+ and A- respectively,

@ AT 1s the exponential integral function, Se 1s the 1limiting
slope of the Debye-Muckel theory, B 1s the salting constant
and A' 13 another constant depending upon the nature of the
electrolyte.

.%D.'. and -%n: terns are first snd second order
ea:!.‘zc(myhoretic terms and as it can be seen from equaticns(1.15)
,(they are functions of the temrerature, ionic strensgth of the
golution, viscosity and cdlelectriec constent of colvent, the
radil and valencies of the ions and their limiting electrolyts
conductances, The first order effect results dbecause the
anions in the neighbourhood of a given enion are partly replaced
by cation and yice-versa. When one specles of ions 1s nore
mobile than the other, then the sluzsish lons will move
counter-currently, vhile the mobile ions will be aicded by the
notion of enviroment. The second order term of electrorhoretic
effect depends simply on an overall reduction of the mean
distances between the ilons in the sense that the dlstances
between ions of opposite sizn ere recduced more than the
distances between ions of the smie slgn are incressed. This
effect alwvays decreases the resistance to éiffusion,
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1¢3¢2 Theory of trocarecd f~gdon

The important factor in the discussion of tracer-
=d1ffusion theory 1s the computation of relaxation effect which
gives a quantitativa theoreticel relationship between diffusion
coefficient end concentration of the ion.

1e3.2.1 lam (1o

In the case of an electrolyts soluticn in etuilibriwm,
the ionie atmosphere 43 on 2 timag average distributed wvith o
spherical symmetry, It, therefore, exerts no resultant force
on the central ion when the latter moves, vhether under an
external force e&s in conduction, or rurely es Erownien motion
&8 in solf-diffusion. ‘The central ion moves to en off-centre
pogition and the lon~zt-ospheric symretry 1s destroyed as shown
in Fig. 1.3. In this act, the ion experiences a restoring force
vhich, however, rapidly dles out as the fragments of the old
atmosphere disintesrate and a now atmosphere builds around the
ion at its ney sits, The tire lag for this srrangement 1is
referred to as the relaxation time, and the mean retarding force
on the forvard motion of the ion dus to the morentary asymetry
of the fon-astnosthere 13 the relaxation effect. In other wvords,
the relaxation field opposes the force causing conduction or
‘tracer aiffusion.
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(b)

Fig.1.3-(a) Symmetric ionic atmosphere surrounding ion at rest

(b) Asymetric ionic atmosphere surraynding moving ion
Teking into consicderation the relaxaticn effect, Onsager’ had
derived the followving expression for the tracer-diffusion
coefficient

2
k240 ,
Dy = P11 -~ (1 -A@))) . (1.18)

The torm in the square brackets corresponds to ths reloxaticn
effect which lowers the mobdility cf the 2on, D3° represents
the Nernst liziting value, 24 i1s the valency of the ions &nd
the other terms have their usual significance.

Tor the practical arplication of ejuation (1.18)

Gosting and r'a.rnad‘N obtaincd the following exrressicn for the



variation of tracer difMuzion coefficient of en ion vith the
concentration of the eloctrolyts

RT A% 22z, |F
B« ek - LT g x 10" x (Bl ot - V@R
x /Ec,_zf o (119

1.4+ I 1on 3tate The r

A far nore general kinetic theory of diffusion hes been
develorped by Eyring and his <:o:|.1:a1>oz'agt.¢:ra15"17 by erplying the
theory of rate processes to tre rroblen, This was pudblished

in a series of papers vhich have deen gsurmarized in a major
review15 and in the well-imown book 'Tha Theory of Rate

Processes! by Classtone, Léicn.er and Eyringm. Fost, 1f not
m, processes which occur st a measurable rate, can be
regarded as proceeding throuzh an intermediate trensition state,

Tyring applied the theory of absolute reaction rate

to diffusion in condensed phase by considsring eech Jurp to be
en activated process of a deriqite froquency and length relsated
to the sizae of the solvent and solute particles. Supross the
distance between two successive equilibriua positions is A
8o that this 1s the distance through vhich a solute particla

is transported in each juip, tho change in the standord fres
energy with distance can then be represented by the curve in

Fig. 1.,



T direction of diffusion
>
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()]
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distance x ————an

Fig.1.4 -Free energy barrier  for diffusion
in an ideal solution.

If wo assume that the standard fres energy of the
tolute particle in any ol the equilitriwun positions is sane,
it follows that there exists a symrmetrical potential darrier
betweon the two states or between the two equilidbrium positions.
Hence, the energy of activation needed for forward and tacioward
directions 1s game end therefore the specific rate constant K'

i3 same for flow in elther direction.

Let C and C+)\§% be the molar concentrations in the
d
initial and final states of diffusion, whers C > C ¢ A 3%
i,e, '%'%' i3 negative, Then the mmber of molecules reving in
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the forward direction through 1 e 18 given by

2 =1

K, = ICAEK! rolecules ca ~ 8 oo (1.20)

vhere N 4s the Awvogadro mmber and XK' is the specific reaction
rate for diffusion (4,8, mmber of tinmes a nolecule movas frem
cone position to the next per second), Sirmilerly, for the rate
of movemont in the dbackward direction, we have

2 =1

L, = N(C+ A dig) A E' molecules e < 8 ee (1.29)

The net flow in the forward dircction 4s therafore representad

by

K = =N A'ZK' %% molecules cn"z l'1 oo (1.22)

Toking into consicderation Tick's first lcow, the resultent flow

per t:m2 per see can be expressed in terms of the diffusicn

coefficient a3

K = -D-Ho%% » nolecules c:m"2 l" ee (1:23)

compering equations (1.22) and (1,23)
2 ds
_n-n.g% = He N oKVES

e D e« MNEK oo (1029

X

This 18 volid caly for dilute scluticns vhere the free energy
nay be considered to be inderendent of the concentraticn chenges,



1.5 Zxperimental lethods for Netermining M fusien Coefficient

Fssentially the determination of Aiffusion coefficient
consists in measuring sets of sirultaneous values of tixe,
distanse 2nd coneentration (or cencentration gradient), Thees
neesured velues are then fitted to s sclutlon of Tick's law,
describinz the phenomenology of the experiment, in order to
derive optimun estimetes of the constants appearing in the
theoretical ejuation., These constants are Inowa functions of
D end of various geonetric and physical perazaters charscteristic
of the experiment, therefore, the Aiffusivity follows lirectly,

The accwrate neasurenent of diffusion coefficlent 1s one
of the rore Aifficult tasks facing the experirentalist, Sx=ell
rise in tempersture or slisht rechanical vitraticns trensnitted
to the diffusion cell, can cause much more rapid mixing of the
dirfusing substances then the rure diffusion process itself,

It 13 not surprising that a lerge mmber of methods for studyinz
the ciffusicn rhenomenon have been sugzested, most of which

soon got dropped ocut of use,

l'io-thods of measuring D can de classificd in several
ways, one of the most convenlent belng that daced on tre nature

of diffusion process occurring.



105.1 o] h

In these, the diffusion 1s ellowed to occur within a
colirm of solutien in such a wvay that a stealy (tire-invericnt)
state 1z set up within the column, lateriel is suprlied to the
bottom end removed fronm the top end the concentraticn at cé_ch
roint within the coluwmn remsins constant end independent of
tine, The irmportant rmethods under this catezory ere
(1) Clack's method and (2) The pordus c'.izphragh nethod.

1 ° So 1.1 nln 01’.' 3 !:Qt!!gd

18, the concentration of the lower en?

In this method
of a colurm vas neintained at saturation by means of a reservior
of tolid salt, while at the cother end, the concentration ves
naintained effectively zoro by means of e slow flow of vater.
The flux vas determined analytically end the concentration
gradient wes measured at eny desired level by on ortical
dsternination of the refrective index gradient, The wvalue of
diffusion coefficient for different concentrations was
caleulated by integrating the concentration gradient. Thus.a
single psuccessful run provided values of D at all conceatrations
upto saturation. In this respect, the rethod is advantageous.
Fovever, the experimental airficulties of estatlishing and
mainteining the stendy state vere very great, chief guong thess
wera the thermelly and rechanically induced convectien currents.
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10512 Ths rorous diaphram pethed
This method was originally introduced by Northrop and
snson'? end further developed by a mumber of workers=>~ 2"’,

particularly by c—crdonas and Sbokes%.

The Adlephragm cell consists of two corpartnments

seperated by a thin porous disk, usually made of sintered zlass
(Fig. 1.5). When the csll 1is positioned vertically and the

|
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\Stirrer

Fig. 1.5 —Magnetically  stirred diaphragm cell:
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cozpartnents are filled with solutions of differing
concentration (the denser ligquid on the bottom), diffusion will
be confined to the interiocr of the porous dlephregn rrovicded
that adequate stirring eliminates the formetion of stationary
layers on 1ts surfaces, If the volumes of the urper and lower
corzpartments cre large so that the concentrations in the
corpartments do not change aprreciably auring the experinent,
the flux within the diaphragn is independent of tics and positicn.
Therefora, 1t 1s falrly eccurate sssurption that the flux i3 in
a steady state, The solution in the compartments sre crnalyrced
at e Imown time, end diffusion coefficient is calculated by the

equation

Cm'
- 1
D w m[p' dC .o (1025)
Cm
vhore cmu and cn- are nean of the concentrations after and
before diffusion in the two compartnents ond
C - C2
€y and Cy are the concentraticns in the lower cell at tine
t = 0 end ¢ = ¢ respectively and C, and Cy, are the concentr~tions
in the upper ccll at time t = O end ¢t = t, respectively, B 1s
the coll constant given by

EESNCT

whore 2 1s the total effective crossesection of the dizphramn
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pores, 1 1s thelr effective average length alonz the diffusion
path end V, and V, are the volumes of the lower and upper
ccrpnrinents respectively.

The adventage of the disphrasn method is in the
experimental sirplicity. The precisicn of the rethod is about
0.2 = 0,37, Tho disadvantage is that tre asccuracy (os
dstinzuished from the precision) hinges entirely on the cell
calibration and that extrancous phenomena mey occur curing the
difmsidn process vhich camot be calidrated, Tor excople,
electrical doudle laysrs or adsorption effects moy cevelop within
the disphragm vhich has a tremenéous surface crea in its pores.
Such effects beconse particulsarly serious for dllute solutions,
Though the method appears to ba reliatle in the hisher
concentration ranges, it cannot dbe recommended for use at

concentrations less than 0,05 M,

1.5,2 Yon-stendy stata mothods

In non-steady state methods, all parcmeters of ths
diffusion process chenge both with tre positj.on amd tine, It
18 necessary,therefore, to use equations obtained ty intesration
of Tick!s second lew with the boundary conditions errrorriste
to the arrenzement of the emarmént. A suitatle form of tre
function D (x,t) ehould be mssumed. TUsually, howsver, the
aiffusion coefficient 1s assuned constant end the resulting



intesrated equations ere used only for s=all concentration
éiffersnces for which the change of the éiffusion coefficlent
rey recsonably be neglected, We descride delow some of thess

rethods in corrmon use,

105201 Tlact 1 mathalt .

This technique i1s based on the faszt that tho electrical
conductivity of Adilute electrolytes varies linearly with chancs
in concentration, provicded this change 1s soall, I@'arned end
Franch?'? have used this principle to rmeasure diffusivity in
very dilute solutions vhers tho sensitivity of opticzl rethods

become poor.

The method is epplicable under condition of restricted
a4 ffusion taking plece in a sheared boundary cell, shown in
Tiz. 1.6. The &iffusion chammels T and 3 ere rectansuler and
have the sare length s and some cross-section, At & given
dstance moasured from the top and botton of both chamels,
two pairs of electroces are installed on the orrosinz walls st
distances o/6 =nd Sa/6, the electrodes sre rade of coprer faced

wvith platimm foll,

The top channel T is filled with the pure solvent, and
tha bottom chonnel D with tho nore concentrated solutien, the

tvo chamels are initislly positicned so that the two 1lisuld
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a/S
E~~ Eo < E
T I % T
a
° B
£~ ¥ ! S e I
(a) (b)

Fig.1.6 - The Harned~ French conductance cell-

colunns ere not in contact (Tig. 1,6a). Then by sliding the

upper part of the cell in position with the lower part (Tig. 1.6b),
a gharp boundary 1s formed end t-e diffusion process bezins,

The concentration changes &re ceasured bty folloving the
conductivity et the two elocctrode pairs.

Since both ends are closed, -g—%a OQagt x=0ad X = &
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Under these boundary conditions, the aprropriate Fourier-serles
solution of Fick's second law for the conceatration C et a
heizht x 1s

n=Co
Cw=Cye E B, exp(-n> T2 It/a?).cos nT x/a .o (1.27)
n=1

vhere c° and Bn are constants, Ience this difference in
concentration between the plenes x = a/6 and x = Sa/6 is given
by the folloving expression

» n=Co
ca/s - 055/6 = 2 B, exp(-nzTIZDt/az) x [cosl‘g-r—- coas-%ﬁ-]
n=

ee (1-28)

for even values of n, cos E-E-W— n COS -%LT- and for odd n,

cos %F- = -~ CO8 ;%_r_ 80 that all the terms for even n vanish
(since the term in square brackets is zero) - end foroddn
values tho square brackets becomes 2-cos'nTl/6 which 1s equal
to V3 forn=1,0forn=3, —/3 forne 5 eand 7 etc.

Equation (128) takes the following fem

2 2 2
03/5 - CSQ/B = B; oxp(- WZDt/h ) o 3% exp (=25 T Tt/a%) + ...

where B} = By /3 ... etc. This expression exceeds the second
tern by the tacfér exp( e szoWaz); end the series converges
very rapidly even for small velues of Dt/al end after a few days
of aiffusion only the first term need be considered at all, This
rapid convergence is a result of the inzenious cholce of the
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helghts a/6 and /6. for the electrode pairs, wvhich nzkes the
term for n = 3 vanish at all times. The coefficient By need
not be determined, for by logarithmic: differcntietion, one
obteins

. 2.
S 1nfCass = Csprg) = = -'?:-T(a

Thus, 45 we plot In (Cp/g = Csarg) egainst tize t, a straight
line results the slope of vhich 13 = “a e« The value of

dirfusion coefficient 1s thus readily obtained,

The method is epplicable to even very dilute soclutions
end the value of differential diffusicn coefficient 1s directly
obtained .at the averags concentrations of the soluticn in the
cell. This method is best adaptable for use at low
concentrations, On the other hand, 1t derands great care end
elshorate precautions to avoid troutle from vibration and therzel
convection due to the long duration of the rums.

Modificaticn 4n the sbove method, wvas rroposed by
Arnikaras, based on measuring the ectivity of a labelled
solution at &/6 and Sa/6 levels,
1.5,2,2 Conddlexy fube method

A pore widely used method in the study of tracer-diffusion
18 the capillary tube method develored by Anderson end
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adéington>’ in 1949, In this method, the lebelled lons ere
rlaced in a narrow thick-walled cepillery of wiiforn cross-
=gection and ¥nown lenzth, The capillary is then lowered
vertically into a larze voluze of the insctive solutisa and the

solution 1s gently.stirred (ses I'iz. 1.7) so that ccncentration

Support
2

tor e—————Stirrer

Capillary

Iy

vt

Solution

TiT

Capillary ==

Fig. 1.7~ Capillary tube method

of the labelled forn renains effectively gero at the nouth of

cepillery throuzhout the experinent. Diffusion of the ladelled

species fron the capillary into the dulk of the solution takes
place and at the end of the experinent, the smount rezalning
in the capillery is measured. The initial concentrstion of the
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lebelled spocies in the external solution3° is assumed to be
£2eIr0,

The boundary conditions for a tube closed at x = O and
oren at X = a are ¢

At ¢ =0 cacofor 0< x< ¢
Ce0 for x> a8
At £> 0 C=0 2t x=a8

and-g-ci-—ao at x=0

Under thesse conditions, the solution of the diffusion equation
for this one-dimensionsl case takes the followinz form

"""—'a—-z- } -—(—z-‘—-z—-TGIP {-(2n+1) "—3—'] o. (1,29)

vhere C, 43 the initisl concentretion in the cepillery tube,

1s the average concentration after the diffusion, D is the
difmsion coefficient, t is the time of diffusion and a is ths
lenzth of the capillary.

Whenm i1s sufficiently great (> 0.2, cf. "a:x.,3 ) this
geries corwerges go rapidly that only the rirst term needs to be
considered, and the equation (1. 29) simplifies to

»
..2_3.. L 1l -——*X"‘Q" oo (1030)
12 =2 -—-z"' n av)

If the logaritim of the ratio Cpy/Co 18 Flotted azainst the



tice t, ot which the obdservaticna ars reds, the tracer-diffusion
coefficlent U can be caleulsted from the slore of the 1inas2,

Thers has been rruch dlscuszion of the test experizental
conditions, partly beczusz of tha discrerencies vhich have Ween
observed between the results of cifferent woriers cn tho tracer-
=diffusion of ions in squeous aoiuticn. The process of
{=mersing the capilleries in the large tulk of soluticn might
be expected to preduce nechanicsl comveeticn, but ths loss of
1sbelled material from the cxpillsries immediately cn Lmmersicn
hes been ghown to be s=a1133'3* end can be noclected. The
problen of stirring the bulk colution outslés the capillery
is nore inportant. If ths solution 1s stirred at a cradeally
insreasing speed, st o certeln stage turbulent flow across tre
end of tre cepillary will draw scne labelled materlal oul of
1t, the effective lensth beinz (a= & ). On tre other hand,
1f the solution i3 unstirred, the effective length of the
carillery will bde sli-htly greator than o, namely (8 ¢+ Sa),
come workers have preferred not to stir the goluticn cutsile

34
the capillerics at 51129'3“'37 { othors have dcne 803’ 2,

1,6 Jorsumamant of Chem-cg in Cgncentrotien dzing rMffucics

Pepending upen sry cet of the initisl end boundary

contiticns of the experizent, the final concentration
digtrivution after a tine t, con de determinad by ay



cenvenient method, These include calytical, cleetrieal,
optical and trecer methods,

, #11 these methods hiave their own 1izitations, for
example, electrical methods are restricted to systems vhose
components carry electrical charges, optical and chexical
nethods are susceptible to slipght disturbances in the systen,
When self-diffusion 13 to be studied, none of the above methods,
except trocer technique in which the diffusing fon is labelled,
can be used 23 there is no concentration changze and the
aiffusant is chemically i1dentical with the redium, The
technique of using labelled systems, specially with radicactive
isotopes 1s sk:pler than any other technique and even under
‘ordinary conditions, it provides the possibility of analyzing
concentrations g3 lov as 10°1° to 10°™ n,

1.7 Usa of Gel Medlin

The experimentsl methods for the cdetermination of D
described in Section 1,5 reveal that there ere scversl
difficulties in obtaining accurate data on diffusion, %The
mmerical difficulties inherent in the cormputation of the
difmsibn coeofficlents from rate neasurenents, the elinination
of turbulent flow, the very accurate control of terreraturs and
the analyticesl accuré.cy required are all contrituting obstacles
ta the attaimment of high accuracy, The above nentiozed errors



in the study of diffusion ere reduced to a minimm by
izmobilizing the systenm in g2l nedim!‘a, a8 ras been pointed
out by severq2l vorkersu"so. Tha gel structure is caratle of
holding almost all water in a practically irmodilized and
semi-rigid state, eliminating the direct streaning and
convectional flow of the solution ., Thus, it provides zn iceal
nediuwn for the study of diffusion, As the ion-atmosthere does
not change in gel medium, Onsager-Tuoss end Onseger's theory of
diffusion can also be applied in gel medium, TFurther, with the
diffusion teking place in gel mediun, it 18 possitle to ret a
sharper boundary surface, the dangsr of mixing is negligitle and
other outside disturbances ere a2lso mininized, The leyers may
be serarated by slicing the zel at the desired length at the
conclusion of the experiment., Fowever, the use of gel mediun
for the study of diffusion has some demerits, Adsorption of the
diffusing specles by the gel structure end irpurities in ths gal
introduce complications in its use, Tho rate of diffusion also
gets affected by the presence of macromolecules of the gel which
cesuses a mechanical obstruetion in the daiffusion path, bdesices
involving effects due to high viscosity.

Of the different gel media, that of egar is found to de
the best suited for its ready evailability, ease of rreparction
and above ell because of its property of easy extrusicn from the

diffusion tubde,



Ager, the dried mucileginous water extract of certain
seaveeds, 13 lnown 1o be a heteropolysaccharide. XAccording to
.F.rald.s’. egar is composed of the two polysaccharides, egorose
and agaropectin, with a constitution similar to that produced
in storch by emylose and emylopectin, MMolecules of egarose,
the chief component of egzar, ere composed of a neutrsl chain
of B-D-galactopyrancse residucs linked through 1,3-positions
md 3,6~enhydro-a-Imgalactopyranose residues cormected throuzh
 1,4=positions and repeated alternatsly, The empirical
conposition of egarose can be represented as t°1231h°s(°m ]n.
2garopectin is a nmore complex polysaccharide having the sane
backbone but comprising of ester sulrhetes, glucoronic and
pyruvic ecids, it resembles egarose structurally in having
disaccheride egaro~biose as the structural wnit, The moleculasr
weights of agarose and agaropectin have been found to be
120,000 and 2,600 respectively, The gels forced by agar nelt
vhen warmed end reset on cooling, 'n_zia process is readlly
reversible end reproducidle, JAgar gel by virtue of its
structure holds nearly 907 wator in a practically irmobilized
somi~-rigld state reducing direct streaning and convection to

a minimm,



The diffusion of electrolytes throuzh iiquids is a
connmon phenomeron end has been extensively studied in a
quentitetive way. Dut the theory of diffusion in electrolytes
is not nearly so well dex_roloped, partly due to relietle
experinental data being scenty end partly dus to the rore
cormplicated nature of the process. The theoretical
interpretation of the experimentzl results is important es it
leads to a better uncerstanding of the rroperties of
electrolyte gsolutions, W¥e give here a brief outline of tre
present status of the subject in relation to thae Cnsazcr=Tuoss
phenomenclogical theory of diffusion. Tirst vs shall discuss
nore important results reported in the electrolyte-diffusion
fellowed bty tracer-diffusion.

1.9.1 Zlectrolyte-diffusion

Subsequent to Onsager-Fuoss theory of diffusion,
mmerocus studies have been made on different eclcctrolytes in
order to verify its validity for doth dilute and concentrated

solutions,

Among the various electrolytes stulled, extensive work

2
18 reported on the diffusion of the alka1452°69 g1xaline

tal salts
earth62'7°'8?<.m§o%h in pure agueous solution end in ezer gel



-36-

rediua. While comparatively less work hes been done in
trensition netal selt381'91. In ncst of the cases, the measured
diffusion coefficlent deviates from ths theory specially 4n the
cose of wncyrmetrieal and higher velence type of electrolytes.

A careful mnalysis by Stokes’> of the validity of
Cnsagerts troatment of the electrophoretic effect shovad that
the equation (1.13) incorrorating the first snd cscond order
electrophoratic terms should de adequate for uni-univalent
electrolytes, end es hes been shown, the experizental ¢ata are
not inconsistent with this view in the cases where ths activity
coefficient torm can be calculsted with sufficlent eccuracy,
For unayrmetrical valence type szlts the two tern Cnsager
equation iz not self-consistent, and Stokes?? excmined the
possibility that the exclusion of the second tern might rrovide
a better agreement between theory and experirent,

To explein the deviations of experimental valuss fron
the theoretical, stoi:eag%ut forwverd en equation to correlate
both these values with the solvation mmter, Towever, this
equation was not very satisfectory as the hydration values
obtained from this equation vary with those deternined bty other
techniques, 800493 has proposed a theoretlcel ejuation by
eliminsting the hydration mmbder in the Stokes' ejuaticn end

incormorating a new correlation between D and concentration

of tha electrolyte.



The lower values of D obtzined for Ca5127° and for
emoniuz salts =nd mr:c39", vere interrreted in terms of the
hydration of lonz vhile the higher values obtained in the case
of Zn50, were explained by Marned end Tudson’> by considerinz
the formation of ion velrs, Using the scme concept
Tanska ot.£1.%° exleined their results of diffuston in rgx,
and iSO, systoms., CSood end 1’mzr69 also sugzested that the
ion essociation is responsitle for the deviations froom the
theory observed in the case of t=1 electrolytes,

Gupta62’89 in his diffusion studies of gcme alkald end
slkaline carth chlorides in gel mediun odscrved a diversence
between the theoretical and experimental values, Fe explained
this observation in the lirht of gel intersmction end partial
desolvation effect, Tatil and Mhyapak” also explained their
réqults of dirfereht salts in gel reliiurn by considering the
@ifferent types of interactions occurring in the cel-vater-
-=electrolyte systen, Turther, they attributed the observed
mindmm in the dirfusion curve of oll the salts studied to the
increase in the ectivity coéfﬂcient of an electrolyte caused

by desolvation of the lons.

1,902 Irogar-giffyston
A grest desl of attention tes been paid to the tracer-
«diffusion of ions in alkali halide solutions. Alzost always,
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the diffusion of the tracer 1on hes been followed by radioactive
assay, the exceptlon deing ths work of Stokes on the diffusion
of fodide dons in elkald chlorites?>199, The experizentsl
techniques for the deternination of trecer-diffusion coefficient
ere not easy and thers are many pitrms33; 80 1t 18 not
surprizing that the results of the diffcrent workers on the sa—e
systen sometimes differ consicerally,

Wang end I~:1uer38 detercined the tracer-diffusion
coefficlent of sodiurm ions in 2queocus soldiun end potassiwm
chlorides, The Inmp o‘b'.-.erved in ths plot cf D yorens
gquare-root of ionic strongth was attribﬁted to the affect of
the ions upon thae structure of the solvent, This hasg dbeen
found only in measurements made with oren-end cepillreries and
not in dlaphrezm cell neasurerents, In the case of sodiun ion
in sodiun chloride solutions, a earoful comparative study of
the two methods, using a stirring system designed to give
streenmline flow in the cage of cpen=end cepillary mrk"’z’wa
214 not confirm the existencs of the mrip, Vang and !iiller's
result at higher concentrations were well rerroduced, and those
of Tilelsen, Adenson and Cobble'®! using a stirred dlarhracs celd
shovn to be incorrect, a conclusion later confirzed
independently bty Vitaglieno and Lyons'®2, This was attrituted
to the use of very high stirring speeds by thess suthors which
may have led to bulk flow through the dlaphraga. Sirmilarly,
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the even more pmnaufxced naxirnm reported for the tracer-
-diffusion coefficicnt of sodiuz fons in potassiuna chlcridatn
vas not confirued by 11111s, Friediamn and Fennedy 93 obtatned
& meximm in the curves for k*, Ca* end I”, CI” foms £nd these
wvere explained on the basis of ion~dinolse interzction as well
23 hydration of the fen. Nertz ot 21,55 e1s0 odtetned a sintlar
type of diffusion curve as that of Wanz for the diffusion of
11%, X* ana I" ions, They discussed this in tarns of structure
bresking end structure rmaking properties of the aiffusing ion,

Cupta®? and stuk1a®* had explained the Migher values of

D for different ions in gel mediwn by considering the gel
interaction and partial desolvatlon effect. They suzgested that
gel interactlion depends on the sizo es well as tha charge of
the hydrated ion. Rccenﬂy Fatil et £l. in their studies on

diffusion in gel mediun observed = minimum in the D yersug VC
curve for Ca2* 10% 102+ 195 cre® 106 oy 1™ 197 gens wntre

in gddition to the minirmm, a maximrs also was cbtserved in the
cose of 7n2* 198 4on, These facts were expleined on tre besis

of different types of interactions teking rlace in the lon-gel-

- =water systen,

11118 ot a1, 7%? in the study of aiffusion of k1?* ena
CY1” dons in liCl, solutions observed a rarkedly lover roblility
of 112* 1ons cus to the hydration cloud around Fi“* lons, wvhile



the robllity of C1I” ion was found to be higher. Trom theze
cbservations they establiched thet N12* snd C1” fons sre rot
closely correlated. Yegodarov end mra:.-ov"o in treir stuiles
in some 2-1 electrolytes at low concentrations observed D
values higher then expscted from theory, This they explatned as
due to effects of hydrolysis,

110 Scors of tre Presehi Work

The a.bove brief reviev of c::rligr work oa tracsr-and electrolyte.fi
«~diffusion shows that the theoretical ixplications of the
vhenemenon of diffusion ers only incompletely understood except
at very low concentrations. This is paz?tly dus to the leck of
experimental values of diffusion coefficients over an extended
rangze of conditions end is nainly cue to tre difficulties
encontered in studying the rrocess, The survey of literatuxre
shows that the bulk of work on diffusion has been carried out
in 1-1 type of clectrolytes, vhile only linited cata on
self- end clectrolyte-diffusion coefficients cre avallstle in
1-2 and 2-1 olectrolytes, specially involving transition metals,

The present wvork was undertaken to sce tho srplicability
of the Onsager and Fuoss theory to tracer-diffusion of

ranzanese, coprer and zinc ions end electrolyte-ciffusion of
nongenese end copper ealts bty labelling vith the respective
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Adsotopes over a wide ranze of concentraticn in gel nediu ty
using gone-diffusion technigue, Further, 4in crier to
investipate the obstruction effect caussd t7 coor nacro-
roleculeos in the diffusion path, ead to exxina the
errlicability of transition statoe thcory, t.‘:é élcfusica
ccefficionts wero neasured et C1fferend gol conzeatrotlicns onl

tonperstures,



—o0 CHAPTER 2 o—
o EXPERIMENTAL *




2.1 vean o ‘ad

The basle probdlem of measuring diffusion is to
deternine the transport of natter unler conditions where it
can be ensured that the transport is cdue to Aiffusion alone,
free from transport by flow or convection, It is, therefore,
essentlial to reduce to a minl-um direct streaming, turbulence,
and convection currents dus to temperature variations, Thouzh
the most commonly employed techniques to achieve this are the
.ddaphragn or the cepillary tube methods,Arnikar11° was enongst
the early wvorkers to study the possidility of employing a gel
nediwn (of egar-egar) for these studies,

Cels have been looked upon historically as colloidal
solutions consisting of two phases, ons a solid disperse
thase and the other a continmuous liquid phase. If an sgar-agar
sol 1s cooled to below 40°C, the viscosity is found to heve
suffered an increase, In the course of gelation the particles
in the sol units to form a mmber of chains or fidrils which

becoma interlocked end eventually a semi=-solid forn 1s
acquired, Part of the digpersion mediun nay be 4involved in
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solvation but}the major portion 13 believed to be held Yy
cepillary forces between the fibdrils end 1% 1s possible to
irmobilize as much as 937 water in these interstices whersty
streaning end convection currents are practically eliminated,

In the present studies, we have chosen 9‘)’.:1, 6!'011 and
652n radicactive isotopes in the form of their éifferent salts,
to study the different aspocts of diffusion in the sgar gel
nediun using the zono-diffusion technique, These isotopes
"in (half-11fe 1+ 312 cays), S¥Cu (half-1ife s 12,7 bours) and
6%n (nslf-11fe s 2% days) vers obteined fron the matha
Atomice Research Centre, Trozbey, Domdey, in the forn of ¥,y

Culh, end Zrclz respoctively,

As the isotope g.,m in the forn of Kr!:lz vas carrier-
«free, the experiments for' the diffusion of ln30, were carried
out by simply adding appropriste quantity of Mn3g to 1t.

2,2 The Theory of Zone-Iiffusion

_ The zone=diffusion technique was nodified by Amﬂmr‘"

and used in the study of electronigcration in szer columns, This
1

tochniquo has since then been used by several workers®0162¢112,113

in the study of diffusion of different ions ond electrolytes
in azar gel mediul.

The basic principle involved in the sone-diffusion



technique 1is ghown in Fig. 2.1

Labelled zone

Y

Unlabelled Unlabelled

Fig.2.1 - Boundary conditions of zone-diffusion.

A uniforn and infinitely thin layor of trocer is
allowed to Aiffuse into seni-infinitely long diffusicn colum
of lensth, a, of the medlun corresponding to the doundery
conditions for the activity ‘(x.t) at distance x froz tho
orizin and at tine ¢ *

‘(’o,o) = A , ‘
A(x'o) = O forx = Oatt =0
A(x't)» - 0O for x= K3 ‘

The solution of the Fick's II lavw for the given bouncary
conditions is the prodadility or error integral. The folloving
derivation is based on the requirement, first noted by Loltzmamm,
that although the concentration varies with doth distance x and
time t, thess two variables nust always occur in the ratio 2/t

for D to have the propor dimensions.
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Consequantly, 1f diffusion proceeds fron an initially
sharp boundary at x = € = O a nev variable, y, may be dafined
by the relation y= x/Vt ., Then

—a— = gL— . ._d_ = - ] X d
ot ot dy ) 13/2 -dy_ ..(2.1)
end
=) - Sy _° _ 1 o _d
ox ' Aax EY) - Mt dy ..12.2)

Hence, Fick's II law tekes the folloving form

y . _dc — . d°c

.. 12.3)

Substituting p e -%'.— and integrating equation (2,3) we get
- 2/‘0 = D-1n IP vhere I is constant of integration, FRewriting
the cquation in terms of x and ¢, one obtains,

ac _ 1 E—XZ/LDt

o X IVt

{2.4)

The integration constant I may be evaluated rx;%n the con2ition
that the totel erea of the gradient curve (ac/ax) dx
must equal at all times the initisl concentration Cpe Iince
ench end of the colurm is at a physical infinity and since the



function (2,4) 1s symmetrical ebout the concentration exts,
ve can write as

+o0
+ oo

1 —x2/
c — x</4 Dt 2 2
0 I\/F/e . dx:?Tt//'e.x /['Dt dx ..(2.5)

- 00 oS

This integrel has the value VTILt and I = 2 JDoTr7c°
Then equation (2,4) becomes

oc - _Co  -xuDt 6)
ox 2J/TOT .
end
[e o]

c = o ~x2/upt )

~ 2Vwor € x

X
2
¢ o= —o X /eot A2.7)
2 VDt

Replecing the concentration in terms of activity &, esuztion

(2.7) cen ba written es

2
A, o= X /4Dt (2.8)

A = —_-
{x,t) LT DU

Vhere A, is the constant representing the total activity in the



1n1‘tia1 zono at ¢t = 0 and A x,t) 1s the radicactivity at
distance x fron the origin at tize ¢.

2.3 Txmerirma

The experimental dotails are given bslow under two heads
(1) The preparation of the diffusion column snd (11) Analysis
of the diffusion colum,

23,1 Ixemeration of the diffusion colurm

A required amount of agar (Cacto-Agar, Difco
Laboratories, Detroit lichigan, USA) was weighed and dissolved
in vater in case of electrolyte-diffusion and in solution
containing appropriate salt in case of tracer-diffusion, Then
this solution 1s heated slowly end gently to above 80°C on a
hot-plats, Sudden axd excessive heating was aveided as 1t
leads to charring of the gel, The solution on cooling sets
into a seni-rigid s0lld state containing the squecus phesge
electrolyte solution immodilized in the interstitiel space of
the sgar-agzar network. This gel vhich appears homogereous end
really translucent, was used for the rrepzration of the colum,

A clean dry pyrex tude with plans edges and unifora
diamater of 1.2 cm and length 30 ca was taken, With one end
closed, this tubo was filled with the viscous gel soluticn to
half the length with desired concentration containing
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unlabelled electm;yto in the casge of tracer-diffusion end
vithout electrolyts in the case of electrolyte-cdiffusion, This
was cooled to a solid. Then after removing the cork, one end
of the gel 1s brousht out and from 4t a small piecs was cut off
with a clean, sharp blade alonz the edge of the tude go that
Tlane boundary 1s obtained. The gsl colurm wes then allowed

to slip beck & 1ittle and 1 cm® of gel cortaining the labolled
electrolyte was added above it and irmediately coolod to a
solld gel, Leaving a 0,5 cn band of thig gel in the colum,
the remaining part was chopred off to a plans surface ns before,
The Vboie gel colunn was then noved to ocne sids of the tude so
that 0.5 cn band renained at the middle of ths tube, The
remzining part of the tube was then filled with the saue gel
wvhich was used for the first colwrm bdefors the lsdelled zono
end then irmeditely cooled, Cnes the column was ready, both
ends of the tude wera tichtly corked and sucspended horiszontelly
in an asutomatically temperature regulated thermostat maintained
to within 4 0,1°C at the desired temperature.

In setting tho éitmsion colirm, three things wvere

taken care off
(1) Io enclosure of air budbles in the zel,

(11) Cood contact between thao central sone cnd the colum
on the either side of 1t,
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Fig-2.2- Gaussion distribution curve for the
electrolyte— diffusion of MnSOy (1x10'5M)

at 25°C in 1% agar gel.
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Fig.2.3- Electrolyte- diffusion of MnSO; (1x107>M)
at 25°C. in 1% agar gel:
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(111) Xo part of the gel sticks to the sides of the gless while
belnz moved to and fro in the tube,

2¢3.2 mmm.mmmmmo;m

| riffusion is .allowed to procecd for a definite time of
the order of 2+ hours, the gel colurm was then extruded carefully
and tho region of S ¢m on eithér s1dée of tre central zone vas
g8liced into 0,5 ¢n lonz samples, These vers transferred ¢o
aluainium planchettes and dehycrated under an infrared larp,
The radiocactivity in each sziple was rmeasured usinz a vell-type
single channel gooma ray scintilletion counter.

When the ectivity A 1s plotted yorsus cdistance, a
Caussian distridution curve is obdbtained wvhich is showa in
Fig. 2,2

The plot of loz A yersus x- gives a straight 1line es
expected, with

9
Slope = ~ T T XWX DX

Ynoving the tine of diffusion t for a specific run, the diffusion
2

coefficlent is calculated, A typical plot of log A yoriis x

18 shown 1n Tig. 2.3. Each value of D presented in the tatles

13 cn average of at least four independent meesurenents,



—o CHAPTER 3 @
. DEPENDENCE OF DIFFUSION COEFFICIENT
ON CONCENTRATION OF THE ELECTROLYTE *

S




OF THE ELFCTROLYTR

In the present work, tracer-diffusion coefficients and
clactrolyte-diffusion cosfficlents of some labelled transition
matal ifons in a mmber of electrolytes are reported over a
wvide range of concentration in gel medium. The spplicadility
of the Onsaser’ and cnsager-ruosa"z theory to the experimental
data of tracer- and electrolyte-diffusion coefficlents
respectively is examined in various systems in this chapter,
As the mechanima end hence the theorstical treatment for the
two diffusion processes are different, the results obtained in

these studies ere discussed separntaly under two heads,

Saction 4 s Yariatlon of the Tracer-Diffusden Cosfficlent
yith Concentration of the Flectrolyte

This section deals with the measurcment of diffusion
in coctﬁcienukntracexbwmsion of
(1) Fm2* 1n (2) ¥xCl,, HgClyy SIC, and Tatl, electrolytes
and



(b) 1A%, Cu30yy H1ZO, CoSO, end Znso,
electrolytes,

(2> ®cu* 4n (a) cusqy, 1150, Cos0, and 1ns0, electrolytes.
ax_xd ;

(3) °20®* 10 (8) BaCly, SrC1, end 101, electrolytes,

The aiffusion coefficlents in all the systems wers measured in
1% agar gel mediun,

Before discussing the experimental results obtained in
these systems let us first see how the theoretical valus of
tracer-diffusion coefficient (D‘) is coxruted,

3,14 Theoreticsl Value of D'

As we have seen in Chapter-1, the theoretical walus of
tracer-diffusion coefficlent 1s calculated by using the
Onsagexhcosting-ﬂamds'ﬂ’ equaticn, They have shown that the
diffusion cosfficient D; of a tracer emount of lons of Jth kind
in a salt solution of uniform conposition is given by the
' fon.ovins 1imiting law expression spplicadble for dllute solutions

Dy = z—t3 |ij [—%,—J-—A ZIF 269 10" /dmr = (VAT /ic,_z,_]
e (1,29)

The modility function d(wj) in the above equation (1,20) s
given by
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In tha caso of tracer=diffucion only throe kinds of ions are
preseant and let diffusing ion be donocted es Ja1 vith its
valence Z4 znd concentraticn C4 whlch 13 neglizitly small,
Further, ve have C, |Z;| m. Cy |Z3|vhere C, and Cy sro the
concentrations of ths cations end anicns of the suprorting
electrolyts with their valences 2 2y e 23 respscuvuy. Tnler
those conditions ejuaticon (3.1) takes the following form

|Z1 |“2|A2 |2 ”
atw h 5
) = al * |a3| |T231 55 * 1220 Ay~ 1541 k3 *[=3] &1

oo (3.2)

, In the cass of self-ciffusicn, a special :&f@)\or
trecer=diffusion, vo have |24] = |[25| and ll:o'(becauso
the donlc conductanszes of the romal ion snd the radlcactive
ion ere practically identical, Ionce the valus of d(w‘) for

2«1 electrolytes, in vhich the cation 1s mmazn.x, becones

dw’) § [i 4 Az +ZA3 'Y (3.3)

vhile for 2+2 electrolytess tbe valus of &(Wy) sizplifies to

A°3 \
d(w‘) ] % [i * ——'——x3+ Aoz ] oo (3.0)



In derlving the equation (1,20), the ions were trested
as point charges, Justifialle at very low concentrations only.
However, at higher concentrations, cns hus to take into
consideration the sizes of ths fons, Tsking this into eccount,
Stokes s_t_ﬂ..% nede eupirical correction to the equation given
by Gosting and Tarned, by replacing,

Ve by \/6/(1 + kg) (1 « ka/V2)

vhere a is the closest distance of approach of opposits ions
and the reciprocal radius of the ilonic atmosrhere,

The values of different parameters involved in
equation (1,20) for the calculation of D;hoo for different
dons ere presented in Table 3.1; while the different constaats
involved in it have the values

R = 8,314 3K mol™t,

¥ = 9650 C mol”l,

N = 6.023 x 102 mae”,
€ = 78,5 and T = 298 K.
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e T otion o6 Thas afmisters for the
coefficlient
(&) Tracer-ciffuszicn of ¥n2*
M1, MsCl, 1 Srcl, peLl,
124] 2 2 2
12, 2 2 2 2
| 23 1 1 1
X, /sicmens 53.5 53.5 53.5 53.5
X, /slemens 53.5 53,0 5.0 63.6
A3 /slemens - 76.3% 76435 76435 76435
alwy) 0,58 0.579 0.598 0.609
a/A° 6,713 3.137 6.663 6.955
(B) Tracer- diftuaio;xn of in®*
Ma50,  Cu30, NS0,  Cos®y,  InSO,
124 2 2 2 2 2
12,1 2 2 2 2 2
124 2 2 2 2 2
Xy /siemens 5345 53,5 53.5 53,5 53.5
X, /siemens 53,5 53.6 4.0 55.0 52,8
Xy /sienens 80,0 80,0 80.0 80.0 80.0
awy) 0.5%0 0,550 0.550 0.553 0,543
2,917 3,026 2,917 2.088  3.026

a/A°




Zable 3.1 (contd,)

55 -

(C) Tracer-diffusion of Cus*

Cuso, R i CoS0y, ¥aso,
124] 2 2 2 2
12, 2 2 2 2
123 2 2 2 2
M /siemens 53.6 53,6 53.6 53.6
N, /siemens 53.6 .0 £5,0 53,5
Ay /slezens 82.0 80.0 80.0 80.0
a(w,) 0549 0.550 0.553 0s 549
2/A° 3,023 2.917 7,033 2,917
(D) Tracer-aiffusion of : zn2*
BCl, 51C1, MrCl,
1241 2 2 2
lzzl 2 2 2
124! 1 1 1
X, /sienens 2.8 2,8 £2,8
)y /siemens 63.6 591 53.5
)y /sieaens 76435 76435 7635
d(wy) 0.612 04601 0.533
e/A° 6.023 $.775 s.81%
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By substituting thess valucs into equation (1.20) the
14miting law and the extended 1imiting lav expressions of D
for differcnt ions at 25°C tcke the following forms 3

(I) Tracer-diffusion of ¥n2* lons in different transition
metal chlorides

(1) 02* 1n 11,

Limiting lav expression

Dyp2+/10°C e 871 = 7.117 - 9.201 VC e (35w

Extended limiting law expression

Ve
D;‘32J10'6 ma ﬂ..1 n 7117 = 9.201

(1+42,7916VC) (1+42.7016/C/V2)
o0 (30”)

(11) ¥a®* 4n Mgclz

liniting law expresaion

B 20/10°8 o &1 w 7,117 - 9.2 € os (3.60)
Pxtended 1initing law expression

D'{hzdm'“. el L 7117 = 9. 242 vC

(141.2327/C) (141.2527/C/72)
ee (3.6b)

(111) M?* in srC1,

limiting lev expression
D’;mztl10-6 cnz 3.1 = 7.117 - 8-763 v ee (3.72)

Extended liniting law expression .

¢, -6 2 -1 * Qe
Dn2e/10 - e 871 = 2e117 = Be 703 T ) (142, 63350042
oo (3.7D)




(1v) 102* 1n Bac1,

Liniting law expression

?n;*/%d'6 en? 8”1 & 7,117 - 8,433 VO oe (3.82)
Extended 1imiting lew expression

»

szdm“’ cn? g1 a 7+117 = 8,483 Je

(142.7939/C) (142,7953/C/V2)
e (3.0D)
(II) Trecer-daiffusion of ln°* in different transition metal
sulphates

(1) ¥n2* 1n ¥aso,

Limiting law expressicn

Dp2e/1078 ca® &1 = 7,117 - 11,52 e (3.90)

Extended limiting lav expression
201076 co? 871 w 70117 = 11,529

Ve
(141.3557VC) (141, 3557/C/V3)
oe (3.5D)

(11) 1n?* 4n zn50,

Limitinz law expression

D,2e/1078 en? &1 = 7.117 - 1,578 VC er (3.100)
Extended 1imiting law expression

» - Ve
D 201078 cn? 61 w 7,117 = 11,578

(1+1.4071/C) (141,4071/C//2)
oo (3.1CD)

(111) ¥n®* 1n K150,
liriting lasw expression
Dy 2071070 ea? 71 = 7,117 - 1145810 .e (3.118)
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Extonded liniting lsvw expression

Din2e/10°% ® &1 = 7417 = 11,453 £
- (161,3557/C) (141, 35572,C//2)

ve (3.11D)
(1v) #n* in CoSO,,

Limiting law expression
D2#1078 e 8”1 = 7,117 - N2 T oe (30122)
Extended 1initing law e pression

D 2¢10°% e? &1 = 7,117 = 1427 fe

(143.2938VC) ( 143.2933/C/V2)
[ X J (30 12b)

(v) 1%* 1n Cuso,

Linitinz lavw oxprosaicn '
Dh2v10°8 @2 5”1 = 7,117 - 11,525 /C os (3.120)
Extended liniting lav expressicn

D:m2M10.6 cnz 3‘1 = 7.117 - 11.52’ ‘/_c-

(141.%071/C) (141.071VC/VD)
oo (3.130)
(IXI) Tracer-diffusion of Cu®* 4n different transition
natal sulphates
(1) cu®* 1n Cus0,,
I.iniung lavw oxpression
o 201078 ea? 71 = 7.130 - 11.5601C es (3a1%a)

Extcnded 1initing lav expression

0t 2:/10°0 en? =1 2 7,130 = 11,560 C
Cu (101507 1/5) (141 M7/ VD)
o (3¢ %)




(11) cu®* 1n MnSO,
. I.imi_ting law expression
*» . ™ -~
Dpy2+/10°6 en? 571 = 7,130 - 11.567/C .o (3.150)
Extended limiting law expression

Dg,2+/10°6 em? &7 = 7,130 - 11,567 Ve
1 (1+1.%071/C) (1+1.4071/C/V2)
. e (3.15)
(111) Cu®* 1n N150,
Linitinz lawv expression
Drg2¢/10°8 e? &1 x 2,130 - 11,530 V€ .. (3.160)
Eicf.ended’lim:j.tinf law expression .
Dpy 21078 en? &7 = 7,130 - 11,530 PYOR -y rypprT— -y
e (3.16L)

(1v) cu® 4n CosO,

Limiting_ law expression

D;a2+/10’6 @? st = 7.130 - 11,462 /C e (3.172)
Extended 1imiting law expression

- - C
n;uamo 6 en2 s 2 7,130 - 11,462 Ve

(143.2938/C) (143, 2933/C/V2)
[ X ] (3. 17b)
(IV) Tracer-diffusion of 7n2* in different transition

metal chlorides
(1) zn?* 1n BaCl,

Liniting law expression
Dy 2e/10°% cu? 8”1 = 7.023 - 8.297 oo (3.132)
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Extended liriting lew expression

Dpn2+/10°8 a2 5~ & 7,023 - 8.297 Ve

(142.7539VC) ( 142.7539/C/V2)
ee (3.13b)

(11) za®* 1n 5rc1,
Liniting lav expression
» - -
Dzn24>/10 6 crn2 s 1 = 7,023 ~ 8,574 VC eo (3s192)
Extended limiting law expres:zion

» - 2 =1 Ve
24/10 ° cn* 8 7.023 = 8,574
Pen " (142,6836/C) (142,6336/C/V2)

oo (3.19D)
(111) 2n® 1n Mno1,
Liziting lav exprassion
D;n:ss/m'(’ ca? &1 = 7,023 - 8.835 /C os (3.202)
Extended liniting law expression

D;nzdm"" cn? 81 = 7,023 - 8.835 /e

(142.7016VC)( 142, 72016VC/V2)
oo (3,20D)
The theorstical values of tracer-diffusion coefficients
calculated usinz equations (3.5-3.,20) for mangansss, copped
end zinc icns in different electrolytes are tadlulated along
with their experinmental values in Tahles 3.2-3.10 and are showva
in Figs. 341=3.7 as & functicn of square root of concentretion.
The curve a' in thesse fizures shows the diffusion cosfflclent

values expected fron the Onsager's limiting law, curve b shown



by dotted lines represents the theoretical D valwes according
to the extended lixiting lew while the curve with open circles

(curve C) shows experimental vzlues of D obtained in tre
present work,
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Fig.31: Variation of tracer - diffusion cofficient of Mn?% ions with

square root of concentration of (&) MnCl; and (B) MgCl
in 1 % agar gel at 25°C.



Zohle 3.2 3 Variation of tracer-diffusion coeffictiernt
' of Mm2+ vity concentration of (4) M1,

end (B) ¥eCl, in 14 agar gel at 25°C

(&) MCl,
Cong./mols 1~ D;,n2¢/1o'6 ca? 571
Theoret%cal a Expericental
law 1iziting law
0 . 70’17 - : -
5 x 10" 7.051 7.05% 3.753
1 x10°" 7.02% 74029 3466
5 x107F 6.911 6.930 2,706
1x1073 6.825 6,86 4,036
sx1073 6,466 6.635 437
1x10°2 64198 6.508 %612
s x 1072 5,059 6.218 5,901
001 4, 207 6.133 7.143
(D) Kg1,
o ' 7.417 - -
s x10°° 2,051 2.053 3.606
1x107" 7.02% 7,023 2,881
s x 107" 6.910 6.930 3.75%
1 x 1073 6,82 6,863 4,85
s x 1073 | 6,463 6,635 5,281
1 x10°2 6.192 6,509 5,641
$ x 1072 5,050 6. 224 5.932

0.1 l}.“gl' é. 1103 7610
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square root of concentration of @ SrCl; and BaCl;
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Jzble 3.3 s Variation of tracer-diffusion coefficient
of Ptm2* vith concentration of (&) §
end (B) BeCl, in 1% szar gel at 25°C

(1) 511,
Cong./zole 1 n;m2¢/1°‘6 el o}
“Theoretical Experirental
liniting Extended
lavw 1initing lew
0 7.117 - -
s x10°° 7.0% 7,056 3.63
1 x 07 2.029 7.033 3.492
5 x 107 6.920 6.939 3.938
1 x10°3 . 64839 6.876 4,348
5 x 1079 6,497 6,657 5,562
1 x10°2 6.2 6,536 7.847
s x 1072 $.157 6.257 7,637
(D) BaCl,
0 7117 - -«
s x10°° 7.0%6 7.053 4,439
1x07Y 2.032  7.03 3.652
5 x 107 6.927 6.946 3.012
1x10°3 6.048 6.835 5,064
5 x 1075 6.517 6.677 5.3%9
1 x10°2 - 6,268 .563 s, 671
5 x 1072 5,22 €.308 5.893

0u1 b3 60241 6.23%
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tracer - diffusion coetficient of Mn2+ ions  with

square root of concentration of @& MnSO, and CuSO,
n 1% agar gel at 25°C
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Zoble 3.% ¢ Variation of tracer-diffusion coefficlent
of Mt vith concentration of (4) kacoy,
end (3) Cush, in 1% eger gel at 25°C

(£) 5o,
Conc/mole 1~ D;m2¢/10°6 2 g1
Theoretical Experimental
Lirt Extended
lav liaitirg lavw
0 S 7,117 - -
1x10°° 7,032 2,039 4,225
$ x10°° 72,035 7,036 3,801
1 x107t 7,001 2.00% 3.637
5 x 107" 6.859 6.571 3,562
1 x10°3 6,752 6.777 2,196
5 x 10”3 " 64391 6.42) 5,779
1 x 10-2 ' 5,963 6.1 6.513
s x10°2 4,533 5,437 8.105
0.1 3047 5-153 9.875
(B) cuso,
0 7.117 - -
1x10°° 7.080 7.080 3416
s x10°° 2,035 7,036 3.071
1 x 107 ?.001 7.004 2.831
s x 107" . 6,850 6.577 3.425
1 x 103 6.752 6.773 3.6865
s x 1073 6,302 6 b2 4,062
. o
121072 5.06% 6.157 4.806
- 5,462
5 x 1072 L, $40 s, 513

0.1 3.472 5.193 6.357
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Fig.3.4: Variation of tracer — diffusion coefficient of Mn2*
ions with square root of concentration ot
® Niso, , CoS0, and © ZnSO; in 1% agar
gel at 25°C.
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m;g_l.} 3 Veriation of tracer-diffusion coefficient
: of “2* vith concentrstion of (A) K150,
end (B) Co50, 4n 1% ezar gel at 25°C

(L) 150,
Cone./nole 1 3;320/10’6 <® g
'I‘heorotlcai Emrlmental
Li=iting Extended
lavw liziting lavw
0 ' - 7.117 - -
1 x10°° 2,020 7.051 %393
5 x 107> 2.036 7.037 2,890
1 x107¢ 7.002 7.00% 2.50%
s x 107" 6.860 64872 3.153
1z 10"3 6.753 6.779 377
s x 1073 6, 30% 6,422 %395
1 x10°2 5,967 5.192 4,912
s x 1072 WS 5,492 5,632
0.1 3.M81 S, 164 6.91%
(D) Cocqy,
0 70117 - -
1x10°° 7,030 7.031 3,256
s x10°° 2,036 7,039 3,001
1x10°" 2.902 7,009 FRW:R
s x 107" © 6,861 6.891 3.L33
1 x10°3 6.755 6.812 3.319
s x 1073 6.308 6.55% b, 649
1 x 1072 $.970 6.429 5,402

s x 10°2 4. 561 6.1%9 6,146




Iedle 3,6 s Variation of tracer-diffusion coefficient
of *4m?* with econcentration of zns9, 1n
1% egar gel at 25°C

Cono./a0le 4! Dyg2e/10°° en? &7
Theoretical Experinental
lavw fﬁi’t’fﬁg lavw

0 2117 - -

1 %1073 2,080 7.030 3.267
5 x 107> 7,035 7.036 3.119
1 x 107 2,009 7.003 2,625
5 x 10" 6.853 6.871 , 3.065
121073 L 6,751 6.770 4177
5 x 1073 6.299 6.421 %926
1 x10°2 5.960 64193 5.63%

5 x 1972 %, 530 5,505 6.467
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Fig. 3.5: Variation of tracer - diffusion coefficient of
cul? ions with square root of concentration of

® CuSO, and NiSO, in 1% agar gel
at 25°C.



<okle 3,2 ¢ Variation of tracer-diffusion coefficient
of ®*cu®* vith concentration of (A) Cuso,
and (B) X415, 4in 17 agar gel at 25°C

(4) cuso,

Cone./uole 4 ' n;uz,,/1o’5 cal o
Lintting O hegended Bperizental
law 1iziting lavw

0 701& - -

5 x 107> ' 7.043 7,050 2,711

1 x 107" 2,01% 7,017 7,034

5 x 107" 6871 6.836 6.833

1 x 1073 6.764 6.791 5.%35

5 x 1073 6,312 6,436 6,223

1x 1072 5.97% 60299 6.l1k

5 x 10°2 1. 45 s, 521 6.542

(D) 150,

0 7130 - -

1 x10°° 2.05% 7,09% 5,195

s x 10" 7.043 7,050 4,793

1 x 107 7.01% 7.018 4,37

s x 107" 6.872 6.836 4,709

1 x1073 6.765 64799 4,832

5 x 10.3 ) 6.3110» 6.‘#3’0 5.‘*52

1 x 1972 5.977 6,20% 5,656

5 x 1072 . 551 5.501 6.305
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Fig.3.6:Variation of tracer -diftusion cofficient of cu??t

ions with square root of concentration of
@ CoSO; and MnSO; in 1% agar gel at

25°C.



Zotle 2,8 3 Veriation of tracer-diffusion coefficient
of %*cu®* vith concantration of (8) Coco),

and (D) Mn30, 4n 1% egar gal at 25°%C

(1) Cos0y,
Cono./mole (! Dau24/10'6 cal !
Theoretical Ixperizental
Liniting Extended
lew dizniting law
o 7.1 - -
1 x10°° 2.09% 7.055 5,571
S x 107° 7.049 7,052 5,320
1210 7.016 7.021 5.133
5 x 10 6.87% 6.903 5,769
1x10 6,786 6.82% Se551
s x 1073 6432 60566 6.091
1 x10°2 s, 95% 6,430 6.192
S x 10 4,567 6.160 6,641
(3) Mnso,,
0 7130 - -
1x10°° 7.093 7.09% 5.079
s x 10°° 7,043 7.0% 4,727
1 x 107t 7,01% 74017 %.276
s x 10 6,871 6.89% 4,476
1 x 1073 . 64764 6.799 b, 741
s x 1073 6.312 6,431 5,521
1 x10°2 5,973 6,230 6,033
s x 1072 b, Sl 5456 6,541
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Fi1g9.3.7:Variation of tracer- diffusion coetficient of Zn2+ ons with square root

ot concentration of (B) BaCl, SrCly and © MnClz in 1% agar gel
at 25°C.




Tohle 8 Veriaticn of tracer-éiffusion coefficient
of %%2n2* vith conceatration of () Lall,
and (E) £1C1, in 12 agar gel at 25°C

(L) DaCl'z
Conc./mole I D;_nzoho"" =® ¢!
Theoretical Lxzoricental
L=t Extended
law dimiting lavw
1x1072 6.15% 6435 5,639
% x 10”2 5.163 6.232 5,233
0.1 %.399 66163 4517
0.1 3.810 6.1 6,233
0.2 3.313 6.1% 6.823
0.25 2.876 6,155 7.239
(B) S1Cl,
1 x10°2 6,167 6,456 . S, 571
5 x 1072 5,107 6.182 4,847
0.1 h.312 6,107 S.75
0.18 3.702 6,035 6.3
Qe 3.189 6.037 7135

0.25 - 2,737 6.03 - 7.619




mon $ Varlation of tracer-ciffusion coefficient
of $52n2* satn concentration of MrCl, in
1% agar gel at 25°C

Conc./acle L' D;nzmo“’ 2 571
T Theoretical Experizentezl
Iimiting Lxtended
low liniting law
0 7.02% - -
1x107% 64135 6,436 6,105
5 x 1072 5.037 6.156 5,427
Ou1 L2t - 6,079 L, 707
0.15 3.532 6.057 6.306
0420 3,05 6.053 6.640

0.25 2,530 6.057 7,469




3¢24 Jlescripticn of the Results

«n examination of Figs. 3,1-3,7 (Tables 3,2-3.10) shovs
the presence of a minirum in the D:xpt Yersus VC plot for ald
the zystems studied, in contradiction to the Cnsager's theory.
Usua.uy' this minirum 1s observed in the lover concentration
range mostly between 15~3-10""® M concentration except in the
case of tracer-diffusion of Zn2* lons, Further, snother point
of interest to note here is that st lower concentrations of
the electrolytes D:xpt is alvays less than the theoretical
value shile at the higher concentrations the case i3 exnctly
the reverse, It should be mentioned here that the thsoretical
values obtained by extended limiting law are only considered
for comparison of experimental and theoretical diffusion
ccefficients in the sutsequent text,

3.201& X 2‘ Fane e »
paznesiym, sirontdun end kerdum chlorddsa

It can be seen from Tebles 3.2 end 3.3 (Figs, 3.1 and
3,2) that the theorstical value of Dy 2+ (equations 3,5b-3,8b)
is always greater than the experinental one at all the
concentrations studied and at concentrations > 1072 K the

» L J
reverse case is observed 1.2. Domt > _Dtheo § vith the
exception of the D:h2+ values obtained at 0.1 M concentration



in L1, end MgCl, systems and beyond 10”2 M concentration in
PaCl, system, It is also seen from the I{.nZO Yersus VC plots
(Figs. 3,1 end 3,2) that the mintmm occurs at 10°* M
concentration in MgCl, and SiCl, systens and at S x 10~ 1t
concentration in x-mcla and BaCl, systens as against its atsence
in the theoretical curves,

Cereful examination of the Tables 3,2 and 3.3 reveals
that the theoretical diffusion coefficlent of }n2* in the four
systens increases in the following order

115012 < MCl,y € OrCly; < DaCl,
but the sanme trend i3 not observed in the case of experinental

diffusion coefficients., Further, the trend in the experinmental
D:mzo» valnes 19 e2lso :ound to chanze with the conceatration
of the electrolyte; for exarple, the trend in experinmental D;h2o
at 10"3 M concentration of the different electrolytes is found
to be

WCl, < 6:C1; € Nl ¢ a1,
vhile at 0,05 M conceatration this order beccies

Bafl, < MaCl, < MgCl, < SrCl,
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30202& . 2+ . «
aickel, codalt end zinc gulphates

It can be seen from the Tatles 3.4-3.6 (Figs. 3.3 ard
3.4) that the measured rate of aiffusion of nanzeness lons
decreases with concentration upto 10°* M 1n all the transition
" motal sulphates studied., However, the dacrezsing trend in the
D:xpt valus extends upto 10”3 M conceatration in Mn30, system.
Deyond these concentrations, the rate of diffusion increazses
with increasing conceantration of the electrolytes in contrest
to thepnugor'n theory, Further, ths experimental value is
elvays less than the thsoretical ons in the lower concentration
range in all the systens studied. At concentrations > 10"2 M,

D ¢ Values are found to be higher than the D:_h” valuss vith

exp
the exception at 0,05 X 1n CuSQ.. However, these values are
less than the Hernst limiting wvalue, the only exception being

the Mn50, systen,

3.2.27 wmmﬂ”mﬁim@mw.
pdckel_end cobslt gulphates

A glance at Tables 3,7 and 3.8 (Figs. 3.5 and 3.6)
ghows that at all concentrations in mengenese, nickel end cotalt
sulphates, the theorstical value of Dg,2¢ 1s greater then the
experimental one with the exception of 0,05 M concentratioca,
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vhile no trend is odserved betwveen experimental and theorstical
values in Cus0, system, Further, it may be moted fron

Fizs. 3.5 and 3.6 that the minimm occurs at 10°* 1t
concentration in all the systensstudied with the excepticn of
Cuso,, system wherein it occurs at 1073 n,

3. 2"‘ A n - 6 20 ’
‘peazepese end bardin chlorides

Similar to the earlier systems, a cinimm in the plot
of D, oxpt J2LSUS VG for the tracer-diffusion of zn®* fons in
different systems 4is observed (Fig. 3.7)e It occurs at O,1 M
in DaCl, and MnCl, systems and at 5 x 10 = M in SKC1; systen.
Further, 1t 1s also seen fron Fige. 3.7 (Tables 3.9 and 3.10)
that the experimental valus of Dy 2+ 18 1ess than the
theoretical cne, upto 0,1 M electrolyte concentration while as
the concentration increases beyond this the reverse trend is

observed,

30374 Discussion

The Onsagar-Fmssm theory of transport processes in
electrolyts solutions was based on the Dobye-m::kclu treatment
of ion-etmosphere in dilute solutions and vas never zeant to
be applied to soluticns of concentrations higher than 0,01 M
even for uni-univalent electrolytes, Hence the deviations of



the observed diffusion coefficients from the theoretically
expected ones are not surprising in the rresent work vhkich
involves rultivalent systems, Many worksrs have reported such
dmnionl at hizher concentrations of the electrolytes toth
in .qmu,“,si 1% ana in ge1196y115 poatim,

In order to bridze the gap bdetween the experimental
results and the theoretical velues, the Onsager-Fuoss theory
needs to be modified, But attempts to extend the Onsager-Fuoss
theory to higher concentrations would encounter the same
Vdifﬁ.culun 28 the extension of the Debye-Hucksl theory itself,
Hence 1t is very difficult to sccount for the deviations
quantitatively, Bowvever, the éiscrepancies in the observed
Tesults over the entire rango of concentration studied in gel
rediun can dbe oxp:l.unod only qualitatively in terms of different
types of intersctions occurring dbetween dons, water and the gel
nacromolecules,

These interactions which affect the rate of éiffusion
in gel mediun sre discussed one by ons in the following secticn,

3.3.14 Relaxtion effect

Among the different effects to be discussed in the
folloving sections, the rela.ntion effect is the only one whose
contritution tovards the diffusion coefficient is estimatsd



quantitatively. The relaxation effect wvhich gives a nezative
contribution towards ths éiffusion coefficient increases with
increasing concantration of the clectrolyte giving a decreasing
trend in 'tho diffusion coefficlent with ccncentration. S%he
theoretical treatment of the relaxation effect and its influcaca
on tracer-diffusion ccefficient of ax ion is discussed in
detail in Chepter 1 (Section 1¢3.2.1).

3¢3¢2A Adsorption effect

, As mentioned ecrlier (Section 1,8), agar is cozposed of
egarose and sgaropectin containinz a sulphonyl groupy which
confers on the gel a emall cation exchenge capacity. The
presence of these cation exchange sites causes the adsorption
of caticns on the agar gel, According to Lanzdon and Ihomas"6.
these adsorbed cations presumably migrate with a mobility lower
then that of the free cations, csusing the diffusion coefficicnt
in gols to decrease when eloctz_'olytc concentrations ars such
that a significant fraction of the ion present in the gel is
adsorbed, However, the contribution of the adsorption effect
tovards the overall diffusion coefficient 1s insignificont at
higher concentrations of the electrolyte, es the ratio of the
fons which get adsorbed and exchanzed to the uncdsorbed ions
becomes very small,
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7he effect of adsorption on the diffusion of tre
cations studied in the present work is sxamined by giving the
following treatnment to egar, The solution of the respective
metal salt was kept in contact with the agar for about eight
dz_:a. vith dally change of the solution. After eight days,
thii solution was filtered and azar was washed thoroughly with
distilled vataer and dried to powder, The azsr thus obtained
vas used for the diffusion experinents and the results vere
cozpered with that obtained using agar without the above
treatment, The comperison shows that the latter D value is
less than the former one at low concentration of the elsctrolyte.
m: observation confirms the role of adsorption in the diffusion

of ¢ation.

3.3.3% Ohatruction effect

The presence of gel in the diffusion mediuwn mcles the

diffusion path tortunus. This is mainly dus to tha irregular
network of macromolecules present in it snd therefore, the lcns
in the sgar gel have to diffuse slong longer paths, 4s the
effective length of diffusion increases, the diffusion
coefficlent in gel medlun decreases, The dstailed dascription
of this obstruction effect 1s given in Chapter ¥,

3.3.44 Ystep-zel dnteraction

Tﬁe wvater molecule has a permenent cdipcle rozeat, The
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pds;tivo arnd negative charges are suprosed to be situated at thre
fod__i' corners of a rsgular totrahedron and thus each dipole is
associated to four neighbouring molecules of vater, This
essoclation of &ipoles in water gets affacted in the rresence
of agar molecules, These macromolecules bind the water
molecules by hydrogen bonting’7, adsorption!d, ena atpole-
-dipolo 1nteract10ns"9 between the polar sulphonic sroups end
wvater molecules, Dus to these interactions, the short range
crystalline structure of wvater gets distorted and a loose
gel=water structure is formed throughout the gel nstwork, The
distorticn thus caused in the watsr structure incresses the
mobility of the ion in gel medium coampared to that in equeocus
solution, Hence, vater-gel interasctions tend to incresse the
adrfusiocn coafficient of the lon in gel mediun,

3.3.52 Jon-yater end fon-ion interzctions

when we confine ourselves to only lower concentrations
of the electrolyte, the contribution of lon-ion intsractions
tovards the diffusicn of ions can be nmeglected'2? g3 the
distence between ths ions 1s sufficiently large. IHowever, the
interrretation of the results at higher concentrations dezends
a consiceration of the contribution of ion-ion interactions
towvards the dlfm.;-ion coefficlent, Thess ion-ion interactions
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ere intimately assoclated with the ion=vater interactions,
hence we shall discuss both thess interactions together,

3+3+5.14 Siructure of 1iouid weter

- It has been found by meny workers 2! usinz different
techniques that liquid watcr, under cost conditions, shovs a
scmicrystalline structure with a considersble degres of zhort
range order, characteristic of tetrahedral bonding., This
tetrahedral bonding results in a notwork structure scnevhat
ainilar to the structure of ice,

Frank ond wen'229123 45 thetr flickering-cluster nodel
postulated that the formation of hydrozen bonds in liquid water
is predoninantly a cooperative phenomena. The net result of
this cooperative hydrogen bonding is that vhen one btond forms,
there is a tehdency for ssveral to form, whereas whan one breaks,
an entire group tends to btrezk, Accordingly, short lived
(1019 to 10~ &) 1ce-1ike flickering clusters of varying sizes,
consisting of highly hydrogen~bondsd mclecules are produced.

3.3.5.2A W

When wa add an electrolyte to weter, this structure of
the 1iquid woter gets affected due to lon-water interactions,
The ions not only alter the dielectric polarizaticn, btindirg
and compression of near-neighbour molecules, but also alter the
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structure of vater dus to its structure-treaking action.
Moreover, the offects of ionic structure disturbing centres sre
not limited to the hydration shell immediately adjuscent to the
ion, Through the torque, which their electric fields exert on
wvater dipoles, ions both interfere with the initiation of

clusters (i,e, hydrogen-btonding) end hasten cluster cisruption.

| Frank and ven'2? introduced a simple mocel to cescride
the structure of water near an ion. The central ccnsideration
of their model 13 that the ions orient water dipoles. 7The
spherically syrmetrical electric field of the icn may tear
vater dipoles out of the water lattice end make them point with
the eppropriate charged end towcrds the central fon giving rise
to ion-dipole forces. Due to the operation of those fon-dipole
forces, a certein number of vater nolecules in the immediate
vic;.inity of the ion msy be trapped and oriented in the ifonic
field (Fig. 3.8). Such water molecules ceass to assoclats vith
other vater molecules to forn the networks, characteristic of
vater. They are irmobilized except in so far as the ion moves,
in vhich case the sheath of imrobilized water molscules moves
vith the fon. In otﬁer words, the ion end its wvater sheath
ere = single kinetic entity, Thus, the picture (Fig. 3.8,
rezion 4) 1s of ions envelored by a solvent sheath of oriented

4rrobilized water molecules.
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Fig.3.8~ A simple model for the hydration of
an ion. A, region of immobilization of
water- molecules: B, region of structure-
breaking. C, structurally normal water.

At a distance sufficiently ewvay from the lon, the
influence of positive ion is negligidble, because the icnic fields
becomes attesnuated virtually to zero end the normal structure of
wvater remeins undisturbed (region C). In the regicn dstween
the solvent cheath end the bulk water (i,e. region ), tho
orientating influences of the lon end the water network operate;
the former trics to 2lign the water dipcles perallel to the
spherically syrmetrical icnic field, and the water netwrk tries
to restore the water in this rezion to its normal tetrahedral
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errangement, Caught between the two types of influences, the
dnterzediate water pdopts a compromise structure tixat is neither
conpletely oriented nor disoriented, %he conpronising vater
rolecules are not close enough to the ion to become oriented
perfectly around it, nor are they sufficiently far avay froa

the lon to be part of the structure of bulk water; hence
depending on their distances from the ion, they orient out of
the water network to varyiny degrees., In this intermediate
region, the water structure is seid to be pertly droken dova
and the rezion is lmown as structure-breaking region,

3.3.5.3A Siructure-bropldnz end structure=forzinz dons

nelatively small ions end multivalent ions such es Li%,
Ca2* and 213+ dncreass the viscosity of water and thus are
said to have a net structure-making effect, Their hizh
electric fields not only polerise, immotilige and electrostrict
the nearsst neighbour water molecules but they inluce ,
additicnal order beyond the first water layer. The activation
enargy for the exchange of nearest neighbour water molecules
about such ions is positive }j,e. the primary hydration water
18 less mobile than the bulk water. On the other hand, larze
nonovalent ions génemlly have a net structure-btrezking effect.
Lecause of the ion-dipols repulsion between the solvaticn sheld
molecﬁles, the relatively weak electrostatic field about such



_dons cen couse polariration, irmobllization end elsctro-
striction of water molecules only in the first layer, Ieyond
this layer a strong structure-bresking effect persists. Thus,
lons such &8 K%, C1” and I actually increase the fluidity of
vater,

By considering the Frank and wen nmodel of water near
an ion, and the structure-breaking and structure-forming
prorerties of the ions, Lerts 51_11.66 proposed a mocel for
explaining the diffusion coefficienteconceatration curve,
specially at higher concentrations. Tho bdbrief oumne of
the model 13 described belov, |

3.3.5.4A The model of lertz et nle

Thé essence of this model is the assumption that
.watexbion agzregates exist vhoss sizes and therefore ciffusion
velocities depend on the ltmture-makin:; aend structure-
=forming capacities of the different lons.

A8 we can see from the Fiz., 3.9, the central ion, vhich
1s ¢iffusing, is surrounded by two hydration spheres contalning
each four water molecules, If it is assuned that all these
particles have oox.'related instanteneous velocities, they form
an azzregate and the central refereance ion 1s the part of
this agzregate. The velocity of this central ion 1s c¢enotaed
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Fig.3.9—Schematic representation of the Hertz etal.
' model for self-diffusion of an ion.

es V end the water molecules which envelop the central icn
elso have essentially the same velocity as the central ion, 80

that
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411 these water molecules have the correct relative
orientations and élatances such that they form a hydrogen
borded network, The superscript and subscript represcnt tho
mmbering of the water moleculs and hydration sphere
respectively, The hatched area in the Fig. 3.9 is filled vith
vater molecules which are not properly orieanted so as to fom
‘hydrogen bonds with the water molecules in the first and the
gecond hydration sphere. In the hetchod area, the molscular
velocities are uncorrelated with respect to the reference
water, |

iowy, as depicted in Fig. 3,9, the central reference
ion 1s pari: of the ezgregate and hence its di:fusién
coefficient will be equal to that of the aggregate. As the
egzrezate size 1s large, ths diffusion coefficlent of the ion
vill be gmall, denoted by D;e 7This would be the cnly diffusion
coefficlent of this ion, if the agsrezate hé.d an infinite
life-time, btut this 13 not so, According to Frenk and wen‘zz,
this agzrezate size surrounding the ion fluctuates dus to
kinetic and potential energy fluctuations @,.28, the original
eggregate I may have lost all tre members in the sscond
hycration'sphere resultinz into ag;rezate 1I with diffusicn
coefficient Dyy ond as the azzrezate II. 1s sualler in eizo
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Further, as ghown in ¥ig, 3.9, the agsregzate I' is
szne as agsrezats I, but the couprlings in the neizhbourtood of
the vater moleculs indicated by a star ere modified. Creo
possibility 1s that the bonds are decourled indicated by the
dashed lines, NNow we have 22zrezates wvhich are truncated
compared to the originsl one, Let their diffusion coefficients
be D}, DJ, DI shers the mmter of primes cenotes the muber of
decoupled I=bonds, therefore we have,

: J
Dy < Dy < Dy < Dyy
Similerly the truncated first srhere confizuration for
es;regate II, as skeiched in Fig, 3.9 II' have the orcer s

: ] "o
Pir < Pix ¢ Prx
The dashed circle in eggregate I and II shows that
the Qater molecule with a star is expanded so as to be a

larger particle, vith coupling to its neighbour unaltered and
having the diffusion coefficlents ‘

I}.(D; < Dp) end Dpps(Dpy € Drp)
for the ezgrezate I and II respectively.

As a consequence of the fluctuating agsrezate size,
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the mean dirf_usion coefficient of an ion which is
experimentally observed 1s given by the followinz expression

Dion = PODg' + eece ¢ PIDr o+ 0o
| + PID; + PIDI + auee
+ PryDir ¢+ eeee
+ Phbh + P;'ID;I * veee
vhers D, i3 the diffusion cosfficlent of an fon in &
configuration vwith all neighbours unbound to the central ion,

P 4s the probadbility of occurrence of the particular aggregate
end dots have the meaning of all other aggregates,

The structure-bresking or structure-forming ions cause
the change in the egsregate size around the central ion. In
‘the cage of structure~breaking ions, the sgzrezate sizes are
reduced dus to the truncation of hydrogen bonds while the
structure-forming icns increase the total agsrezate size,

3.4 JInterrretation of the Results

The deviations observed between the thecretical and
experinental values of diffusion coefficients in all the
systems studied can be explained only qualitatively in the
1ight of verious types of interactions discussed abova.



- 83 -

To interpret the results of ion-diffusivity in gel
medium, one has to take into consideration the role of zel
molecules in determining ths experimental wvalues of diffusion
coefficients. As descrided in the previous section, the
obstruction and adsorption effects recuce the diffusion rate
vhile wa_tez\-gel interaction enhances the diffusicn rate in gel
mediun in comparison with the value expected in pure ajueous
medium, It is noticed from the Figs. 3.1=3.7 that the
observed tracer-diffusion coefficient values of various ions
studied are lower than the theoretical ones in the lower
concentration rangs. This observation 1s attributed to the
dominance of the obstruction and adsorption effects over the
gel=water interactions, However, at higher concentrations,
adsorption effect as discussed in Section 3.3.2A decreases,
at the same time obstruction effect is also known to decrease
wvith increasing eoncentration“3. fhus, the contribution of
these retarding effects is reduced and therefore the water-gel
{nteraction becomes nore prominent.

In addition to this, the ion-water and ion-ion
4nteractions which enhance the diffusion rate play an important
role at these conéentrauons. The overall result of all these
effects lead to higher D values than that predicted by the
theory. Further, as can be seen from the Tables 3.2 = 3.10,



the deviations from the thedretieal values vary vith
concentration for a particular system and slso vary frez gysten
to cyiten indicating that the degree of interaction of thess
effects veries with the nature of the electrolyts es vell as
its concentration,

Further, 1t io also evidenced from the Figs, 3.%+3,7
that at hizher concentrations, the experimental valuss are not
only higher than theoretical one, but they also change the
trend in the D::@t yerois VC plot L,e. instead of a decresse
in D:xpt vith increasing concentration, we observe en
increasing trend in diffusion coefficient with concentration
of the electrolyts. This reversal of trend in diffusion
coefficlent~concentration curve gives rise to a pintmum, 7The
ocourrence of such a minimm in the D:xpt Yersus \C plot has
been reported by several workers both in aqusous3’e11* ana
1n 7611060108412 pgagim, Howsver, the position of the mintmm
varies from system to system, 8,2. it ocgurs at 10’1’ 1 for
tracer-diffusicn of Mn®* in MgCl, system while in case of
tracer-diffusion of zn®* in S1Cl, system 1t is observed at
$ x 1072 M,

The yresence of such a nminimun in the D::::f. versus VC
curve can be satisfactorily explained qualitatively on the
basis of the model of Herts st 21,55 (see 3.3.5,41) and also
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the
vith/eid of Wengts3! model which takes into consideration the
changes in the physical properties such as ¢ielectric constant
et microscopic level in the solution with increasing
electrolyte concentration. Let us discuss the trend in
diffusion-coefficlient observed over the entire rence of
concentration studied in & particulsr system. Fig. 3.1
(Table 3,2) reveals that the rate of diffusion of Mn2* in KrCl,
decreases with concentration upto 5 x 10" M end then rises
giving rise to a minimm 4in the D:ham VC curve, The
initial decrease in diffusion coefficient vith conceatration
1s in qualitative agreecment with the Onsager's theory. In the
lower concentration range, the ions are fully hydrated end as
the average distance between the ions is very large, hydration
and lon-solvent interactions remsin the sane end lon-ion
interactions are also negligitle at lowver concentrations. Hence,
the only otfect of increasing calt concentration in this range
18 to increase the longerange lonic attraction (1.e. the
relaxation effect) which gives decreasins trend in D;x::t vith
‘eoncentration,

However, vhen the concentration of the ion increesses
beyond 5 x 10°* M 4n MCl, systen, the avercge distance between
4iong goes on decreasing and so also the mmber of water
moleculss between thenm. According to sang, as the distance



between two lons is reduced, 1t beccmes difficult for the water
molecules to orient themselves for maintaining the stable
sexicrystalline structure of vater vhich exists at infinite
é{lution, Hence, the semi~crystalline structure of water gets
distorted giving a decreasze in the local dlelectric constant of
the solvent water, This decrease in dielectric constant
increases the self-energy of the ions in the normal state vhile
the energy of the gctivatod state remains unafchtod. Thus the
total energy berrier for diffusion of ions is recuced end hence
the rate of diffusion incresses with concentration. Tho
increcse in the Djy 2+ with concentration of MCl, beyond the
minimun indicates that the effect of increcse of self-energy
dominates over the relaxation effect, A sinilar treatment can
elso be applied to other systems in order to account for the
observed minizum in the Dy, yersug VG plot.

The observed trend 1n D:xpt beyond the minimm in
various systems can also bs explained alternatively by
considerin; the model of Hertz ﬁ_ﬂ.“ vhich assumes the
formation of water-ion agzregates whose sizes and therefore
d1ffusion velocities depend on the structure-treaking end
structure~forming 'properties of the different ions, The ion~
~water eggregates are formed in the solution of the elsctrolyte
and the aiffusing ion at the centre of aggrezate 1s ecveloped



by the first and the second hydration spheres of wvater
molecules. The size of these agzregates gets affected by the
structure~breaking or structure-forming prorerties of the
eprroaching don, The fluctuating azzrecats sizes as nentionsd
earlier, then ceternmine the magnitude of diffusion coefficient.
'In the preseat systens studied, i1t is well eatatlished that the
chloride1221125 pna gulphate'® sons are structure-treakirg in
nature, Eence, the approach of such lons tovards the central
reference ion gives rise to decoupling of the hydrogen bonise
As the hydrogen bonds get decoupled, the ezsresats size becomes
small end as the concentration of the electrolyte increasas,
pore snd more hydrozen donds get decoupled giving a larger
proportion of szaller sggregate sizes which results in en
increases of the aiffusion coefficlent with consentration of the
electrolyts as observed in all the systeans studied.

Though we can justify the presence of minimm 1in the
»
D

expt TEEEIA VE curve, with the help of the codel of vang>! and
of Herts et 81,56, 1t 15 difficult to mccount for its
occurrence at different concentrations in various systezs,
Fowever, it eppears to be the resultant of various types of
4nteraoctions taking place in a given systen controlling the
oversll diffusion process,



gsstionB + Yariation of Flectrolyte-Diffusion Coofficient
~ »Ath Corcentretion of the Electrolvte

This section covers the results obtained in the study
of electrolyte-diffusion of InCl, and linSQ, labelled vith 9’!-:::,
end CusO, labelled with a'Cu. The concentration range chosen
for these studles was 10°° to 0.1 M and @iffusion coefficlents
wvere neasured in 1% agar gel at 25°C, These diffusion
coefficlents ere compared with that expected fron the Onsager-
=Fuoss theory for el&ctrolyte-difmsion.

3,13 Theoxeticsl Velus of D'

4As mentioned earlisr, the diffusion coefficient of an
oloétrolyto is definitely get influcnced by the concentration
dependent electrophoretic effect and the activity coefficlent
of 1t. Taking into consideration thqae two factors, Cnseger
and Fuoss arrived at the following expression 3

D. = 1300 RT (9“0 92) (g) (1 ¢+ Co _E;_gi) oo (1.17)

vhere th: electrorhoretic tem(%)m the thermodynamic tern
5 ‘
(1 + c"g?:‘-) ars explained by equations 1,1% to 1,16 and 1,18
respectively in Chspter 1. On the other hand, the limiting
' olny.
value of D' at infinite dilution, vhere (1 * c"‘éT“) —» 0,18
glven by the Nernst expression:



RT . '91+‘92 Aol . AZ

o 5 - —— .. (3.21)
F MREA] M+ KNy

The equivalent conductances for different ions
‘required in theoretical calculation of D' were taken from the
1tterature’2’ end the values of é A' VC and Sp are taken from
Zhe rhygieal Chemistry of Flectrolytic Solutions by Harned and
Ccwen'23, while the constants A' and B required in equation (1,17)
are caaputed froa the valuss of activity coefficlents of the
electrolytes at two different concentrations, using the
relation

lof £, = -—f-——;f A‘@_ e BC ee (3.22)

The mumerator of the first term of equation (3,22) on the right
hand side gives the effect of the Coulomd forces between tho.
ions considered as point charges, vhile the denoninator
_represents the effect of the restriction on Coulond forces
imposed bty the finite sizes of the ions, The tem B C in
equation (3,22) descridbes the effect of chenge of dielectric
constant with electrolyte concentration. \hen the tern B C 1s
positive for an e]_.ect.rolyte, a loverinz of dielectric constant
i3 produced ty the eddition of ions and ions are ?salted out!



- 95-

czusing an increase in the activity coefficient. This increass
~in activity cosfficient with concentration is responsitle for
“the increase in thermodynamic factor vhich in turn increases
the diffusion coefficient of an electrelyts and a minimm in

D' yapsus /C plot ocours, On the other hand, vhen the ter:

B C 1s negative, the dielectric constant is increased by the
addition of the electrolyts, the fons are 'salted in' end ths

ctivity coefficient is decreased shewing an absence of

ninirnm 4n D' yersus VC curve,

The valuas of different parcmeters requirsd in the
calculation of theoretical diffusion coefficient of variocus
electrolytes are presented in Tahle 3,11.

Ieble 3,11 s  The values of variocus parameters required in

the calculetion of theoretical aiffusion
coefficient at 2 for different electrolytes

Cerameter \mectmlyte MnC1, 150, Cus0,
K 1 1 1

7 2 1 1

|z, 2 2 2

|2, 9 2 2

» 53,5 53,5 53.6
)32 76433 80,0 80.0
8 11,7633 %,0727 ¥,0727
af 2,7016 143557 1.%071

B 0, 1745 0.7910 0.6310




Substituting all these values into equation (1.13), we get

expressions of Dy, .. for different electrolytes at 25°C as
follows

' s,4136/C
Dl@la' 9 1‘2‘7016\/501.32 »A'VC|x 10
] 2,0304/C 8037
* (1e2.7016/0)2 * 20907 } or (3.23)
N 4.9551x1013 | 17,216 1.2661/C 299,92 CAA'VC |x 10~
[a) = . . * [ ]
Ynsh, 141.3557/C I x
3o $B930 3,6433 C (3.2%)
- + [ X} [
(1614 3557C) 2 j] 3
1.2546/C

299, ' C -2
141, 4071VC ¢ 299.92 oA :lx 1

Déw% = u.gssmo” [!7.235 -

; %,6893/C
x -
(1+1,4071 @5 *

The valucs of D;.heo calculated using equations (3,23~3.25)

snd the different functions incorporated in it are presented in
Tables 3,12-3,1% slong vith the D, ., Values obtained in the
various systems studied. 7The results are slso shown graphically
in Figs. 3.10~3,12 as a function of square root of concentration
of the electrolyte,

3.1832 cJ .o (3.2
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Fig. 3.10~Variation of D'MnClz with the square root of
concentration of manganese chloride in 1%

agar gel

at 25°C.
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Table 3,12 s Variation of D,' wvith concentration of
InCl, 4n 1% egar gel at 25°C

e

ey - a 'l -6 2 -1
Coo/M P aAVC {}xwm 1.c..}.”'i.t ‘%aczk—,@o s

o¢ i
Theore= Experi-
tical nental
o - - - 1,257 ° -
1x107° 3.35%0  16.8798 0.9936  1.247 04361
5x107°  2,8178  16.8746 - 0.9362 1,237 04339
140" 2473 16,8739 0.9808 1,230 0,32
SX10™ 1,704 . 16,8993 0.9600 1,206 0.3
11073 1,571 16,9357 0.9%63  1.19% 0.393
5x1073  0,7632 17.1170  0.9028 1,149 0,411
Ax1072  0.5469 17,2489 08821 1,131 0,439
5x10°2  0,2037 17.5978  0.8637  1.130 0.510

Oe1 0.1191 17,6763 048936 1.17% 0463
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Fig-3.11-Variation of D’MnSOA with the square root of concentration

of manganese sulphate in 1% agar gel at 25°C.



rphle 3,13 s Variation of D;,m% with concentration
of Mns0, in 1% agar gel at 25°%C

- o1 ! ‘€ 2 ~1
conM @ A"C {%11020 1.c..a._?$. D,_ms%/w <€ s

Theore- Experi-

tical rental

0 - - - 8.537 -

110> 3.3550 17.2220 0.9353  8.408 W, 21
5:407° 3,355 17,2574 0.5676  8.27% 3.875
107" 33,1455  17.2978 0.9547 8,183 3,496
SX10  2.3331 17,5383 069030 7,847 3,2%
1x10"3  2.0105 17,7805 0.8672  7.6% 3.913
51073 1,233 19,0533 0.7421 7,008 b, 062
121072 1,0138  20.1453 0.6727  6.715 5,575
£x10°2  0.4351 24,2739 0.5647 6,792 6.061

041 0.3249 26,6825 0.6393  8.433 6.647
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Fig.3.12- Variation of D’CuSO[. with the square
root of concentration of copper sulphate

in 1% agar gel at 25°C.



Talle 3.9% 3 Veriation of ”ém

9 -

with conceatration

of CusO, in 1% ager gel at 25°%C

ConM  PA'VE g x10"2 1. %?—4 Déuso,,’ 167° ca® &1

| Thoore= Experi-

tical nental

0 - - - 8,47 -

5x107°  3.3550 17.2765.  0.9676  8.233 7.182
1407 3,189 17.3169 0,955  8,1%6 6,980
Sx10°%  2.3081  17.55% 0.9030  7.8%% 6.726
1x1073 - 1,9689 17,7375 0.8612  7.5% 6.126
51073 1,2403 19,0142 0.7416  6.953 6.300
1X10°2 049821 20,0705 0.671% 6,677 6.875
5x1072  0.,4675  24.0322 0.5529 6,573 7,345




3.23 Deserirtion of the Results

A glancs at Figs, 3.10-3,12 and Tatles 3.12-3,1%
indicates that the exerimental value of dirr;zsion coefficient
i1s alwvays less than ths theoretical one in l:nC12 end Mnco,
systens, while thls 43 true in Cu30, system only upto 1973 I
concentration. Though the reverss trend (1,9. D; ot > D"t.heo"
13 observed in the letter system beyond 1073 M concentration,
the experinental values of diffusion coefficlent are still less
than the Nernst limiting value, Further, as can te secen fron
the Figse 3.10-3.,12 | that a minimm 18 present in bvoth
theoretlcal and expsrimental diffusion curves; it occurs at
5 x 1072 If 4n 1nC1, and CusO,systea and at 10”2 M 4n ¥nsO,
systea in the former case end at 1 x 10™% x (irCl,), S x 107"y
(1n30,) end 1 x 10‘3 M (CulQ,) in the latter case, Thus, the
oinimunm in the experimentsl curve occurs at the concentraticn
vhich 4s very much lower than that rredicted by the theory in
all the systems studied. |

3.3 Intersretntion of the fesults

Survey of the literature shows that the diffusion of
mrber of e11a11689129°131 a1ka1ine earth?0173162 ana
transition?321133 petal salts has been studied by seversl
workers, both in pure ajueous solutions snd in eser gel mecdium,
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4In most of the cases, the nm2asured diffusion coefficlent
deviates from the theory, rarticulerly for unsymzetrical eni
higher valence typs electrolytes. For example, in the diffusioen
of CaC127°. MF.(CN)6]129 and Ra28%13° in the e3ucous eolution,
a lerge divergence between theoretical and experimentel

. diffusion coefficient vas observed. This is mainly beczuse of
the difficulties inwolved in extending the theoreticzl ejuation
to higher concentrations, As mentioned earlier, the
0nsagex-Fuou12 theory is dased on the Dobyo-l!uckalu theory

of elgctrolytes and because of the extremely complicated nature
of the problem, ths devolorment of the latter theory 1s still
avaited, Hence, the deviations observed in the presont studies
cannot be accounted for quantitatively., Turther, the presenco
of gel in the diffusion mediun should be duly considered in
explaining tho observed results.

The different interactions which influence the rate
of diffusion of an electrolyte in gel cediun are s (1) adeorption,
(2) obstruction, and (3) electrophoretic effect end
(%) ion-ion interactions at higher concentrations. Among the
various factors that govern the overall experimental diffusion
coefficient, contribution of electrorhoretic effect to the
obssrved diffusion coefficient ccn only be quantitatively
deterzined while that of others is qualitative in neture.
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As ¢iscussed in Section A, the obstruction =2nd
edczorption effects lower the value of diffusion coefficient in
gel mediun vhile gel-water interaction 4ncreass it, The results
presented in Tables 3.12 and 3,13 reveal that the obstruction
effect together with the adsorption effect comingtes over the
vater-gel intersction et all the conceatrations in Hzt:lz and
HnSO,, systens, In CuSO, system (Tabls 3.1%), however, theze
effects dominate only upto 10°S M concentration end higher
experimental values obsarved beyond this concentration indicate
the domincnce of wateregel interection over the other tw '
interactions, '

‘The shift in the experinental minimua towards the lowor
concentration side in relation to the theoretical minimua in the
present work 1s umnax? to that observed by ratil and Adhyapak”
in the diffusion of ch:l.z. This was accounted for by considering
increasing ion-ion interactions and change in hydration of the
ions with concentration of the electrolyte; vhich wvere not
considered bty Onseger and Fuoss in their thecorstical treatzeat,
The present results cbtained in different systcas ere explainsd
in the light of above concept.

when ths concentration of the clectrolyte increases,
the self-encrzy of the central ioa &lso increases'd, i 15



to be expected, since at higher concentrations, the electric
field near the central ion gets reduced by the opposing field

of the ionic cloud and the centresl ion is desolvated effectively,
This process is accomnpanlied by an increass of lateral repulsions
batween the solvent dipoles of solvent molecules as these eare
forced szalnst cne another by interactions with nearby ions.

The qverall result 18 an increase in the activity coefficient

of the electrolyte in real solution., Hence the thermodynanis
tern, vwhich 1s a function of activity coefficient (ejuation 1,18),
8lso incresses giving a higher valus of D;xpt then that predicted
by the Cnseger-Fuoss theory and we get en increase of D;nt

with concentration, It seems from Figs, 3.10-3.12 (Tables 3.12-
3.11&) that the effect of increase of ectivity coefficient starts
operating at concentrations less than that predictad by ths
theory and hence the minimum in the Dy e Yerrua VC curve gets
influencad and shifted to the lower conceantration side.
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SION _OF SOME EL IS _AD EL: L

It has beaen shown by many vorkerl116"35'137 that
elthough sgar gel provides a good stztionary mediu for the
diffusion studies by reducing the errors due to thermal
convection and mechenical disturbances to a minimm, the
diffusion in sgar gel undoubtedly gets influenced by its macro-
moleculer structurs. As mentioned in the previous chapter, the
nagnitude of the diffusion cosfficient gets altered in gel
mediun as coapared 't«o its tixeornticmy predicted values in pure

aqueous solution.

The effect of gel macromolecules on diffucion 18
studied elaborately in this chapter by varying tho gol
concentration as well as temperature of the system., The study
covers two aspects, dealt in separate sections. 5oction Aof
this chapter doals_with the study of the obstruction effect in
various systems undsr different conditions of temperature and
concentration of the electrolyte while Section B ceals with
the determination of the activation energy for the process of
diffusion for different ions and electrolytes at different gel



concentrations,

Stiles and Adair*7 were the first to study the diffusion
in gels. Salvinien'3d employed cylindrical diffusion method to
measure the diffusion coerficiént of the electrolyte, The
diffusion coefficlient thus determnined was found to depend on
the concentration of the gel medii used, Bechhold and Zie;l.er"6
in their studies on diffusion of the julce of red deet found a
decrease in diffusion rate by ebout 157 vhen the concentrztion
of ezer was varied from 1 to 4%, I’riedn:an136 in his studies on
the diffusion of non~electrolytes also observed a linear
dependence of the diffusion coefficlents on agar gel concen-
tration and the diffusion coefficient of urea was found to
decrease by 36% vwhen the gel percentzge was varied from 0,8 to
5.15.s Further, from these studies, he determined the pore-size
of the 2% egar gel which was found to be 0,29 ma.

The decrease in diffusion coefficlent with increesing
gel conceatration observed by many workers is thought to be cdus
to the operation of the following factors 1

(1) A reduction of diffusion space by the volums of the gel

structure,.
(2) An increased resistance to motion dus to the proximity of

the cell well.
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(3) An increascd viscosity of the free liquid dus to the
presence of dissolved substances,

Survey of the literature shows that thouzgh a decrease
in aiffusivity rates of electrolytes*6110691169135,135,140 4py
nonoloctrolytu"s"”"’" in the ggar gel medium i1s observed,
no sistamatic work as regards the obstruction effect and its
dependencs on various paraneters has been reported, apart from
the work of Thomas and cowrkera‘m"” and Patll and
Adhyepex'®81™0,  pence, 1t was thought of interest to study
this effect by varying the different parameters of the gysten.

4%,1A Present jork

-

The present ﬁork deals with the studies of effect of
temperature and concentration of the electrolyte on the
obstruction effect in various systems, In addition to this,
the influsnce of different elsctrolytes on tracer-diffusion of
20?* end Cu?* lons 18 also examined,

In order to study the above parcmeters, diffusion rates
vere measured in a medium of varying gel percentsze in the

range of 1+2,5Z. The different systems chosen for these studles:

are
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Self-diffusion of (1) Mn°* lons in nC1,,
(2) ¥n* lons in ¥nsO, end
(3) Cu®* lons 1n Cux,.
Electrolyte-diffusion of (1) MnCl,,
(2) Mn30, ana
(3) cuso,.
Tracer-diffusion of (1) Zn2* in different chlorices end
(2) Cu?* in different sulphates,

.24 Results end Discussion

The variation of diffusion coefficient with the weight
fraction of zel for self= and electrclyte~-diffusicn 4in HnCla
and MaSO, systezs at 107 M conceatration end in CuSd, systen
at 5 x 10°3 M concentration is shown in Tebles Wet-k,3. These
results ere also showa graphically in Figs. ket-W.3. In orcer
to study the effect of concentration bn the obstruction effect,
ve bave chosen the MnSO, eystem in vhich self-diffusion of }n=*
dons 1s carried out for three different concentrations at 39°C.
These results are presented in Fig. W.%. Further, Fizs, 4,5
and 4.6 show ths effect of different electrolytes on the

tracer-diffusion of Zn2* and Cu®* ions respectively.
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Variation of diffusion coefficlent with

welght fracticn of
temperatures for (A

el at different
electrolyte-diffusion

of linCly end (B) self-diffusion of Mn2+
in Hm:lz at 103 M concentration

(A) Electrolyte-diffusion of KnCl,

=6 2 =1
D,/10 ¥ en“ » e valus
Tenp/OCc\W i
0.01 0.015 0,020 0,025
25 3,521 3,316 3.5 3,027 12.19
ke 3,968 3,66% 3.0 3. 2% 12,43
40 %.993 PR ] 1,088 3.879 12,98
4s 5.567  %,866 4,435  %,189  12.%0
(B) Self-aiffusion of Mn®* in MnCl,
25 3.561 34336 3.122 2,94 11.33
3 4.008 3.720  3.435  3.23% 1.6
35 4,500 We11  3.772 3.5 1142
s $.600 5.070 %502 4.216  11.90
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Fig. 4.2-0bstruction effect in the @ electrolyte - diffusion of MnSO, and
selt - ditfusion ot Mn2* in MnSO, at 10IM concentration.



Iable 4,2

Variation of édiffusion coefficient with

weight fraction of §el at éifferent
tenperatures for (A

in MnSQy, at 10°

electrolyte~diffusicn
of knSO, and (D) self-éiffusicn of Mn2¢
M concentration.

(&) [lectrolyte-diffusion of MasSQ,

D{m"6 cn

2 1

) ¢ value

Texp/°C \W 0,01 0,015 0,00 0,025

25 3,685 3.395 3.311 3.249 1.32

35 4,647 4,143 3.911 3.763 11.53

N, 5,192  %.56%  W,23%  %.03% 11,69

4s S.77% %.001 %, 571 4,316 11.%
(5) self-diffusion of Mn2* in MaSO,

25 %128 %.,038 3,818  3.616  10.44

30 4,600 L. 461 L2095 3.93% 10437

3s 5.118 %,918 %.623 b, 270 10.59

4w 5.670 s.5%02 5,065 %.629 10,18

L5 6,259 5.9  5.530 4,999 10,7
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Ishle 4.3 3 Variation of diffusion coefficient with

welght fraction o
tenperatures for

of C

1n Cusoy! at 5 x 10°

iy gel at different
(4

electrolyte-ciffusion
and (B) self-diffusion of Cul+

(&) Electrolyte-diffusion of Cuso,

I econcentration

- D‘{‘lo"6 ca® g~} a va2lue

Temp/OC \W 0.01 0.015 0,00 0,025

25 6,021 $.792  S.%61 $,262 7.31

30 6,342 6,082  5.801 5.519 7.5%

33 6.701 6,412 6,121  5.810 8,21

45 7.400  7.082 6,722  6.M% 8.03
(B) self-diffusion of Cu®* in Cuso,

2s 6.021 5.792  5.56% 5.262 6.91

39 6,342 6.032  5.80% 5,510 7.16

35 6.701 6.412  6.12% 5,810 = 7.25

49 2,062  6.722 6,401 6,101 7.12

L5 7.0 74032 64722 6 41N 7.42
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The common feature to be noted from Figs. 4, t+u4.6 u.,
that the diffusion coefficient decreases lineerly wvith increasing
gel concentration in sll tho systezs studled in egreement with
the previous reports"6'135'137'1l'°. This decrease 1s expected
from the cobstruction theory of Slade M.HS obeyingz a
relation of the type

Dg = D.’ al .o (1’01)

vhere Dy 1s the diffusion coefficient in gel mdium, D, 13 the
extrapolated value of 1)8 to zero ezar content for the given
concentration of the electrolyte and a is the slope of the plot
of 1)8 yercus W o The decrease in diffusion coefficient with
increasing gel concentration 1s attributed to the three-
~dimensional irregular network of agar macromolecules vhich
have a much smaller diffusicn coaefficient due to high molecular
weight then the diffusing ions, These large cad alcost
stationary ager macromoclecules obstruct the movement of ions.
The ion near an ater moleculs hes to diffuse along longer path
in order to get to the other side of the eger colecule, Ihis
lengthening of the éiffusicn path increzses wvith increasing

gel concentration and therefore one expects a lowvering of
diffusion coefficient with increasing gel concentration es

observed,

Slade 3_3_31.135 end Lanzdon and 'Iho:xu"6 descridbed
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this obstruction in the &iffusion path in terzs of formation
factor Py vhich 18 defined as the ratio of diffusion coefficient
in aqueous solution to that in the gel mediun. Thus,

D
F = "S‘" ) . oo (‘0.2)
4
Substitution of the velue of Dg from equation (4.1) gives
1 1 A~
F=1 g_ 81 w-—-1+4w oo(ko3)
. - oW - X
: B

vhere ¢ » Q/D.o . o0 (“‘o“")

The obstruction effect in terms of ¢ defined by ejzuatica
(%.4) 18 calculated from the Dg Yersus 0y plots., The values
of © obtained in various systems under different experinmental
‘conditions ere recorded in Tables ki, 1-4.6.



-113-

Table 4.} @  Mean x-values fbr different systems

Systen Mean x-value
¥n2* 1in ¥nCl, 1.5
Mn2* 1n MnsO, 10,45
cu®* 1n Cuso, 7417
Fectrlvte-diffusion

MCl, 12,56
¥nS0, 11.66

CuSQ, . 797
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Tebla 4.5 3 Tffect of concentration on the Z-valus
: for the self-ciffusion of Ma>* ions in

130,

‘Concentration/mol 1”1 c-valuo
107 13.02
1073 | 10,45

0s1 8437
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JIedle &.‘ﬁ 3 Effect of electrolyte on the 3-value
for tracer-diffusion of Zn2* and Cu?*

ions

Systen cevalue
Irscer-diffusion of 7n2* fons

in Zmlz 8.9"

in CeCl, 1%.90

in BaCl, 16,03
Zrecer=diffusion of Cu®* fons

in M50, 8,83

in CoS0y, 19,12

in NnsQ 18,04




- 116 =

A carcr_ul' exaninotion of the Tables b, 4,6 leads to
the folloving inmportant cobservations.

(1) Tor a particular concentration of the electrolyte, z-valus
is 1ndepcndent'of temperature (Tables 4,1-4,3),

(2) For a particular system, d=valus is higher for electrolytoe
«2iffusion es coupered to 1its valus for the self-ciffusion
(Table Wo.l+).

(3) At a given temperature, G-valus decreases vith increasing
concentration of the electrolyte (Table 4,.5).

(4) In tracer-diffusion, 3=valus decreases with incressing
charge density of cation of the electrolyte (Table L4,6).

Constent value of ¢ for different temperatures for a
given systexm indicates that no significant chanze in the geometry
of macromolecules obstructing the path of diffusion occurs over
the texperaturs ranze studied, 0On the other hand, ths difflcrent
experimental 1-values observed for vai-ious systens studied ere
attridbuted to different dezrees of interactions occurring
between lons and gel molecules at different concentrations
dependinz on the nature of the ions inwvolved,

4.2.1A Theoretical yalue of

Nefore discussing the results observed in the different
systcms, 4t is wvorthwhile to compare the experimental valus of
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1 with that precdicted by the theory. Theoretical valus of = can
be computed from a knowledge of the gel structure and trznsport
properties of the heterogeneous nmedla. If the gel is assumed

to be a collection of rendomly oriented three-dimensional network
of needles, e.pression of formatlion factor F in terms cf

different psrameters is given by"6"”2

Fa 1+83(B=-1) oo (ko)

vhere S 1is the effective volune fraction of gel molecules and
B is the shape factor (= 5/3 for needles), A4s we have used the
weisht fracticn instead of volume fraction in czleulating the
experimentzl valuas of 3, equation (h; 5) becones

Fale—B-nw ce (4.6)
a

Substitutinz the values of du‘ferant parcaeters in equaticn
(%, 6), we g2t
P 2 1+ O.‘+2w oo (l"o7)

and conparison of equations (4¢3) and (¥.7) leads to

:th.o = O.‘rz

23 can be seen from Tables 4.l to 4.6 that the
experinental value of 1 is very much greater than the thsoretical
value in each system suggesting that the gel structure is far
nore effective in obdstructing the motion of the ions than
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predicted by the theory. In fact, there 18 anple evicdence in
the utemturo"6'135'137’1‘*°'1'” to show that there is slveys
a great digparity tetween the otserved and thecretical : values.
Further, even though different expressions are used for
descriding the obstruction effect by various vorkers"6'135'1"3.
the ggreement between the theory end experinzent 1s alwvays poor,
The rajor couse for this lezrge deviation 4s thouzht to be dus
to the extensive hydration of sgar macromclecules which was

not tezken into account in derivinz the expression for the
cbstruction effect. 7This extensive hydrat._ion increases the
orroctivi size of nzar molaecules leadiny to & larger odbstruction
to the diffusing iona than that anticipated by considering

its size merely cn the basis of the moleculzar weight of the

* unhydrated foram of egar.

h.2,20 Estinaticn of hydration of eoopr

An estimate of the hydration of sgar can be made using

the treatment given by &angﬂ'l’.

Let C, be tho concentration of erhydrous osar (g/cm3 of
goluticn), C,, be the total concentration of water end W be the
weizht freetion of anhydrous egar in solution, then we have

c w :
E = . oo (""08)
v 1-w




end o
ca Va + C\/du 2 1 oo (4.9)

vhere Va is the apparent specific volume of enhydrous egar .
with the density d‘ in 1its squeous solution and 4, 1s the
density of pure water,

The hydraticn of azar in terns of gre=s of bound water
7per graa of enhydrous agar (H) is related to the volume
fraction of egar (S) by the relation |

P ox Gy (Tg e D) oo (4o 10)

Substitution of the value of C, fron equations (4.8) and (.9)
end expressing V, in terns of density of agar, equation (4.10)
takes the following form
. 4
"SR
RRENEET
In the present case, the maximum concentration of ezar used
for the study of diffusion is 2,5%. Hence the weisht
fracticn of azar 1s 0.025 wvhich 18 far less thaa 1, Under
this conéition equation (4.11) reduces to

? = (3; o ) apw o (412

[ X ] ("’011)
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Substituting the value of 3 in equation (4.5) end coopzring
it vith equation (4.3) one arrives at the followinz expression

a = (Jd:p{i%-) a8 - 1) oo (We13)

Using equation (4.13) and experimental value of &, the mass
of bound water per gram of anhydrous agar (I) 1s calculated.
The vnluss of H for different systems are recorded in

Table 4,7.



Table 4,7 Hydration' value of agar in terms of gruus
£ bound water per gram of anhydrous azar
in different systems studied.

Cyston Pydraticn value

Self=diffusion _
Mn®* 4n MnCl, | 16.69
1n2* 4n 0G0,
at 107° N 13.91
at 10”3 M 15,08
at 0,1 M 11.93
cu®* in Cuso, 1013
> | 7 2¢ ‘
in ZnCl, | 12,19
in Cafl, | 21.73
in BaCl, 23.%2
Trossm=iffucio w2t
in 1130, ‘ 12,70
in CoSO, 14,56
in I'n30, 26,4
1nC1, 18.21
¥nso, 16,87

CuS% 1. 33
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HiZher values of I presented in Table 4,7 for all the
systens studied imply that obstruction to diffusicn is caused
not so much by the egar macromolecules themgelves as by
imzobilized sheath of bound vater molecules,

Examination of the Table 4.4 revsals that thre
experinental d=value is higher for electrolyte-diffusion than
that for self-diffusion process for a given concentration of the
electrolyte. Turther, study of effect of concentration of
electrolyte on the G-valus ghows that it cdecreases with
incresasing concentration of the electrolyts (Tahle 4,5). These
observations are in sgreement with that observed by ?ati.l end
Adhyapak"3 in their diffusion studies in cadniua acetate systen
and are eaﬁplained by considering the competitive hydration
between ions and agar molecules. In the case of self-diffusion,
the electrolyte concentration 13 constant throughout the gel
column while in the case of electrolyte-diffusion, only the
central zone contains the electrolyte and pure gel coluans on
either sides of it, Thus, in self-diffusion, mumber of ions
vhich compete with agar macromolecules for vhter are more as
compared to that in electrolyte-diffusion. Therefore, hydration
of agar will be less in self-diffusion than that in electrolyte-
~diffusion vhich reflects in the value of obstruction effect
observed in bdoth the systems and we get lower valus of @ in



self-diffusion studies than in electrolyte-diffusion studies in
each systen, The decreased value of ¢ wvith increasing
concentration of the electrolyte is also in agreement with this
concept. As the concentration of electrolyte increases, the
number of ions competing for hydration also increases vhich cause
e lovering in hydration of egar molecules and therefore giving
less obstruction in the diffusion.

Further, en examination of Teble 4.6 reveals that the
observed trend ina for the tracer-diffusion of Zn°* end Cu?*
dons in different supportinz electrolytes is in the order

ZnCl, < CaCl, ¢ BaCl,

NiSO, < CoSO, € nSO,

and

respectively,

The observed trend 1s again in sgreement with the adove
concept of the competition between ions and agar molecules for
hydration,

Consider, for exarple, the tracer-diffusion of zinc ilons
in different electrolytes, Amonz the three systems stucdied, zinc
ion hes a higher ch&ge density as compared to calcium and bariu
dons. Hence it will attract more water molecules towards it as
compared to the other two ions, Thus in ZnCl, system,



compaerctively {ewer water molecules are available for hydration
of agar than are availahble in the CaCl, and BeCl, systeus. This
results in a lower obstruction valus for the diffusion of zn<*
ions in ZnC12 systen than in the Cac12 end }:aCJ.z. systens. Thus,
the observed trend ina is consistent with the trend in charge
density of the ions, Similar srgument can be epplied for
explaining the observed trend in ¢ values for tracer-diffusion
of Cu2* ions in different transition metal sulphates,
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Section B +  Jempernture devendence of diffusicn coeffigiont

In this section, the effect of gel concentration on the
activation energy required for diffusion in the different
systens at a specified concentration of the diffusin; speciles
is investigated over the temperature range of 25-45°C, It alco
includes the study of tracer-diffusion of }n2* end Zn®* fons in
1% azar gel in the presence of different supporting electrolytes
over the gzme texzperature range as mentioned above, IThe results
obtained in ¢iffercnt systexs along with possitle explanation
~are discussed in the followving sections,

4.1B L{fect of Gel Concentration on the Activation Fnerxcy
P 8 Self-

Effect of gel concentration on the energy of activation
required for the self- and electrolyte-diffusion processes in
MnCl, and HnSO, systems at 1075 M and in CusO, system at
S x 10°3 M 1s studied by varying the gel concentration betwesn
1-2.%%. These results are presented in Figs, Wk.7=4.9. It is
to be ncted that the values for éiffusion coefficients rlctted
in Figs, 4.7-4.,9 are taken from the Tables h.1-k.3 from the
Section A of this chepter,

It csn be seen from Figs, 4.7=4,9 that the cdiffusicn
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coefficient increases with temperature in ezrecment with the
trensition state theory. With the increase of temperature, a
lerger fraction of diffusing species acquires the requisite
a{nount of eaergy in order to cross the potentlal cenergy barrier
required for the process of diffusion and hence diffusion
coafficiznt increases vith increasing temperaturs as observed.

The values of energy of activation E end I, for all
the systems are calculeted by the least square fittins of the
data plotted in Fizs. ¥.7~4,9 and using the classiczl Arrhenius

equation

D = Do O.M: oo (M, 14)

and are presented in Table 4,8 alonz with the standard
deviations,



Izble 4,8 s Verlation of B and D, with gel concentration
in éifferent systems.

Systen Gl tage E/AY mol”!  Dy/103 en? o7?

Self-diffusion

1n2* 4n Mnc1, 1.0 17,9 £ 0.2 b7 £ 0%
1.5 16.6 + 0.1 2,6 3 0.1
2.0 1%.5 £ 0.1 1.0 & 0.03
2,5 1%,2 2 0.3 049 £ 041

M?* 4n HaSO, 1.0 16.5 £ 0.6 3.1 2 0.8
1,9 151 2 0.3 1.7 £ 0.2
2.0 1.7 £ 0.3 1.4 £ 0,2
2.5 12,9 £ O 0.6 2 0.09

cu?* n CusO, 1,0 7.7 £ 0.1 0.13% & 0.005

- 1.5 648 2 0e1 0,093 2 0.002

2,0 6.0 £ 0.1  0.06% & 0,002
2.5 5.4 & 0,1 0,044 + 0,002

Deciralyte-

-sdifusicn

KL, 1.0 18,1403 51207
1,5 15.2 3 0.5 1.5 3 0.3
2.0 13.0 2 0.2 0.7 & 0,06
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Ieble 4,8 (contd,)
Systen Cel AT mol™! D107 ? 5”1
rercentage °
¥nSoy, 140 17.8 £ 0.2 4.6 £ Ot
‘ 1.5 1503:002 1.6:0.1
2.0 12.7 2 0.‘0 0.5 2 C.1
2.5 110230.2 00330002
cuso, 1,0 10,5 £ 0.3 0,33 2 0.05
15 8.2 b 3 002 0.152 K3 0.007
" 29 6.7 2 0,1 0,078 & 0,02




Ixamination of Table 4,8 reveals that both E and Dy
values decreass with increasing gel concentration in all the
systens studied. Tor example, E and D° valueg for electrolyte-
-diffusion of MnCl, at 10"3 M concentration decrease from
13,1 0 12,9 k¥ mol”! and 5.1 t0 0.5 x 1072 @2 &~
respectively as the gel concentration increases fron 1 to 2.5}";.
This observation i1s in sgrecment witia the expectation from
earlier studies on other .”m,101#,106,107,11&o,1b5 end 1s
satisfactorily explained in terms of the transition state theory
of diffusion as first postulated by Fujili and Thm:m.a139 in 1953

and then confirrmed in a series of s'yat.em in our
laboratory10%»1065107,140, 145,

%1413 JSrolication of trensition state theory of ciffuston
An.gel medlum
Accorddng to Eyring and coworkers'> '/, the éiffusion
process can be treated by means of the theory of absolute
x?eaction rate, They assumed that the liquid 1s nade up ¢f holes
which move sbout in matter and through these holes, diffusion
of the different specles occurs.

VWhen en ion diffuses through the medlun it jumps frea
one position to amother and this Jump distance, l.g¢. the
component in the direction of diffusion of the average



elenentary displacement required to produco an exchanze of two
ions, 13 denoted by A, As discussed in Chapter 1, this Jump
distence 4s related to the diffusion coefficient by the
following relation

D« N K oo (1.25)

wvhere L' 1s the specific reaction rate for diffusion given by
the expression

' #
,K' = ?og-o Q.Eo/u o (’*015)
Substitution of value of K' in equation (1.25) leads to
' *
D = }\2_ %t . g" . 9' EOM oo (l‘016)

vhere F:’: end F ere partition functions of the system in the

activated and normal states recpectively and €, 13 the
ac;iw,tion energy per molecule at absolute zero, Since
)- o /KT 44 equal to X"

@— y the equation (l4,16) tecoues
p = A K, x* oo (H.17)

and the thermodynanic relation for K*in this ejuation 1s given

by
' +. ~AFT/RT
K' = e
vhere
AFT o  ART - 7as”
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Hence equation (4,17) can dbe written as

+ +
D = }\2 ?0 OASMOO.AHAT Y3 (‘*013)

The AHT 4n the above equation 1s related to tuo energy of
ectivation by the followinz relation

ABT = E-RT ¢ PAVT

4s the diffusion 1s accompanied by a ne.,ligible volume change,
equation (%.18) bvecones

oF
D = /\ _g (."E/RT#") o .Au /2

+
z 8 N )ﬁ: . e-E/RT . oAS/B oo (W,19)

vhere .E i3 the experimental activation energy for d&iffusion,
AST 1s the entropy of activation which is defined as the
change in entropy in the formation of the ion-palr of actiwvated
complex and the other synbols have their ususl meaning. A
corparison of the equations (4,1%) and (4. 19) gives the value

ofDoas
#*
= .Az'lg'.Asm oo 0*020)

Thus, in terms of transition state theory of diffusion, D,
noasuros the ecntribuuon to the diffusion coefficient of
A (kT/h)-e:qp(As M)



As there 13 a relatively small resrrangement of the
enerzy between verious degrees of freedom in the formation of
ths activated"statn. A84:mny be expected to be mal; and hence
it 18 reasonable to assume the entropy of activetion to bde
independent of gel percentags. Under thess circinstances,
lovering in Dy value implies that A wvalue also decreases wvith
increasing gel percentaze. Further, if we consider cublecal
packing in the liquid, then it can be visualized that one
molecule oscillates about the orizin end the six nearest
neighbours ere fixed in thelr mean positions alonz the thres
ax8s, This type of geometry predicts eech molecule to be at a
distance V1/3. from the origin, when V is the volume, Then, if
we consider the diffusion in ona direction only, the A value
is to very vith v1/3 and hence with W 1/3 yhere W 18 tre weight
percentage of agar, Therefore, ons expects Dy to vary with
W23, This 1s confirmed by the linear relationship observed
in the D, yersus We/3 plots (Fig. 4,10) 4in 11 the systeus
studled,

The decreass in Do vith increasing gel concentration
indicatea that the prosence of these odstructing macromolscules
manifest by a decfease in the valus of A , the longer
elenentary junps being blocked. Therefors, the sctivation

energy becones likewlse snaller for the rore concentrated gels.
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T™e dacreasing trend in the energy of ectivatlion with increasing
g2l percentage (Table 4,8) 18 consistent vith tha sbove picture
and 1¢ con be seen from Tig. Y4.11 that the activaticn energy
varies linearly with cne=-third power of gel percentage (u” 3)
for 211 the systems studied, |

Y28 Zffect of Suprortinz Flectrolytes on the 2ctiy=tion
Frergy in nacegggmgioh of ng" and z..gz* Ions

In order to study the effect of an electrolyte on the
activation eaergy for tha tracer-diffusion process, the tracer-
-diffusion coefficients of Mn2* and Zn®* lons wero dsterxined
in different meAto.l. chlorides at various temperatures at 3973 i
concentration and ths corresponding results are shown grephically
in Figs, 4,12 and 4,13 respectively, The effect of transition
metzl culphates on the sotivation enerzy for the tracer-diffuaion
of in>* 1ons 13 also studied at 10°° M concentration. The
Arrhenius plots are shown in Fig. k.14, Ths values of encrgy
of activation cslculated from the slopes of the Arrhenius plots
along with the stendard deviations for the process of tracer-
«diffusion in different systens are presented in Table %.9.
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diffusion of Mn2* ions (107°M) in
different eclectrolytes in 1% agar gel.
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Table 4,9 s Activation energy for tracer-diffusion of Zn*
end ¥n2* lons in Aifferent supporting electrolytes

Systen E/xY mol""
T 21 £ 189 . ZI 2+ |
in SICIZ 24,1 2 0.9
Iracer-diffusion of Mn2*
in Hmla ' 6.9 2 0.7
:[::agamg! EQI’! on of x,ln20
in 1150, ~ el £ 1,7
in COS% 3800 d 10""

in ZnsO, W3 ¢+ 2,5
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It 18 evident from Table %,9 that the activation
encrgy for the tracer-diffusion of Zn2* end Mn®* lons in
dirferent chlorides decreases in the following order

(1) for_the diffusion of 7n°* ions
© Hglly € Knlly € 5101, < Datl,
(11) for the ¢iffusion of Mn2* lons
M3Cl, € 5101, € BaCl,
vhile the trend in the activation energy for the tracer-

~éiffusion of !m2* fons in cifferent transition metal sulphatos
ghows the followving order

luso,‘_ < Cosq’ < ZnSOX,
The observed trend in the activation energy in different systens
can bde explained qualitatively by considering the distortion in
the weter structure caused by ions and agar molecules,

During the formation of a gel, water nmolecules sre hsld
up in the fibres of the agar gel network dy hydrozen bondinz"7,
adsorption'?® ena aipole-dipole interactions'? wnich develop
a loose structure t.brou.r.:.houf the gel network dus to tstrahedrel
coordination of vater dipoles. Hovﬁer, this looss gel=wnter
structure throuzh which the diffusion occurs, melts in the
presence of electrolytes due to the greater attractive forces



of fons vhich hold the water dipoles more firmly than the azgar
molecules, The extent of local melting of the gel-water
structure 1s expected to depend on the c!nirgo and sizs of the
ionic species, If the charges on the different ions ere sexe,
a ctmaller size of the don indicates more charge density on the
ion end hence it has greater attractive forces vhich in twrn
are responsible for more distortion in the gelewater structure,
Let us consider es an excmple, the tracer-éiffusicn of Zn®*
dons in different suprorting electrolytes, The charge dencities
of the bivzlent ions of the different electrolytes in which the
diffusion is studied have the following oxrder 3

Mz2* > 1m?* > sSr2* > pa?*

This ordsr shows that magnesiun ion attracts more water dipoles
towards it, barium ions the ieast and the others lie indstween,
vhich mecns that magnesiun dons melt the gel-water structure

to a greater extent as compared to other three ions causinz
more distortion in the diffusion colwm. This distortion in
the short range crystallins structure of water cauces a decroase
in the local dlelectric constant of the nediun, tlercby
increasing ths leltf-energy of the. ion in the norzal state which
in turn reduces the totel energy berrler for diffusion. This
plcture indicates that the sctivation energy in the presence

of these ions chould be in the reverss order of their charge



dengity vhich is confirmed by the observed trend in the rresent
studies, The trend observed in the activation energy for
tracer-diffusion of Mn2* fons in Aifferent metal chlorides crd
sulphates can also bo explained on a &imilar argument, the
order of charge density of btivalent catlions in both the systans
being

ug?* > sre* > pa2*

and
n12+ > 0020 > Zn24-

respectively. The corresponding activation energies are

exactly in the reverse order in egreement with the above concert.
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The thesis presents the work done on tracer-diffusican
of some lebelled transition metal ions in different transition
metal chlorides and sulphates s well as electrolyte-diffusion
of nmanganese chloride, nanganese sulphate and copper sulphate
labelled wvith respective cations in ager gel medium, It
consists of four chapters : The first chapter is en
introductory ona, 't.he gecond chapter covers the experimental
part and the third and fourth chapters deal with the
discussion of the results obtained in the rresent studies,

The {irst chapter covers ths introduction of the
subject of diffusion ond related theories, Onsager and
Onsager-Fuoss theories of self- and electrolyte~cdiffusicn
resrectively are discussed in detail from which the
corresponding equations of diffusion coefficient zre cerived,
It £l30 includes a brief dlscussion of the transition state
theory as aprlied to the phencmenon of diffusioa, 2%t the end
of this chepter, the work done on self- and electrolyte-diffusion
studies by earlier workers both in solution state and in gol
mediua 1s reviewed briefly.



- 139 - .

The principle of zone-diffusion technique used for
E&eter:;xinimg the diffusion coefficient is discussed in Chopter 2
elong with tha boundary conditions of the technigue.s 4 sclution
of the Tickt!s II law for the given bDboundary conditions is
darived. The expression thus obtained wes ussd for calculating
ths experimental diffusion coefficient,

The applicability of the Onsager end Onsager-Fuoss
theory to the experimental data of tracer and electrolyte-
=diffusion coefficients regpectively, obtalned for verious
systems 1s excmined in Chapter 3 and the corresponding results

are discussed in two sepzrate secticns,

Section A deals with the studies on tracer-diffusion
of Mn%*, Cu®* end Zn®* lons in different supporfhxg electrolytes
vhile Section B presents the results of electrolyte-cdiffusion
of InCl,, 1inSQ, end CuSO, over a wide renge of concentration
of 25°%.

The more important observations related to the tracer~
=@iffusion studies (Section A) are swmarized telov.

(1) A minimun in the experimental D versus VG curve at lowor
concentrations 18 a characteristic of ell the systems studled
egainst its ebsence in the theoretical curve,
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(2 D;mt i3 found to be lower than the D:heo at lower
concentrations while the reverse is observed at hizher
concentrations with the exception of thi results obtained in
tracer-diffusion of Cu®* ions,

(3) Initially the diffusion coefficient decreasecs with
concentration of the electrolyte in qualitative agreecment
with the theory but beyond a certain concentration it starts

increasing.

These discrepancies in the observed results over the
entire ranze of concentration are explained on the desis of
gel=water, lon-water and ion-ion interactions as well es
adsorption snd obstruction effects due to the gel macromolecules,
The increasing trend of diffusion coefficlent after the rinimm
is accounted with the help of Wang's nodel vhich considers the
chan-es in the physical properties occurring at the microscopis
level at higher concentrations of the electrolyts dus to
ion~icn end lon-water interacticns, These results are also
interpreted in ternms of structure-bresking properties of the
ions affecting the sizes of lon~water sggregates by decoupling
of the hydrogen bonds (Herts et al. model).

In Section B of this chepter, the results on'
elactrolyte-diffusion studies are discussed, the important
observations beingz
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(1) The experizental value of diffusion-coefficient is alvays
less then the theoreticsl one in HnCl, and Mn50, systems and
upto 10”3 M concentration in CuSO, system.

(2) The minirmum in the experimental D' versus v curve occurs
et concentration which is very much lowver than that predicted
by the theory in ell the systems studied,

The observed results ere explained in terms of different
types of mtaractidns occurring in gel-water-electrolyte systexm.
The shift in the experimental minimm towards the lower
concentration side in relation to the theoretical minimum 1is
attributed to desolvation of the ions with increasing
concentration of the electrolyte,

The effect of gel macromolecules on diffusion is
studied elaborately in Chapter % by varying the gel
concentration as well as temperature of the system, Section A
of this chcpter deals with the study of obstruction effect in
different systems while Section B consists of determination
of activation energy for the process of diffusion for different
ions end electrolytes,

The study of obstruction effect under different
conditions of texmperature and concentration of the electrolyte
leads to the following observations
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(1) For a particular concentration of the electrolyte,
obstruction effect calculated in terzs of & 1s independant
of temperature, -

(2) At a given temperature, c-valus decreases with increasing
concentration of the electrolyte, ‘

(3) For a particulsr system, the c-valus 1s higher for
electrolyte-diffusion as compared to that for :elt-ditmsién.
(%) In tracer-diffusicn, the a-valus decreases with increasing
charge density of cation of the electrolyte,

(5) In all the systems, experimental valus of & is found to
be very much greater than that predicted by the theory.

Iigher valus of @ compared to thq theoretical cone is
attributéd to the extensive hydration of agar macromolecules,
Furthei-. the higher value of @ observed for electrolyte-
-diffusion than that for ul_ﬂ-aifaﬁion process, for s given
concentration of the slectrolyte and descreasing trend in it
with concentration of the electrolyte, are explsined by
considering the competitive hydration between ions and agar
nacromolecules. The effect of different cations on the c-valuse
for tracer-diffusion 1is also explained usinz the same concaept.

In Section B of this chapter, a study of the
effect of gel concentration on the activation energy for
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the diffusion process in different systems shows that

(1) the activation energy decreases vith increasing gel
percentagze (w) and it varies lineerly with UV 3, (2) the D,
value also decrezses with increasing gel percentage end shovs
a linear relationghip with W 3, These observations are
explained on the basis of the transition state theory of
diffusicn.

| The study of effect of the supporting electrolyte

on ths activation enerzy for the tracer~diffusion process
shows that the activation enerzy for tracer-diffusion of zn2*
and Mn2* fons in éifferent chlorides cecreases in the following
order 3
(1) for tracer-diffusion of Zn°* ions

MgCl, < MnCl, € SrC1, € BaCl,
(2) for tracer-diffusion of Mn®* lons

MgCl, € SrCl, € BaCl,
vhile the trend in activation energy for the tracer-cdiffusion
of Mn2* lons in different transition metal sulphates chovs
the following order

NiSO, < CoSO, < ZnSO,

The observed trend in the activation enerzy in different systezs
is explained qualitatively in terms of charge censity of the
ions end the distortion caused by then in the gel-water structure,
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