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CELL THEORY OP STRONG ELECTROLYTE SOLUTIONS

CHAPTER I  

INTRODUCTION

II
Some f o r t y  y e a r s  ag o ,  t h e  D ebye-H uckel  f o r m u l a t i o n  of  

i n t e r i o n i o  a t t r a c t i o n  t h e o r y  was b r o u g h t  f o r t h  ( l ) . A l th o u g h  

t h a t  a t t e m p t  t o  e x p l a i n  t h e  p r o p e r t i e s  o f  e l e c t r o l y t e  s o l u ­

t i o n s  on t h e  b a s i s  o f  i o n i c  i n t e r a c t i o n s  was n o t  t h e  f i r s t ,  

i t  h a s  b e en  t h e  most u s e f u l  and most d u r a b l e .

A few y e a r s  p r i o r  t o  t h e  a d v e n t  of t h e  t h e o r y  o f  Debye
II

and H u c k e l ,  M i l n e r  had a r r i v e d  a t  e s s e n t i a l l y  t h e  same r e ­

s u l t  ( 2 , 3 ) .  M i l n e r ' s  a p p r o a c h ,  a l t h o u g h  s t r a i g h t f o r w a r d  i n  

p r i n c i p l e ,  e n t a i l e d  much t e d i o u s  c o m p u t a t i o n .  I t s  p r e d i c ­

t i o n  o f  a s im p le  s q u a r e - r o o t - o f - c o n c e n t r a t i o n  dep en d en ce  o f  

t h e  e q u i l i b r i u m  p r o p e r t i e s  o f  a m i x t u r e  of  i o n s  was so  w e l l -  

h i d d e n  t h a t  M i ln e r  h i m s e l f  a p p a r e n t l y  d id  n o t  r e a l i z e  i t  im­

m e d i a t e l y .  With  M i l n e r ' s  work i n  t h e  b a c k g ro u n d ,  Debye and
I I

H uckel  p roduced  t h e i r  s i m p l e r  t r e a t m e n t  w hich  p r e d i c t e d  l i n ­

e a r i t y  o f  thermodynamic  p r o p e r t i e s  i n  t h e  s q u a r e  r o o t  o f  c o n ­

c e n t r a t i o n  a t  h i g h  d i l u t i o n s .
I I

The D ebye -H ucke l  a rgum ent  i s  based  on t h e  c o m b i n a t i o n  

o f  t h e  P o i s s o n  e q u a t i o n  o f  e l e c t r o s t a t i c s  and t h e  c l a s s i c a l
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B ol tzm ann  d i s t r i b u t i o n  f u n c t i o n .  The p r i n c i p a l  f e a t u r e  of
t t

t h e  D ebye-H ucke l  t h e o r y  i s  i t s  i m p l i c a t i o n  of  c o m p le te  d i s ­

o r d e r  among t h e  io n s  a round  any a r b i t r a r y  c e n t r a l  io n  e x ­

c e p t  f o r  t h e  s p h e r i c a l l y  s y m m e t r i c a l  o r i e n t i n g  f o r c e s  of  

e l e c t r i c a l  i n t e r a c t i o n  w i t h  t h e  c e n t r a l  i o n .  L a t e r  t r e a t ­

ments  s u c h  as  th o se  of Mayer ( 4 ) ,  Meeron (5)> and Kirkwood 

and P o i r i e r  (6) a re  a p p a r e n t l y  q u i t e  r i g o r o u s ,  b u t  t h e  com­

p l e x i t y  o f  a p p l y i n g  or  even  t e s t i n g  t h e  r e s u l t s  p u t s  them a t  

a c o n s i d e r a b l e  p r a c t i c a l  d i s a d v a n t a g e .  P o i r i e r ,  how ever ,  has  

a p p l i e d  M a y e r ' s  e q u a t i o n s  f o r  t h e  a c t i v i t y  c o e f f i c i e n t  t o  a 

few s a l t s  o f  d i f f e r e n t  v a l e n c e  t y p e s  ( 7 ) .  Good ag re e m en t  

w i t h  e x p e r im e n t  up t o  a c o n c e n t r a t i o n  o f  a b o u t  0 . 1  mole p e r  

l i t e r  was o b t a i n e d  o n l y  w i t h  sodium c h l o r i d e .

I n  g e n e r a l ,  t h e s e  l a t e r  a p p r o a c h e s  y i e l d  t h e  Debye-
rf

H ucke l  r e s u l t s  when c o n s i d e r e d  a t  v e r y  low c o n c e n t r a t i o n s .
I I

F o r  c o n v e n i e n c e  t h e n ,  o n l y  t h e  D ebye-H ucke l  t h e o r y  i t s e l f  

need be d e a l t  w i t h  i n  t h e  e n s u i n g  d i s c u s s i o n s .
I f

The Debye-Huckel  t h e o r y  was b o r n  p r i m a r i l y  o f  a need 

f o r  a c o n s i s t e n t l y  r e l i a b l e  means o f  e x t r a p o l a t i n g  lo w -c o n -  

c e n t r a t i o n  d a t a  on s t r o n g  e l e c t r o l y t e s  t o  i n f i n i t e  d i l u t i o n .  

I t s  s u c c e s s  i n  t h i s  r e s p e c t  has  f o s t e r e d  a t o l e r a n t  a t t i ­

tu d e  toward s h o r t c o m in g s  i n  o t h e r s ,  most n o t a b l y  i t s  i n a ­

b i l i t y  t o  c o p e ,  e x c e p t  t h r o u g h  s e m i - e m p i r i c a l  e x t e n s i o n s ,  

w i t h  c o n c e n t r a t e d  s o l u t i o n s .  D i s s a t i s f a c t i o n  w i t h  t h i s  s t a t e  

of  a f f a i r s  has  prompted some r e c e n t  i n v e s t i g a t o r s  t o  r e - e x a m ­

i n e  t h e  whole problem i n  t e rm s  o f  a l a t t i c e  m ode l .  T h i s  model 

i s  s u c c e s s f u l  from o n ly  a l i m i t e d  p o i n t  o f  v iew ,  b u t  i s  s u g -
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g e s t l v e  o f  t h e  I m p o r t a n t  c h a r a c t e r i s t i c s  t h a t  a b e t t e r  model  

must h a v e .

A l a t t i c e  model o f  s t r o n g  e l e c t r o l y t e  s o l u t i o n s  i s  

a c t u a l l y  n o t  a new a p p r o a c h .  Ghosh (8)  p ro p o sed  a l a t t i c e  

t h e o r y  t h a t  p r e d i c t e d  c u b e - r o o t  d ep endence  o f  c o l l i g a t i v e  

p r o p e r t i e s  i n  I 9 1 8 . His  t h e o r y  u n f o r t u n a t e l y  c o n ta in e d  un­

s a t i s f a c t o r y  e l e m e n t s  t h a t  were  i n d e p e n d e n t  o f  t h e  s q u a r e -  

r o o t  v s .  c u b e - r o o t  i s s u e ,  and i t  was d i s c r e d i t e d  even b e f o r e
II

t h e  D ebye-H ucke l  t h e o r y  c a p t u r e d  t h e  a t t e n t i o n  of  s c i e n t i s t s  

by i t s  s u c c e s s f u l  p r e d i c t i o n s - - a l l  c a r r y i n g  w i t h  them a l i m ­

i t i n g  s q u a r e - r o o t  d ep en d en ce  o f  c o l l i g a t i v e  p r o p e r t i e s .  T h is  

c o m b in a t io n  of  c i r c u m s t a n c e s  t en d ed  t o  s u p p r e s s  f u r t h e r  i n ­

q u i r y  i n t o  t h e  r e l e v a n c e  o f  c u b e - r o o t  d e p e n d e n c e .

From 1923 on, a g r e a t  d e a l  o f  l o w - c o n c e n t r a t i o n  e l e c ­

t r o l y t e  d a t a  has  b e e n  t u r n e d  o u t  i n  o r d e r  t o  t e s t  the Debye-
II

Huckel  r e l a t i o n s .  C o n s i s t e n c y  o f  t h e  d a t a  w i t h  l i m i t i n g  

s q u a r e - r o o t  e q u a t i o n s  has  b e en  u n i v e r s a l l y  deemed a d eq u a te  

p r o o f  o f  t h e  t h e o r y .  C u b e - r o o t  p l o t s ,  how ever ,  a l s o  show 

c o n s i s t e n c y  w i t h  l o w - c o n c e n t r a t i o n  e x p e r i m e n t a l  r e s u l t s .

The f o r m u l a t i o n  o f  t h e  c e l l  t h e o r y  i s  t h e r e f o r e  p receded  

by  d i s c u s s i o n s  of  t h e  e x t r a p o l a t i o n  prob lem  and o f  th e  l a t ­

t i c e  model .



CHAPTER I I

EXTRAPOLATION PROBLEMS AND THE LATTICE MODEL OP 

STRONG ELECTROLYTE SOLUTIONS

E x t r a p o l a t i o n  F u n c t i o n s  In  t h e  T r e a tm e n t  of  
S t ro n g '  Ë l e c t r o l y t e  Data

The e x t r a p o l a t i o n  f u n c t i o n s  g e n e r a l l y  employed t o  

o b t a i n  t h e  v a l u e  of  E° from e l e c t r o m o t i v e  f o r c e  and of  A °  

f rom  c o n d u c ta n c e  d a t a  a r e  b ased  on th e  c o n v e n t i o n a l  model  of 

I n t e r i o n i o  a t t r a c t i o n ,  w h ic h  r e q u i r e s ,  a t  s u f f i c i e n t l y  low 

c o n c e n t r a t i o n ,  l i n e a r i t y  o f  a p p r o p r i a t e l y  c h o s e n  d a t a  a g a i n s t  

t h e  s q u a r e  r o o t  o f  c o n c e n t r a t i o n .  I n  p r a c t i c e  t h e  s q u a r e -  

r o o t  r e l a t i o n  I s  f r e q u e n t l y  m o d i f i e d  b e c a u s e  I t  I s  n o t  s t r i c t ­

l y  v a l i d  a t  e x p e r i m e n t a l l y  r e a l i z a b l e  c o n c e n t r a t i o n s .  I t  I s  

d e m o n s t r a t e d  h e r e  t h a t  ( u n m o d i f i e d )  c u b e - r o o t - o f - c o n c e n t r a -  

t l o n  a s  an e x t r a p o l a t i o n  f u n c t i o n  I n  t h e  same c o n c e n t r a t i o n  

r e g i o n  a l s o  p ro d u c es  l i n e a r  p l o t s  and t h a t  e x t r a p o l a t i o n s  

made a lo n g  t h e s e  p l o t s  r e s u l t  I n  v a l u e s  ( s u c h  as  A °  and E°) 

t h a t  d i f f e r  a p p r e c i a b l y  from t h o s e  commonly a c c e p t e d .

The h y d r o c h l o r i c  a c i d  d a t a  o b t a in e d  by Earned and 

E h l e r s  (9)  from t h e  c e l l  w i t h o u t  t r a n s f e r e n c e

Hg HCll (m) [AgCl,Ag
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have  b e e n  examined by s e v e r a l  d i f f e r e n t  m e thods .  The e l e c ­

t r o m o t i v e  f o r c e ,  E, o f  a c e l l  o f  t h i s  t y p e  i s  g i v e n  by t h e  

e q u a t i o n

E + 2k lo g  m = E° - 2k lo g  ( 2 -1 )

where  k = 2 .3 0 2 6 R T /P .  By p l o t t i n g  t h e  l e f t  s i d e  of  t h i s

e q u a t i o n  a g a i n s t  a s u i t a b l e  f u n c t i o n  o f  c o n c e n t r a t i o n  and 

e x t r a p o l a t i n g  t o  z e r o  c o n c e n t r a t i o n ,  t h e  i n t e r c e p t  E° i s  

o b t a i n e d .  A p l o t  a g a i n s t  m^/^ a t  low c o n c e n t r a t i o n s  would
I I

be l i n e a r  i f  t h e  l i m i t i n g  law o f  Debye and Huckel  were s t r i c t ­

l y  v a l i d  t h e r e .  A c u r v a t u r e  s t i l l  e x i s t s  a t  low c o n c e n t r a ­
i t

t i o n  w h ic h ,  how ever ,  c a n  be  i n t e r p r e t e d  i n  D ebye-H ucke l  t h e o r y  

a s  an e f f e c t  o f  i o n  s i z e .  Harned and E h l e r s  overcame t h e  d i f ­

f i c u l t y  by t a k i n g  f o r  lo g  ^

-  l o g  it = -  bm (2 -2 )

(b an u n d e te rm in e d  c o n s t a n t )  and s u b s t i t u t i n g  i n t o  (2 -1 )  :

E + 2k l o g  m -  km^/^ = E° -  2kbm (2 -3 )

P l o t s  o f  t h e  l e f t  s i d e  o f  ( 2 -3 )  a g a i n s t  m were l i n e a r  and 

r e s u l t e d  i n  a v a l u e  o f  0 .2 2 2 3 9  v o l t s  f o r  E° a t  2 5 ° .  R e s u l t s  

o f  o t h e r  i n v e s t i g a t i o n s  o b t a i n e d  by s i m i l a r  e x t r a p o l a t i o n  

t e c h n i q u e s  d i f f e r  by l e s s  t h a n  one p a r t  p e r  t h o u s a n d .

E x t r a p o l a t i o n  o f  t h e  l e f t  s i d e  o f  e q u a t i o n  (2 -1 )  

a g a i n s t  m, w h ich  i m p l i e s  an  A r r h e n i u s  i n c o m p le t e  d i s s o c i a ­

t i o n  m ode l ,  i s  c o m p l i c a t e d  by s t i l l  more c u r v a t u r e .  Us ing  

e x t r a p o l a t i o n  means w hich  u t i l i z e  o n l y  a few of  t h e  lo w e s t  

c o n c e n t r a t i o n  p o i n t s  l e a d s  t o  E° = 0 .2 2 4 8 0 .  The e q u a t i o n  

employed f o r  t h i s  e x t r a p o l a t i o n  was o b t a i n e d  by c o n v e r t i n g  

t h e  l o g a r i t h m s  i n  e q u a t i o n  ( 2 - 1 )  t o  t h e  b a se  e ,  r e a r r a n g i n g .
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and t a k i n g  t h e  e x p o n e n t i a l  of b o t h  s i d e s .  The r e s u l t i n g  

e q u a t i o n  i s

exp( -FE /2RT)  = m 7± exp ( -F E ° /2R T)  (2 -4 )

By p l o t t i n g  t h e  l e f t - h a n d  s id e  of t h e  e q u a t i o n  a g a i n s t  m, E° 

ca n  be found from t h e  l i m i t i n g  s l o p e .  H igher  c o n c e n t r a t i o n  

p o i n t s ,  how ever ,  a s  w e l l  a s  o t h e r  t y p e s  o f  d a t a  a r e  i n c o n s i s ­

t e n t  w i t h  m a s  t h e  e x t r a p o l a t i o n  f u n c t i o n .  Such i s  n o t  th e  
1 /3c a s e  w i t h  m as  t h e  e x t r a p o l a t i o n  f u n c t i o n .

The above d a t a  f o r  h y d r o c h l o r i c  a c i d  ( F i g u r e  l )  as  

w e l l  a s  d a t a  i n  F i g u r e  2 f o r  p o t a s s i u m  (10) and sodium c h l o ­

r i d e  (11)  from c o n c e n t r a t i o n  c e l l s  w i t h  t r a n s f e r e n c e ,  have 

b e e n  p l o t t e d  a g a i n s t  m^^^ ( o r  C^ /^ )  a s  would be r e q u i r e d  by 

an expanded l a t t i c e  model  o f  s o l u t i o n s .  The l e f t  s i d e  o f  

( 2 -1 )  was p l o t t e d  on t h e  o r d i n a t e  i n  t h e  c a s e  o f  h y d r o c h l o ­

r i c  a c i d ,  and t h e  q u a n t i t y  E '  + 2k lo g  C f o r  t h e  c e l l - w i t h -  

t r a n s f e r e n c e  d a t a .  E ' i s  d e f in e d  as

-E
E ' = \  dE/t+ (2 -5 )

UO

Where t+  i s  t h e  t r a n s f e r e n c e  number of  t h e  c a t i o n .  The 

v a l u e  o f  E ' a t  any c o n c e n t r a t i o n  i s  o b t a i n e d  by g r a p h i c a l  

i n t e g r a t i o n  o f  a p l o t  o f  l / t +  a g a i n s t  E.  The c o m p le te  e q u a ­

t i o n  f o r  c o n c e n t r a t i o n  on th e  m o l a r  s c a l e  i s  t h u s

E '  + 2k l o g  C = E% _ 2k lo g  y t  ( 2 -6 )

where E^ i s  t h e  i n t e r c e p t  a t  z e ro  c o n c e n t r a t i o n  and depends  

on t h e  c o n c e n t r a t i o n  of  t h e  r e f e r e n c e  s o l u t i o n .  A l l  t h r e e  

p l o t s  g i v e  s t r a i g h t  l i n e s  t h a t  e x te n d  from t h e  lo w e s t  con -
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Fla^ 1— H yd roch lor ic  a d d  e le c t r o m o t iv e  fo r c e  
d a ta — mr/3 p lo t  w ith  com parison c u rv es  from o th e r  
e x t r a p o la t io n  m ethods.
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1/3

F l g .  2 — C o n cen tra tio n  c e l l  w ith  t r a n s f e r e n c e :  
sodium and p otass iu m  c h l o r i d e .
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c e n t r a t i o n  ( a b o u t  0 .0 0 5  M). The l i n e a r i t y  p e r s i s t s  t o  a l ­

most  0 . 1  M f o r  p o t a s s iu m  c h l o r i d e ,  w i t h  t h e  upper  l i m i t  d e ­

c r e a s i n g  somewhat f o r  sodium c h l o r i d e  and h y d r o c h l o r i c  a c i d ,  

i n  t h a t  o r d e r .  E° f o r  t h e  h y d r o c h l o r i c  a c i d  c e l l  w i t h o u t

t r a n s f e r e n c e  i s  d e t e r m in e d  t o  be 0 .2 2 1 0 4  v o l t s  by means of  
l/3t h e  m e x t r a p o l a t i o n  f u n c t i o n .  However,  i t  has  b e e n  ob­

s e r v e d  t h a t  t h e  h y d r o g e n - c a l o m e l  e l e c t r o d e  c e l l  d a t a  of  H i l l s  

and I v e s  (12)  show l e s s  d a t a  s c a t t e r  i n  E + 2k log  m t h a n
l/Q

t h a t  o f  Harned and E h l e r s ,  and t h a t  t h e  m ' p l o t  shows 

s l i g h t  b u t  d i s t i n c t  d e p a r t u r e  f rom l i n e a r i t y .

I n  t h e  c a s e  of  HCl, we t h u s  have t h r e e  very  d i f f e r ­

e n t  v a l u e s  o f  E°:

E x t r a p o l a t i o n  F u n c t i o n  E°

m^/3 0 .22104
1/2

m ' 0 .2 2 2 3 9

m 0 .2 2 4 8 0

I t  i s  o b v io u s  t h a t  th e  use  o f  d i f f e r e n t  E ° ' s  w i l l  

l e a d  t o  d i f f e r e n t  v a l u e s  o f  , a f a c t  n o t  g e n e r a l l y  a p p r e ­

c i a t e d .  I t  i s  i n  f a c t  common p r a c t i c e  t o  a n a l y z e  t h e  c o n ­

c e n t r a t i o n  d ep e n d en ce  of  Yi d e t e r m in e d  and w i d e l y  t a b u l a t e d
1/2on  t h e  b a s i s  o f  t h e  m ' e x t r a p o l a t i o n ,  a s  i f  t h e s e  v a l u e s  

had a b s o l u t e  s i g n i f i c a n c e ;  i n  t h e  use  o f  s u c h  t a b l e s  t h e  

r e l a t i v e  n a t u r e  o f  it s h o u ld  a lw ay s  be b o r n e  i n  m ind .  A 

c h a n g e  i n  t h e  v a l u e  of  E° has  t h e  e f f e c t  o f  s h i f t i n g  a l l  

v a l u e s  o f  l o g  i n  th e  t a b l e  by a c o n s t a n t .

L a t t i c e  Model of S t r o n g  E l e c t r o l y t e  S o l u t i o n s
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The above  f i n d i n g s  s u g g e s t  an  expanded c r y s t a l  l a t ­

t i c e  a s  a model  f o r  e l e c t r o l y t e  s o l u t i o n s .  I n  a n  i o n i c  c r y s ­

t a l  t h e  e l e c t r i c a l  p o t e n t i a l  e n e r g y  i s  d i r e c t l y  p r o p o r t i o n a l  

t o  t h e  r e c i p r o c a l  of  t h e  d i s t a n c e  be tw een  a n  i o n  and i t s

n e a r e s t  n e i g h b o r s .  Thus i n  a s o l u t i o n  t h e  e n e r g y  would v a ry
1 /3d i r e c t l y  w i t h  C

E l e c t r o s t a t i c  E ne rgy  and Thermodynamic 
P r o p e r t i e s  o f  t h e  L a t t i c e  Model

 ̂ The e l e c t r o s t a t i c  e n e r g y  o f  a s o l u t i o n  c o n t a i n i n g  one

mole  o f  a 1 -1  e l e c t r o l y t e  c a n  be e x p re s s e d  as

U -  U° = -NAe2/Dr (2 -7 )

w h ere  U° i s  t h e  e l e c t r o s t a t i c  e n e r g y  a t  i n f i n i t e  d i l u t i o n ,

N i s  A v o g a d ro ' s  number ,  A i s  t h e  Madelung c o n s t a n t  ( f o r  t h e  

r o c k  s a l t  l a t t i c e ,  A = 1 . 7 ^ 7 5 6 ) ,  e i s  t h e  e l e c t r o n i c  c h a r g e ,

D i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t ,  and r  i s  t h e  

d i s t a n c e  b e tw e e n  a n  i o n  and i t s  n e a r e s t  o p p o s i t e l y  ch a rg e d  

n e i g h b o r .  I f  e q u a t i o n  (2 -7 )  i s  t a k e n  to  be t h e  e l e c t r o s t a ­

t i c  c o n t r i b u t i o n  t o  t h e  G ibbs  f r e e  en e rg y ,  t h e  a c t i v i t y  c o ­

e f f i c i e n t  can  be i m m e d i a t e l y  w r i t t e n  as

I n  y^ = - (Ae^/2DkT) (2NC/1000)^^2 (2 -8 )

w here  k i s  t h e  B o l tzm an n  c o n s t a n t  and T t h e  a b s o l u t e  t e m p e r ­

a t u r e .  F o r  an  a q u eo u s  s o l u t i o n  a t  25° ,  e q u a t i o n  ( 2 - 8 )  becomes

- l o g  y+ = 0 .2 8 8 1  0^/3

o r

2k lo g  y t  = - 0 .0 3 4 1  0^-/3 (2 -9 )

w here  a g a i n  k h as  t h e  v a l u e  a s s i g n e d  t o  i t  i n  e q u a t i o n  ( 2 - 1 ) .
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As w i l l  be  d i s c u s s e d  l a t e r ,  t h i s  t h e o r e t i c a l  v a l u e  o f  t h e  

a c t i v i t y  c o e f f i c i e n t  f o r  a 1-1  e l e c t r o l y t e  a g r e e s  w e l l  w i t h  

e x p e r i m e n t ,  c o n s i d e r i n g  t h e  o v e r s i m p l i f i c a t i o n  of  t h e  m ode l .

E q u a t i o n s  f o r  t h e  l i m i t i n g  th e rm o c h e ra ic a l  b e h a v i o r  

o f  a 1 -1  e l e c t r o l y t e  c a n  be  o b t a i n e d  by d i f f e r e n t i a t i n g  ( 2 -8 )  

w i t h  r e s p e c t  t o  t e m p e r a t u r e .  (See C h a p te r  I I I  f o r  a f u l l e r  

a c c o u n t  o f  t h e r m o c h e m ic a l  q u a n t i t i e s . )  The r e l a t i v e  p a r t i a l  

m o la r  e n t h a l p y  Lg c a n  be e x p r e s s e d  by t h e  e q u a t i o n

Lg = -2 R T [ (® ln V /0 ln T ) /3  + (^>lnD/alnT) + l] (Ce^/gDkT) (2 -1 0 )  

i n  w hich  C, t h e  e f f e c t i v e  r e c i p r o c a l  r a d i u s  of  t h e  i o n i c  a t ­

mosphere  i s  g iv e n  by t h e  l a t t i c e  model as

I: = A / r  = A(2NC/lOOO)l/3 (2 -1 1 )

The r e l a t i v e  a p p a r e n t  m o la r  e n t h a l p y  i n  t h e  l i m ­

i t i n g  c a s e  comes f rom  t h e  r e l a t i o n

= ( l / C ) ^  dC = ( 3 / 4 )Lg (2 -1 2 )
J o

w hich  g i v e s  f o r  a 1 -1  e l e c t r o l y t e  i n  w a t e r  a t  25°

= 1 9 4 .5  c a l o r i e s / m o l e  (2 -1 3 )

I n  F i g u r e  3 a r e  p l o t t e d  t h e  h e a t - o f - d i l u t i o n  d a t a  o f  G u l -  

b r a n s e n  and Robinson  (13) on sodium c h l o r i d e  w i t h  c o m p a r i s o n  

c u r v e s  f roA th e  l a t t i c e  m ode l ,  t h e  D ebye-H ucke l  l i m i t i n g  e q u a ­

t i o n ,  and t h e  c e l l  model  t o  be d i s c u s s e d  i n  C h a p t e r  1 1 1 .

Theory  of  C o n d u c t i v i t y  Based on t h e  L a t t i c e  Model

D ata  f o r  t h e  e q u i v a l e n t  c o n d u c t i v i t y  o f  h y d r o c h l o r i c  

a c i d  (14)  have b e en  p l o t t e d  a g a i n s t  t h e  cube r d o t  o f  c o n c e n -



20

0

CELL

D-H LATTICE

.100

0 0 .1  0 .2  0 .3 0.Ü 0 .5
c l/3

oB

F ig .  3—Heat of d i lu t io n  of sodium chloride at 25° with th e o r e t ic a l  
l im it in g  s lo p es .

re

0 .7  0 .8  0 .9  1.0



13

t r a t i o n  i n  F i g u r e  4 .  A l i n e a r  r e l a t i o n s h i p  i s  found from b e ­

low 0 , 0 0 1  t o  0 .0 5  M. Sodium and p o t a s s i u m  c h l o r i d e  c o n d u c ­

t i v i t y  d a t a  ( 15) ( n o t  shown h e r e )  a r e  l i n e a r  i n  t h e  same 

r a n g e .  These  f a c t s  have b e e n  i n t e r p r e t e d  i n  t e r m s  o f  t h e  

l a t t i c e  m odel .

I t  i s  assumed t h a t  O n s a g e r ' s  l i m i t i n g  e q u a t i o n  f o r  

t h e  e q u i v a l e n t  c o n d u c t i v i t y  i n  t h e  form

A = (A° -  F^t/3TcriN)( l  + AX/X) ( 2 - l 4 )

i s  c o r r e c t ,  w i t h  |= , t h e  r e c i p r o c a l  r a d i u s  o f  t h e  i o n i c  a t ­

m o sp h e re ,  d e p e n d e n t  on t h e  m ode l .  Here

A °  = l i m i t i n g  A a t  i n f i n i t e  d i l u t i o n .

= c o r r e c t i o n  t e r m  f o r  e l e c t r o p h o r e s i s  

( l^ is  t h e  v i s c o s i t y  of  t h e  s o l v e n t )  .

AX/X = -0.2929e^fc/3DkT f o r  1 -1  e l e c t r o l y t e s ,  

c o r r e c t i o n  f o r  r e l a x a t i o n .

The c o m p le te  e q u a t i o n  f o r  low c o n c e n t r a t i o n  co n d u c ­

t i v i t y  t h e r e f o r e  becom es ,  upon d r o p p i n g  t h e  p r o d u c t  o f  e l e c ­

t r o p h o r e t i c  and r e l a x a t i o n  t e r m s ,

(2 -1 5 )A = A °  - 0 .2 9 2 9 e 2  a ° + f 2 \ A 2NC'
DkT N'frn 3 1000

1 1

The s lo p e  p r e d i c t e d  by (2 -1 1 )  i s  p l o t t e d  i n  F i g u r e  4 

a l o n g  w i t h  o t h e r  t h e o r e t i c a l  s l o p e s  t o  be d i s c u s s e d  l a t e r .

D i s c u s s i o n  o f  L a t t i c e  Model 

The ag reem en t  o f  t h e  s l o p e s  c a l c u l a t e d  f rom t h e  l a t ­

t i c e  model  w i t h  t h o s e  o b se rv ed  e x p e r i m e n t a l l y  i s  good f o r  a l l  

k i n d s  o f  d a t a —e l e c t r o m o t i v e  f o r c e ,  c o n d u c t i v i t y ,  and h e a t
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o f  d i l u t i o n .  The r e s u l t s  a r e  a l l  t h e  more s t r i k i n g  i f  one 

c o n s i d e r s  t h a t  no a t t e m p t  has  b e e n  made t o  b l u r  t h e  l a t t i c e  

s t r u c t u r e  by i n t r o d u c i n g  t e m p e r a t u r e - d e p e n d e n t  t e r m s  i n t o  

t h e  t h e o r y .  Thus ,  f rom t h e  e l e c t r o m o t i v e  f o r c e  d a t a ,  v a l ­

ues  f o r  2k lo g  it ( o r  y + ) o f  -O.OSOOm^^^, - 0 . 0 3 1 9 0 ^ / 3 ,  and 

- 0 . 0 3 2 3 0 ^ /3  were found f o r  h y d r o c h l o r i c  a c i d ,  sodium c h l o ­

r i d e ,  and p o ta s s iu m  c h l o r i d e ,  r e s p e c t i v e l y ,  a s  compared 

w i t h  t h e  p r e d i c t e d  v a l u e  of  - 0 . 0 3 4 1 0 ^ / ^ .

B je r ru m  ( 1 6 ) was a p p a r e n t l y  th e  f i r s t  t o  s u g g e s t  t h e  

d e p e n d en c e  o f  t h e  a c t i v i t y  c o e f f i c i e n t  on th e  cube r o o t  of  

c o n c e n t r a t i o n .  He does  n o t  seem t o  have based  h i s  p r o p o s a l  

on o t h e r  t h a n  e m p i r i c a l  g ro u n d s ,  however .

More r e c e n t l y ,  R o b in so n  and S to k e s  ( 17) have c a l l e d  

a t t e n t i o n  t o  t h e  c o r r e s p o n d e n c e  o f  low c o n c e n t r a t i o n  a c t i v ­

i t y  c o e f f i c i e n t  d a t a  w i t h  t h e  c u b e - r o o t  r e l a t i o n  and w i t h  

t h e  e n e r g y  o f  an  expanded r o c k - s a l t  l a t t i c e ,  and G lu eck au f  

( 18 ) and F r a n k  and Thompson (19) have e x p r e s s e d  t h e  view t h a t  

a d i f f u s e  l a t t i c e  s t r u c t u r e  may a c c o u n t  f o r  t h e  o bse rved  d e ­

p e n d e n c i e s  o f  e q u i l i b r i u m  p r o p e r t i e s .  G lu ec k a u f  s e t s  t h e
t l

l o w e r  c o n c e n t r a t i o n  l i m i t  o f  v a l i d i t y  o f  t h e  D ebye-H ucke l  e x ­

p r e s s i o n  a t  0 . 1  M, b u t  we f i n d ,  a s  do F r a n k  and Thompson, 

t h a t  t h e  c u b e - r o o t  dependence  i s  f o l lo w e d  a t  much lo w e r  c o n ­

c e n t r a t i o n s  .

The d a t a  f o r  t h e  h e a t  o f  d i l u t i o n  o f  sodium c h l o r i d e
1 /3a r e  l i n e a r  i n  G from t h e  lo w e s t  m easured  c o n c e n t r a t i o n  

t o  a b o u t  0 . 1  M. The e x p e r i m e n t a l  s l o p e  i s  213,  a s  compared
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w it h  th e  l a t t i c e  model s l o p e  o f  19^ . 5 .
A  1/3I n  th e  conductance  d a t a ,  th e  s l o p e s  f o r  A  v s ,  C 

c a l c u l a t e d  on the b a s i s  o f  th e  l a t t i c e  model were - 8 9 . 9 4 ,  

“5 0 . 9 3 ,  and - 5 3 . 9 9 .  The c a l c u l a t e d  s l o p e s  would be changed 

but l i t t l e  i f  v a lu e s  o f  A °  c l o s e r  t o  t h o se  commonly accepted  

were u s e d .  The observed s l o p e s ,  i n  the  same order as  b e ­

f o r e ,  are  - 8 3 . 7 , - 4 8 . 7 ,  and - 5 2 . 0 .

A lthough i n  h i s  l a t e r  y e a r s  he decided  i n  f a v o r  o f  

a l i m i t i n g  sq u a r e -r o o t  dependence ,  Kohlrausch (20) who p i o ­

neered i n v e s t i g a t i o n s  i n  the  f i e l d  o f  e l e c t r o l y t i c  c o n d u c t ­

an ce ,  had lon g  u t i l i z e d  l i n e a r i t y  i n  the  cube r o o t  o f  c o n ­

c e n t r a t i o n .  Thus, both e q u i l i b r i u m  and c o n d u c t i v i t y  data  

can be f i t t e d  t o  a l a t t i c e  model w i t h  a lmost  q u a n t i t a t i v e  

p r e d i c t i o n  o f  p r o p e r t i e s  i n t o  s o l u t i o n s  o f  moderate c o n ­

c e n t r a t i o n .

There are two o b v io u s  l i m i t a t i o n s  of  the l a t t i c e  

model: ( l )  i n  the  c r y s t a l  c l o s e  packing  o f  i o n s ,  a lo n g  w i th

the e l e c t r o s t a t i c  i n t e r a c t i o n s ,  f o r c e s  a n ea r ly  p e r f e c t  o r ­

d e r i n g .  The s t e r i c  f a c t o r  i s  removed when the l a t t i c e  i s  

s u b s t a n t i a l l y  expanded, th us  p e r m i t t i n g  thermal e f f e c t s  t o  

reduce  th e  order;  no account  o f  t h i s  i s  taken  i n  th e  t h e o r y .  

The f a c t s  denoted above s u g g e s t ,  however,  th a t  th e  system  

r e a r r a n g e s  i t s e l f  t o  a c o n f i g u r a t i o n  not  g r e a t l y  d i f f e r e n t  

i n  en ergy  from t h a t  o f  th e  l a t t i c e  m odel ,  (2)  No p r o v i s i o n  

i s  made f o r  h ig h er  c o n c e n t r a t i o n s ,  where the p r o p e r t i e s  w i l l  

be a f f e c t e d  by io n  s i z e  and o t h e r  f a c t o r s .  Thus th e  a b i l i t y
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o f  t h e  l a t t i c e  model  t o  p r e d i c t  t h e  l i m i t i n g  s l o p e s  o f  s t r o n g  

e l e c t r o l y t e  d a t a  a s  w e l l  a s  i t  d o e s  must  be viewed as  a r e ­

m a r k a b le  c o i n c i d e n c e .



CHAPTER I I I  

CELL THEORY OP STRONG ELECTROLYTE SOLUTIONS

A model  o f  s t r o n g  e l e c t r o l y t e  s o l u t i o n s  i s  needed 

t h a t  w i l l  remedy t h e  d e f e c t s  of  t h e  l a t t i c e  model  w h i l e  r e ­

m a i n i n g  b o t h  c o n c e p t u a l l y  and m a t h e m a t i c a l l y  s i m p l e .  I t  

would n o t  have  t o  c o n c e r n  i t s e l f  w i t h  d e t a i l e d  i o n i c  d i s ­

t r i b u t i o n  i f  i t  would l e a d  t o  t h e  c o r r e c t  e l e c t r o s t a t i c  

e n e r g y ;  many c o n f i g u r a t i o n s  ca n  have  t h e  same e n e r g y ;  t h e  

c r y s t a l  l a t t i c e  i s  s u g g e s t i v e .  A f t e r  h a v i n g  e v a l u a t e d  t h e  

e n e r g y  o f  t h e  known d i s t r i b u t i o n  o f  N m o l e c u l e s  o f  e l e c t r i ­

c a l l y  i n t e r d e p e n d e n t  c a t i o n s  and a n i o n s ,  one f i n d s  t h a t  i t  

c a n  be  r e p r e s e n t e d  a s  N t i m e s  t h e  e n e r g y  o f  an  e l e c t r i c a l l y  

i n d e p e n d e n t  p a i r  o f  o p p o s i t e l y  c h a rg e d  i o n s  a t  a d i s t a n c e  

r / A ,  where  r  i s  t h e  n e a r e s t  n e i g h b o r  d i s t a n c e .  The d i s t a n c e  

r /A  i s  l e s s  t h a n  t h e  r a d i u s  o f  a s p h e r i c a l  c e l l  o f  volume 

V/N, where  V i s  t h e  t o t a l  volume o f  s o l u t i o n .

The f i n d i n g s  above s u g g e s t  t h e  c o n s i s t e n c y  o f  t h e  

model  w i t h  a c u b e - r o o t - o f - c o n c e n t r a t i o n  d e p en d e n c e  o f  p r o p ­

e r t i e s  su ch  as  l o g  y+ a t  s u f f i c i e n t l y  low c o n c e n t r a t i o n s .

The model  p ro p o se d  h e re  w i l l  be j u s t i f i e d  i n i t i a l l y  

b y  p l a u s i b i l i t y  a r g u m e n t s ;  i t s  c o n s e q u e n c e s  w i l l  t h e n  be

18
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t e s t e d  a g a i n s t  e x p e r i m e n t a l  d a t a .  I t  must be em phas ized  t h a t  

t h i s  t r e a t m e n t  i s  no a t t e m p t  t o  d e s c r i b e  a d e t a i l e d  i o n i c  

d i s t r i b u t i o n  i n  t h e  s o l u t i o n ,  on ly  an e n e r g e t i c  e q u i v a l e n t  

o f  t h e  d i s t r i b u t i o n .

P a r t i t i o n  F u n c t i o n  f o r  S y m m et r ic a l  E l e c t r o l y t e s  

C o n s i d e r  one o f  t h e  two t y p e s  o f  i o n s  i n  a b i n a r y  

e l e c t r o l y t e  s o l u t i o n — t h e  c a t i o n .  I f  t h e  t o t a l  volume a v a i l ­

a b l e  i s  d i v i d e d  i n t o  n e q u a l  volumes,  e a c h  of  t h e  s u b d iv i d e d  

volumes w i l l  be occup ied  on t h e  a v e ra g e  by one c a t i o n .  As­

suming f o r  t h e  moment t h a t  b o t h  p a r t i c l e s  were u n c h a r g e d ,  

t h e r e  would be on t h e  a v e r a g e  one o t h e r  p a r t i c l e  i n  t h e  same 

volume.  I n t r o d u c t i o n  of  t h e  coulomb f o r c e  r e q u i r e s  t h i s  t o  

be an a n i o n .  The c e l l  c o n c e p t  i s  t h e r e f o r e  based  on t h e  a v ­

e r a g e  o c cu p an cy  of  a m o l e c u l a r  volume e le m e n t  i n  t h e  s o l u ­

t i o n  by one c a t i o n  and one a n i o n .

W ith  t h e  c e n t e r  of  c o o r d i n a t e s  f i x e d  on t h e  s e l e c t e d  

i o n ,  i t s  c o u n t e r  i o n  i n  t h e  c e l l  i s , p i c t u r e d  as a s p h e r i c a l l y  

s y m m e t r i c a l  a tm o sp h e re  of u n i t  c h a r g e .  I t s  e l e c t r o s t a t i c  

p o t e n t i a l  o u t s i d e  t h e  c e l l  i s  t h e  same as  i f  i t  were  a t  t h e  

c e n t e r  o f  t h e  c e l l .  I t  s h i e l d s  e l e c t r o s t a t i c a l l y  t h e  c e n ­

t r a l  i o n .  Hence t h e  n e t  p o t e n t i a l  due t o  t h e  s e l e c t e d  i o n  

and i t s  a tm o sp h e re  i s  z e r o  eve ry w h ere  o u t s i d e  t h e  c e l l .

The a b i l i t y  t o  e f f e c t  su ch  a s i m p l i f i c a t i o n  i n  t r a n s ­

f e r r i n g  f rom t h e  r i g i d  l a t t i c e  t o  t h e  s o l u t i o n  i s  due t o  th e  

d i s a p p e a r a n c e  o f  s t e r i c  f a c t o r s ,  f o r  i n  c r y s t a l l i n e  sodium 

c h l o r i d e  we have no c h o ic e  b u t  t o  c o n s i d e r  t h e  i n t e r a c t i o n  of



20

a s e l e c t e d  i o n  w i t h  f i r s t  s i x  u n l i k e ,  t h e n  tw e lv e  l i k e ,  and 

s o  on, n e i g h b o r s .  The movement o f  t h e  u n l i k e  i o n  c a u s e s  t h e  

s m e a r in g  ou t  o f  c h a r g e  and th e  r e s u l t i n g  c e l l  becomes s u b j e c t  

t o  t h e  a f o r e m e n t i o n e d  e l e c t r o s t a t i c  t h e o r e m .

A p a r t i c u l a r  i o n  c o n s t i t u t i n g  t h e  a tm o sp h e re  i s  n o t  

t o  be r e g a r d e d  a s  t r a p p e d  i n  t h e  c e l l .  I o n s  c a n  move from 

c e l l  t o  c e l l  on an  ex change  b a s i s .  But a t  any g iv en  i n s t a n t ,  

no i o n  cou ld  be i n c l u d e d  i n  t h e  a tm o sp h e re  o f  more t h a n  one 

c e l l .

The a s s u m p t io n s  of  t h e  c e l l  model  f o r  s y m m e t r i c a l  

e l e c t r o l y t e s  can  be summarized as  f o l l o w s :

1. A s e l e c t e d  i o n  i s  assumed t o  be s i t u a t e d  i n  a 

s p h e r i c a l  c e l l  of  volume V = lOOO/CN. The r a d i u s  of t h e  c e l l  

i s  found t o  be 7 .3 4 6  x 1 0 - 8 c - l / 3 .

2 .  One o p p o s i t e l y  c h a rg e d  i o n  i n  t h e  c e l l  c o n s t i ­

t u t e s  t h e  i o n i c  a t m o s p h e r e .  The r a d i u s  v a r i e s ,  s u b j e c t  t o  

t h e  coulomb f o r c e  and t h e r m a l  a g i t a t i o n ,  b e tw e en  a_, t h e  d i s ­

t a n c e  o f  c l o s e s t  a p p r o a c h ,  and R, t h e  c e l l  r a d i u s ,  assumed 

t o  be t h e  same f o r  a l l  c e l l s .

3 .  Each c e l l  i s  e l e c t r o s t a t i c a l l y  in d e p e n d e n t  of 

a l l  o t h e r  c e l l s .  The e n e r g y  o f  t h e  s o l u t i o n  i s  thus  t h e  sum 

o f  t h e  e n e r g i e s  o f  t h e  i n d i v i d u a l  c e l l s .

4 .  The e n e r g y  o f  an  i o n  and i t s  a tm o sp h e re ,  when a t
2

a d i s t a n c e  r ,  i s  Ze /2 D r ,  a s  d e t e r m in e d  by a r e v e r s i b l e  

c h a r g i n g  p r o c e s s  s t a r t i n g  w i t h  c h a r g e  r e s e r v o i r s  a t  i n f i n i t y .  

(Z i s  th e  p r o d u c t  o f  t h e  v a l e n c e s  of  t h e  two i o n s . )
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5.  Except f o r  th e  e l e c t r o s t a t i c  i n t e r a c t i o n s ,  each  

i o n  i s  t o  be t r e a t e d  as i d e a l  g a s - l i k e .

6 . D i e l e c t r i c  c o n s t a n t  and io n  s i z e  are assumed t o  

be independent  o f  c o n c e n t r a t i o n .

S p h e r i c a l  c e l l  s i z e ,  uniform r a d i u s ,  and assum ption  

6 w i l l  be r e c o g n iz e d  as approximations  whose s o l e  J u s t i f i ­

c a t i o n  i s  s i m p l i f i c a t i o n  of  mathem atica l  t r ea tm e n t .

The p a r t i t i o n  f u n c t i o n  f o r  a p a r t i c u l a r  io n  i s  t h e r e ­

f o r e  obta ined  from the  product  of  i t s  t r a n s l a t i o n a l  p a r t i ­

t i o n  f u n c t i o n  w i t h  the Boltzmann f a c t o r  averaged over the  

c e l l .

q = ( 2 rm k T /h 2 )3 /2  (v -b )  \ 4 r r ^  e x p ( Z e ^ /2 D k T r ) d r
Ja

( W 3 )  ( R j - s 3 )

The f r e e  volume f a c t o r  (V-b) i s  t a k e n  e q u a l  t o  (^TT/3) ( R ^ - a ^ ) , 

so  t h a t  t h e  e x p r e s s i o n  becomes

q = q^;p f 4 n r^  e x p ( Z e ^ /2 D k T r ) d r  (3 -1 )
Ja

w here  i s  t h e  t r a n s l a t i o n a l  c o n t r i b u t i o n  p e r  u n i t  volume 

t o  t h e  p a r t i t i o n  f u n c t i o n .  The p a r t i t i o n  f u n c t i o n  f o r  t h e  

i o n  and i t s  a tm o sp h e re  i s  t h e  p r o d u c t  of  two s u c h  t e r r a s .

P a r t i t i o n  F u n c t i o n  f o r  U nsyrarae t r ica l  E l e c t r o l y t e s  

G e n e r a l i z a t i o n  o f  t h e  c e l l  c o n c e p t  t o  unsyrarae tr i -  

c a l l y  v a l e n t  t y p e s  o f  e l e c t r o l y t e s  f o l l o w s  i m m e d i a t e l y  from 

t h e  p r e c e d i n g  t r e a t m e n t  o f  s y m m e t r i c a l  e l e c t r o l y t e s .  F o r  

any  1 -n  o r  n - 1  e l e c t r o l y t e  (n  r e p r e s e n t s  . the v a l e n c e  o f  t h e
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more h i g h l y  ch a rg e d  i o n )  a model  s i m i l a r  t o  t h a t  o f  symmet­

r i c a l  e l e c t r o l y t e s  c a n  be p o s t u l a t e d .  The same a s s u m p t i o n s  

n o te d  f o r  s y m m e t r i c a l  e l e c t r o l y t e s  a l s o  ho ld  i n  t h i s  c a s e ,  

e x c e p t  t h a t  more t h a n  one i o n  o f  t h e  lo w e r  v a l e n c e  t y p e  

can  e x i s t  t o g e t h e r  i n  a c e l l .  The t h e o r y  has  n o t  b een  ex ­

te n d e d  t o  encompass  2 - 3  o r  h i g h e r  o r d e r  u n s y m m e t r i c a l  t y p e s  

b e c a u s e  i t  i s  d o u b t f u l  t h a t  su c h  bona f i d e  s t r o n g  e l e c t r o ­

l y t e s  e x i s t  f r e e  from h y d r o l y s i s .

F i g u r e  5 s c h e m a t i c a l l y  d e p i c t s  t h e  model  f o r  a 2 -1  

e l e c t r o l y t e .  The two a n i o n s  a r e  assumed e q u i d i s t a n t  from 

th e  c e n t r a l  c a t i o n .  B e c a u se  of  e l e c t r o s t a t i c  r e p u l s i o n  t h e  

a n i o n s  w i l l  t en d  a lw ay s  t o  r e m a in  t h e  maximum d i s t a n c e  away 

from ea ch  o t h e r .  T h i s  d i s t a n c e  i s ,  f o r  t h e  c a s e  i n  q u e s t i o n ,  

2 r ,  o r  t w i c e  t h e  c a t i o n - a n i o n  d i s t a n c e .  The p a r t i t i o n  f u n c ­

t i o n  f o r  t h e  c a t i o n  i s  t h u s  g i v e n  by

rR p.
q = q t r \  exp ( ^ e ^ /2 D k T r )d r  (3 -2 )

Ja

The v a l u e  o f  t h e  c o e f f i c i e n t  Z = 4 i s  o b t a i n e d  by c o n s i d ­

e r i n g  t h e  e l e c t r o s t a t i c  e n e r g y  te rm  i n  t h e  p a r t i t i o n  f u n c ­

t i o n  as  t h e  sum of  t h e  i n t e r a c t i o n s  of  t h e  b i v a l e n t  c a t i o n  

w i t h  e a c h  u n i v a l e n t  a n i o n .  A s i m i l a r  p a r t i t i o n  f u n c t i o n  

h o l d s  f o r  e a c h  a n i o n  e x c e p t  t h a t  Z = 3 / 2  s i n c e  e a c h  a n i o n  

i n t e r a c t s  w i t h  t h e  o t h e r  as  w e l l  a s  w i t h  t h e  c e n t r a l  c a t i o n .  

T h i s  c o e f f i c i e n t  a l s o  a r i s e s  from t h e  sum o f  two i n t e r ­

a c t i o n s — one w i t h  t h e  c a t i o n  a t  a d i s t a n c e  of  r  and t h e  

o t h e r  w i t h  t h e  r e m a i n i n g  a n i o n  a t  a d i s t a n c e  o f  2 r .  The
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t o t a l  m o l e c u l a r  p a r t i t i o n  f u n c t i o n  e x c l u s i v e  of  t r a n s l a ­

t i o n a l  c o n t r i b u t i o n s  i s  t h e r e f o r e  

-R rR
q = \  ^Ttr  ̂ exp(^e^/2DkTr)dr \  4^r^ e x p ( l .5 e ^ /2 D k T r )d r  

Ja Ja
( 3 -3 )

q =

An a n a lo g o u s  a rgum ent  i s  a p p l i c a b l e  t o  3 - 1  ( o r  1-3)  

e l e c t r o l y t e s .  In  t h i s  c a s e  t h e  c o n d i t i o n  o f  maximum s e p a ­

r a t i o n  o f  l i k e - c h a r g e d  i o n s  c o n s t r a i n s  t h e  u n i v a l e n t  i o n s  

t o  th e  r e l a t i v e  c o n f i g u r a t i o n  of an e q u i l a t e r a l  t r i a n g l e .  

L ik e w ise ,  f o r  a 4 - 1  e l e c t r o l y t e  t h e  u n i v a l e n t  i o n s  would 

be  a t  t h e  c o r n e r s  of  a r e g u l a r  t e t r a h e d r o n .  The m o l e c u l a r  

p a r t i t i o n  f u n c t i o n  w i t h o u t  t r a n s l a t i o n a l  c o n t r i b u t i o n s  f o r  

a 3 -1  e l e c t r o l y t e  would a c c o r d i n g l y  be 

rR _ rR 2
\ 4 k r2  e x p (9 e  /2 D k T r ) d r  \ 4"hr e x p ( l , 8 4 5 3 e 2 / 2 D k T r ) d r  
Ja Ja

(3 - 4 )

The p a r t i t i o n  f u n c t i o n  f o r  a 4 - 1  e l e c t r o l y t e  c an  be o b t a i n e d  

s i m i l a r l y .

Thermodynamic P r o p e r t i e s  

A l l  t h e  u s e f u l  e q u i l i b r i u m  p r o p e r t i e s  o f  an  e l e c ­

t r o l y t e  s o l u t i o n  can  be p r e d i c t e d  w i t h  t h e  p r e c e d i n g  mol­

e c u l a r  p a r t i t i o n  f u n c t i o n .  The s t a t i s t i c a l  thermodynamic 

r e l a t i o n  f o r  t h e  H e lm h o l tz  f r e e  e n e r g y  i s

A = -RT In q  ̂ ( 3 -5 )

where q-t i s  t h e  t o t a l  m o l e c u l a r  p a r t i t i o n  f u n c t i o n .  As i s  

c u s to m a ry ,  t h e  v e ry  good a p p r o x i m a t i o n  i s  made h e r e  t h a t  

t h e r e  i s  no d i f f e r e n c e  b e tw een  t h e  H e lm h o l tz  and t h e  Gibbs
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f r e e  e n e r g y .  From e q u a t i o n  ( 3 - 5 )  t h e  mean i o n i c  a c t i v i t y  c o ­

e f f i c i e n t  and a l l  t h e r m o c h e m ic a l  p r o p e r t i e s  c a n  u l t i m a t e l y  

be d e r i v e d .

A c t i v i t y  C o e f f i c i e n t s  

The H e lm h o l tz  f r e e  e n e r g y  o f  an e l e c t r o l y t e  can  be 

e x p r e s s e d  i n  te rm s  o f  i t s  c o n c e n t r a t i o n  i n  s o l u t i o n :

A = A° + V R T  I n  0 + %/RT In y.  ( 3 - 6 )

The symbol A° i n  e q u a t i o n  ( 3 - 6 )  i s  t h e  s t a n d a r d  H e lm h o l tz  

f r e e  e n e rg y  o f  t h e  e l e c t r o l y t e ,  R i s  th e  gas  c o n s t a n t ,  and 

1/ = n + 1, t h e  number o f  i o n s  p e r  m o l e c u l e .  By e q u a t i n g  t h e  

r i g h t - h a n d  s i d e s  o f  t h e  l a t t e r  two e q u a t i o n s ,  one o b t a i n s

VRT I n  yt = -A° -  RT ln(q^c"^) ( 3 - 7 )

Upon c o n v e r t i n g  t h e  m o la r  c o n c e n t r a t i o n  C t o  3000/ ^ ttnr3,  and 

i n c o r p o r a t i n g  a l l  c o n c e n t r a t i o n - i n d e p e n d e n t  t e rm s  i n t o  A°, 

t h e  f o l l o w i n g  e x p r e s s i o n  f o r  t h e  m o la r  a c t i v i t y  c o e f f i c i e n t  

r e s u l t s  :

Vlxi y* = - I n  [(3/^UR3)'^q^2] ( 3 - 8 )

The q u a n t i t y  q^g i s  t h e  t o t a l  m o l e c u l a r  p a r t i t i o n  f u n c t i o n  

e x c l u s i v e  o f  c o n c e n t r a t i o n - i n d e p e n d e n t  t e r m s .  E q u a t i o n  (3 -8 )  

c a n  a l s o  be  e x p r e s s e d  f o r  an  u n s y m m e t r i c a l  n - 1  o r  1 -n  e l e c ­

t r o l y t e  as

V l n  y* = - ln [ ( 3 /^ T T R 3 )q J  [^(3//|ixr3) n {3-9)

where  q^g has  been  f a c t o r e d  i n t o  q^ from t h e  c e n t r a l  i o n  o f  

v a l e n c e  ± n ,  and q^ from t h e  u n i v a l e n t  i o n s .  Each  o f  t h e s e  

q ' s  c o r r e s p o n d s  t o  t h e  i n t e g r a l  i n  e q u a t i o n  ( 3 - 1 ) .  E v a l u a t i o n  

o f  I n  y± f o r  any  o f  t h e  u n s y m m e t r i c a l  v a l e n c e  t y p e s  o f  e l e c -
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t r o l y t e s  d i s c u s s e d  c o n s i s t s  s im p l y  I n  a d d in g  t h e  l o g a r i t h m  

o f  one I n t e g r a l  t o  n t im e s  t h e  l o g a r i t h m  of  t h e  o t h e r  I n t e ­

g r a l .  I n  t h e  c a s e  o f  a s y m m e t r i c a l  e l e c t r o l y t e ,  e q u a t i o n  

( 3 - 8 )  I s  j u s t

,32 I n  y+ = - l n [ ( 3 / 4 ^ R 3 ) q ] 2

( 3 / 4 n R 3 ) (  itTTr  ̂ exp(Ze^ /2D kTr)d :  
da

I n (B/^nR^)\ 4n r2  exp(Ze^ /2D kT r)d :  
Ja

o r
^  pR

I n  y+ = - I n
L Ja

C a l c u l a t i o n s  of  In  y+ c a n  be pe r fo rm ed  by e i t h e r  

( l )  r e d u c i n g  t h e  I n t e g r a l s  I n  t h e  p a r t i t i o n  f u n c t i o n s  t o  

t h e  e x p o n e n t i a l  I n t e g r a l  f u n c t i o n  o r  (2)  ex p a n d in g  t h e  e x ­

p o n e n t i a l  I n  t h e  I n t e g r a n d  and I n t e g r a t i n g  d i r e c t l y .  The 

f o r m e r  p r o c e d u r e  I s  c a r r i e d  ou t  by c h a n g in g  t h e  v a r i a b l e  

and I n t e g r a t i n g  by p a r t s .  The r e s u l t  I s  

R 

a

= l n [ 3 X ^ [ l ( X / a )  -  I ( X / R ) ] / R ^ }  (3 -1 0 )

w h ich  I s  - I n  y± f o r  a s y m m e t r i c a l  e l e c t r o l y t e  (X r e p r e s e n t s  

t h e  q u a n t i t y  Z e ^ /2 D k T ) . The f u n c t i o n  l ( x )  I s  d e f i n e d  a s

6 I ( x )  = E l ( x )  -  e ^  (1  + 1 / x  + 2 / x ^ ) / x  (3 -1 1 )

where  E l ( x )  I s  t h e  w i d e l y  t a b u l a t e d  e x p o n e n t i a l  I n t e g r a l :

E l ( x )  = dv

The method o f  e v a l u a t i n g  I n  y+ by e x p a n d in g  t h e  e x p o n e n t i a l  

g i v e s  f o r  t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  (3 -10 )

I n  3 (  [ ( R - k  -  a3 -k R -3 )  x ^ / k i ( 3-k ) l  +
b ir=n J

R - 3 l n ( R / a )  X ^ /B i]  (5 -1 2 )



27

I f  ( 3 - 1 2 )  I s  w r i t t e n  te rm  by t e rm ,  t h e r e  r e s u l t s  f o r  a 

s y m m e t r i c a l  e l e c t r o l y t e

I n  y  = - I n f l  -  + 3X -  a2%) + 3X^ -  a%) + .. ]
2 2 , ,

(3 -1 3 )

w here  ^  = ^TTNC/3000. By e x p a n s i o n  of  t h e  l o g a r i t h m  one ob­

s e r v e s  t h a t  t h e  low c o n c e n t r a t i o n  l i m i t i n g  v a l u e  o f  In  y^
1 /3w i l l  be p r o p o r t i o n a l  t o  C :

In  y+ = - ( 3 / 4 ) ( Z e 2 / D k T ) % l / 3  (3 -1 4 )

T he rm ochem ica l  Q u a n t i t i e s  

E q u a t i o n s  f o r  t h e  e n t h a l p i e s  and h e a t  c a p a c i t i e s  of  

an  e l e c t r o l y t i c  s o l u t e  a r e  o b t a i n e d  by t a k i n g  t e m p e r a t u r e  

d e r i v a t i v e s  o f  t h e  e x p r e s s i o n  f o r  t h e  l o g a r i t h m  of  t h e  mean 

a c t i v i t y  c o e f f i c i e n t .  R i g o r o u s l y ,  s i n c e  t h e  m o la r  c o n c en ­

t r a t i o n  v a r i e s  w i t h  t e m p e r a t u r e .  In  y+ c a n n o t  be d i f f e r e n ­

t i a t e d  p a r t i a l l y  w i t h  r e s p e c t  t o  t e m p e r a t u r e .  T h is  c o m p l i ­

c a t i o n ,  how ever ,  i s  n o t  o f  g r e a t  conseq u en ce  below moder­

a t e l y  h i g h  c o n c e n t r a t i o n s .  A l s o ,  t h e  c o n v e n ie n c e  i n  em­

p l o y i n g  I n  y+ r a t h e r  t h a n  c o n v e r t i n g  t o  t h e  m o l a l  a c t i v i t y  

c o e f f i c i e n t  would h a r d l y  be w o r t h  s a c r i f i c i n g  f o r  somewhat 

more a c c u r a c y  i n  t h e  c a l c u l a t i o n s .  T h i s  would be e s p e c i a l l y  

t r u e  a t  h i g h e r  c o n c e n t r a t i o n s  where  t h e  d e c r e a s i n g  d i s t a n c e  

of  c l o s e s t  a p p r o a c h  o f  t h e  i o n s  and d e c r e a s i n g  d i e l e c t r i c  

c o n s t a n t  have a l a r g e  e f f e c t  on t h e  ag reem en t  o f  t h e o r y  

w i t h  e x p e r i m e n t .  C o n s e q u e n t l y ,  t h e  e x p r e s s i o n  i n  (3 -12)  

w h ich  i s  - I n  y* f o r  a s y m m e t r i c a l  e l e c t r o l y t e  o r  p a r t  of 

a sum o f  two s u c h  e x p r e s s i o n s  l e a d i n g  t o  - i / l n  y^ f o r  an un-
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s y m m e t r i c a l  e l e c t r o l y t e  has b ee n  d i f f e r e n t i a t e d  w i t h  r e s p e c t  

t o  t e m p e r a t u r e  on t h e  a p p r o x i m a t i o n  of  c o n s t a n t  c o n c e n t r a t i o n  

t o  o b t a i n  t h e  th e rm o c h e m ic a l  q u a n t i t i e s .

R e l a t i v e  p a r t i a l  m o la r  e n t h a l p y . T h i s  p r o p e r t y  o f  t h e  

s o l u t e  i s  i t s  p a r t i a l  m o la r  e n t h a l p y  a t  a p a r t i c u l a r  c o n c e n ­

t r a t i o n  r e l a t i v e  t o  t h a t  a t  i n f i n i t e  d i l u t i o n .  I t  i s  d e f i n e d  

by  t h e  r e l a t i o n

Lg = -VRT^(0 1n y t / 0 T ) p  (3 -1 5 )

The symbol R i s  t a k e n  a s  t h e  gas c o n s t a n t ,  and t h e  s u b s c r i p t  

P as  d e n o t i n g  c o n s t a n t  p r e s s u r e .  Now f o r  a s y m m e t r i c a l  e l e c ­

t r o l y t e ,  d i f f e r e n t i a t i o n  o f  (3 -1 2 )  g i v e s

- ( 0 1 n y t / 9 T ) p  = V ^ ) x V k I ( 3 - k )

+ [ R " 3 - 3 R " ^ l n ( R / a ) j  x 3 /3 l j  -  3 ( l / T  + 9 In  D/aT)

-

T  ( R ~ ^ - a 3 - ^ R - 3 ) k x V k I ( 3 - l c )  + 3 R " ^ l n ( R / a ) X ^ / 3 l  
L k = l

( 3 -1 6 )

w here  CL i s  0 I n  V /aT ,  the  e x p a n s i b i l i t y  o f  t h e  s o l v e n t ,  and 

X i s  Ze^/2DkT. Prom e q u a t i o n  (3 -1 5 )  one s e e s  t h a t  m u l t i -
O_________ _

p l y i n g  t h e  r i g h t - h a n d  s i d e  o f  (3 -1 6 )  by l^RT g i v e s  Lg . I t  

s h o u ld  be remembered t h a t  t h i s  r e s u l t  h o l d s  o n l y  f o r  a sym­

m e t r i c a l  e l e c t r o l y t e  where t/= 2 ;  o t h e r w i s e  c o m p r i s e s  

two s u c h  e x p r e s s i o n s .  From e q u a t i o n s  ( 3 - 9 ) ,  ( 3 -1 3 )  and 

(3 - 1 4 )  t h e  l i m i t i n g  l o w - c o n c e n t r a t i o n  b e h a v i o r  o f  can  be 

e x p r e s s e d  f o r  a s y m m e t r i c a l  e l e c t r o l y t e  as  

Lg = -2 R T z[(0 1 n  V/Oln  T ) /3  + a l n  D/a  I n  T + l ]

( 3 / 4 ) ( e 2 / D k T ) % l / 3  (3 -1 7 )
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or  f o r  an u n s y m m e t r i c a l  n -1  o r  1 - n  e l e c t r o l y t e  as

Lg = -RT(Z]_ + nZg) [(3 I n  V /o in  T ) / 3  + 3 I n  D/0 I n  T + l]

( 3 / ^ )  ( e ^ /D k T ) ^ ^ /^  (3-18)

Z^ and Zg a r e  t h e  e l e c t r o s t a t i c ,  e n e r g y  c o e f f i c i e n t s  a r i s i n g  

from th e  n - v a l e n t  i o n  and t h e  u n i v a l e n t  i o n ,  r e s p e c t i v e l y .

R e l a t i v e  a p p a r e n t  m o la r  e n t h a l p y . The i n t e g r a l  quan­

t i t y  c o r r e s p o n d i n g  t o  Lg i s  t h e  e n t h a l p y  o f  t h e  s o l u t i o n  

p e r  mole o f  s o l u t e  a t  a p a r t i c u l a r  c o n c e n t r a t i o n  r e l a t i v e  

t o  t h a t  a t  i n f i n i t e  d i l u t i o n .  On t h e  m o la r  s c a l e ,  <j>\, i s  de­

f i n e d  as
r c  _

= ( l / C )  \  Lg dc ( 3- 19 )
Jo

Of a l l  t h e  t h e r m o c h e m ic a l  q u a n t i t i e s ,  i s  n e a r e s t  b e i n g  

t h e  a c t u a l  c a l o r i m e t r i c a l l y  o b t a i n e d  q u a n t i t y .  ^  l  i s  t h e  

n e g a t i v e  o f . AH^,  t h e  i n t e g r a l  h e a t  o f  d i l u t i o n  t o  i n f i n i t e  

d i l u t i o n ,  w h ic h  i s  c o n s i d e r e d  t o  be p o s i t i v e  i f  t h e  p ro c e ss  

of  d i l u t i o n  i s  e n d o t h e r m i e .  The e x p e r i m e n t a l l y  d e te r m in e d  

q u a n t i t y  i s  t h e  h e a t  o f  d i l u t i o n  from one f i n i t e  c o n c e n ­

t r a t i o n  t o  a n o t h e r .  I n  t h e  l i m i t  o f  low c o n c e n t r a t i o n  the  

r e l a t i v e  a p p a r e n t  m o la r  e n t h a l p y  i s  g i v e n  by e q u a t i o n s  ( 3 - 1 9 ) 

and (3 -17 )  o r  ( 3 - 1 8 ) :

/ l = ( 3 / 4 ) 1 2  (3-20)

R e l a t i v e  p a r t i a l  m o la r  h e a t  c a p a c i t y . The p a r t i a l  

h e a t  c a p a c i t y  o f  t h e  s o l u t e  a t  a n  a r b i t r a r y  c o n c e n t r a t i o n  

r e l a t i v e  t o  i n f i n i t e  d i l u t i o n  i s  d e f i n e d  as

Jg = (9 Lg/^T) p (3-21)
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o r

Jg = 2 l ^ / T  + T ^ [ 0 ( L 2 / T ^ ) / 0 t ] p ( 3 -2 2 )

E x e c u t i o n  o f  t h e  o p e r a t i o n s  d e n o ted  i n  (3 -2 2 )  on t h e  e x ­

p r e s s i o n  f o r  1^ o b t a i n e d  from ( 3 - 16) g i v e s  f o r  a s y m m e t r i c a l  

e l e c t r o l y t e

2  L j / T -  ( L j / T } y z / R  + v R y i {  T Y w / a T )  

r 2  (-KK " * 3  a’" ' R ' h X % ! (3-k) +('R'"-3R-' ln (R /a ))X ’/ 3  l]L KeO

+ 3(l-TYa’MG/aT"))[2('R’'’-a’'“R”)iiX%!(3-K)*3R-’ lr.(R/a)Xy3!] 

+ (T‘«cy3)[^/K’R‘ -'îa’'"R'’)XyK!(3-K)»3(3R-’ ln(R/d)-2RYxy3!] 

-2 T o c 0 + T a ln D /a T )[2 y -K R '''+ 3 â ’^R '’ )K X 7 h ie -« j* 3 ((r ’-3R-’ ln(fVci)X)^!]

+ 3(\*T3\r. D/aT)*- [ Ç  (R V '“R‘’)k*X Vk ! M  ♦ 9 R'' I" (R/a) X’/S f]}

(3-23)

R e l a t i v e  a p p a r e n t  m o la r  h e a t  c a p a c i t y . The h e a t  c a ­

p a c i t y  of  a s o l u t i o n  p e r  mole o f  s o l u t e  r e l a t i v e  t o  i t s  h e a t  

c a p a c i t y  a t  i n f i n i t e  d i l u t i o n  i s  d en o ted  by ç5j. T h i s  quan­

t i t y  i s  found from Jg i n  a way an a lo g o u s  t o  t h a t  by which 

i s  d e t e r m in e d  from %g :

rC
çzSj = ( 1/C )  \ 7 g dC ( 3 - 2 4 )

^o

Computer  Program f o r  C a l c u l a t i o n  of  A c t i v i t y  C o e f f i c i e n t s

E q u a t i o n  (3 -10 )  was u t i l i z e d  i n  a p rogram w r i t t e n  i n  

F o r t r a n  f o r  t h e  I .B .M .  I 4 l 0  c o m p u te r .  A c t i v i t y  c o e f f i c i e n t s
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w ere  c a l c u l a t e d  f o r  d i f f e r e n t  v a l e n c e  t y p e s  o f  e l e c t r o l y t e s  

by em ploy ing  as  i n p u t  d a t a  t h e  i o n  s i z e  p a r a m e t e r  e l e c ­

t r o s t a t i c  e n e r g y  c o e f f i c i e n t  Z, d i e l e c t r i c  c o n s t a n t  D, and 

a b s o l u t e  t e m p e r a t u r e  T.  C a l c u l a t i o n s  w ere  made o v e r  a c o n ­

c e n t r a t i o n  r a n g e  by i t e r a t i n g  t h e  c a l c u l a t i o n s  f o r  0 . 1  u n i t  
1/3i n c r e m e n t s  o f  G . The v a l u e  t a k e n  f o r  D was from t h e  r e ­

c e n t  d a t a  of  Malmberg and M ary o t t  (21) w hich  g i v e  7 8 .3 0 ^  f o r  

t h e  d i e l e c t r i c  c o n s t a n t  o f  w a t e r  a t  2 5 ° .

The m ain  c h o re  of  t h e  p rogram  was th e  e v a l u a t i o n  of  

l ( x )  as  d e f i n e d  i n  e q u a t i o n  (3 -1 1 )  . The e v a l u a t i o n  o f  t h e  

e x p o n e n t i a l  i n t e g r a l  f u n c t i o n  i n  l ( x )  was per form ed by c a l ­

c u l a t i n g  t h e  i n f i n i t e  s e r i e s

E i ( x )  = /  + I n  X + ^  x ^ / n i n  (3 -2 5 )
n = l

where  /  = 0 .5 7 7 2 1 6  i s  E u l e r ' s  c o n s t a n t .  (See A p pend ix . )

C o n d u c t i v i t y

I n  o r d e r  t o  t e s t  t h e  c e l l  model  a g a i n s t  low c o n c e n ­

t r a t i o n  c o n d u c t i v i t y  d a t a ,  one n e e d s  o n ly  t o  i n s e r t  t h e  

a p p r o p r i a t e  v a l u e  o f  h i n t o  O n s a g e r ' s  l i m i t i n g  e q u a t i o n  

w h ich  i s  (2 -1 4 )  f o r  1 -1  e l e c t r o l y t e s  o r  i s  as  f o l l o w s  f o r  

n - 1  o r  1 -n  e l e c t r o l y t e s :

A  = A °  -  [ 7 . 1 5 6  X 1 0 - 8 n [ q / ( l  + q^^^ ) ]A °

+ 2 .7 6 3  X 1 0 "6^ ]  k/3 (3 -2 6 )

E q u a t i o n  (3 -2 6 )  employs t h e  most r e c e n t  and r e l i a b l e  v a l u e s  

f o r  t h e  d i e l e c t r i c  c o n s t a n t  (21)  and v i s c o s i t y  (22) o f  w a t e r
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a t  2 5 ° .  The symbol q d e n o t e s  the  q u o t i e n t

n / y ( n t g  + t ^ )  ( 3 - 2 7 )

where  t g  i s  t h e  l i m i t i n g  t r a n s f e r e n c e  number o f  th e  u n i ­

v a l e n t  i o n s  and t °  i s  t h e  t r a n s f e r e n c e  number o f  t h e  n - v a ­

l e n t  i o n .

F o r  t h e  c e l l  t h e o r y ,  |c can be d e t e r m in e d  from t h e  low 

c o n c e n t r a t i o n  l i m i t i n g  form of  ( 3 - 9 ) .  The c e l l  model e q u a ­

t i o n  f o r  c ( n - 1  o r  1 -n  e l e c t r o l y t e )  i s  t h u s

1C = 3 ( Z i  + ( 3 - 2 8 )

o r  i n  w a t e r  a t  25°

tC = 1 . 0 2 1  X 1 0 ^ ( Z i  + n Z g j C ^ / ^ / ^  ( 3 - 2 9 )

The s u b s c r i p t s  on t h e  Z ' s  i n  (3 -29 )  have  t h e  same m eaning  as

on t h e  t ' s  i n  ( 3 - 2 7 ) .  Prom (3-14)  t h e  l i m i t i n g  e q u a t i o n  f o r  

t i s  s e e n  t o  be i n  t h e  c a s e  o f  a s y m m e t r i c a l  e l e c t r o l y t e

3Z%^/^/4 ( 3 - 3 0 )



CHAPTER IV 

EXPERIMENTAL TESTS OF THE CELL THEORY

A c t i v i t y  C o e f f i c i e n t s  

T h e o r e t i c a l  a c t i v i t y  c o e f f i c i e n t  c u r v e s  f o r  aqueous  

s o l u t i o n s  a t  2 5 °  a r e  shown I n  F i g u r e  6 f o r  1 -1  and I n  F i g ­

u r e  7 f o r  2 - 2  e l e c t r o l y t e s  f o r  v a l u e s  of  t h e  I o n  s i z e  2  

r a n g i n g  f rom 1 t o  5 8 .  S i n c e  ^  I s  t h e  o n l y  a d j u s t a b l e  p a ­

r a m e t e r  employed I n  t h e  t h e o r y ,  i t  must  b e a r  t h e  b u r d e n  o f

p r e d i c t i n g  t h e  I n d i v i d u a l i t i e s  o b s e rv e d  among e l e c t r o l y t e s  

of  a g i v e n  v a l e n c e  t y p e .  T ha t  I t  d o e s  I s  amply v e r i f i e d  

by t h e  exam ples  c i t e d  b e lo w ,  ( i n  many o f  t h e s e  examples  

d e n s i t y  d a t a  from s t a n d a r d  s o u r c e s  h a s  b e e n  u t i l i z e d  t o

c o n v e r t  f rom  an  e x p e r i m e n t a l  m o la l  s c a l e  t o  m o la r  s c a l e

of c o n c e n t r a t i o n . )

I n  F i g u r e  8 t h e  e l e c t r o m o t i v e  f o r c e  d a t a  f o r  p o ­

t a s s i u m  c h l o r i d e ,  sodium c h l o r i d e ,  and h y d r o c h l o r i c  a c id  

r e f e r r e d  t o  p r e v i o u s l y ,  a l o n g  w i t h  h i g h e r  c o n c e n t r a t i o n  

d a t a  o b t a i n e d  f rom c e l l s  w i t h o u t  t r a n s f e r e n c e  ( 2 3 , 2 4 , 2 5 )  

a r e  compared g r a p h i c a l l y  w i t h  t h e o r e t i c a l  p r e d i c t i o n s .

The d e r i v e d  Io n  s i z e  p a r a m e t e r s  a r e  r e a s o n a b l e :  HCl, 5 . 3 0 ;
o

NaCl, 4 . 0 0 ;  and KCl, 3 . 5 0  A. The I n t e r c e p t s  a r e  r e s p e c t i v e l y ,
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-1

3 .0

1.0 2 . 0

0 . 50 1.0 1 .5

P i g .  T -r T h e o r e t lo 8 l  a c t i v i t y  c o e f f l o l e r f t a  o f  aqueous  
2 - 2  e l e c t r o l y t e s  a t  2 5 °  f o r  d i f f e r e n t  v a lu e s  o f  a .



3 .5 0KCl

- . 1 4

112
HaCl

- .1 6

- . 1 3

22

5 .3 0HCl

20

1 .51.00 . 50

P i g ,  8— E x p er im en ta l e le c t r o m o t iv e  fo r c e  data  f o r  
aqueous 1 -1  e l e c t r o l y t e s  a t  2 5 °  compared w ith  c u rv es  c a l ­
c u la te d  f o r  a p p r o p r ia te  v a lu e s  o f  a_. o  » t r a n s f e r e n c e  c e l l .
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0 . 2 1 9 5 6 , - 0 . 13^ 75 , and - 0 .1 6 7 9 8  v o l t s .

I n  f i g u r e  9 ,  t h e  c e l l - w i t h o u t - t r a n s f e r e n c e  d a t a  of  

B ra y  (26) and o f  LaMer and C o w p e r th w a i t e  (27)  on z in c  s u l ­

f a t e  a r e  compared w i t h  s e v e r a l  t h e o r e t i c a l  c u r v e s .  The d a t a  

c a n n o t  be f i t t e d  t o  any o f  t h e  t h e o r e t i c a l  c u r v e s ,  b u t  t h e  

l i m i t i n g  s l o p e  i s  n o t  g r e a t l y  i n  e r r o r .  The d i s c r e p a n c y  i s  

r e a d i l y  e x p l a i n e d ,  f o r  z i n c  s u l f a t e  i s  known t o  h y d r o l y z e  (2 8 ) .  

I n  f a c t ,  i t  i s  u n l i k e l y  t h a t  u s e f u l  d a t a  can  be o b t a i n e d  f o r  

any e l e c t r o l y t e  a l l  of  whose i o n s  a r e  m u l t i p l y  c h a r g e d .  Even 

i f  h y d r o l y s i s  does  n o t  o c c u r ,  i n t e r f e r e n c e  may be e x p e c t e d  

from i o n i c  a s s o c i a t i o n  due t o  t h e  h i g h  i o n i c  c h a r g e s .

F a m i l i e s  o f  c e l l  t h e o r y  c u r v e s  c a l c u l a t e d  f o r  t h e  

a c t i v i t y  c o e f f i c i e n t s  of  2 -1  and 3 -1  e l e c t r o l y t e s  a r e  shown 

i n  F i g u r e s  10 and 11, r e s p e c t i v e l y .  C a l c u l a t e d  a c t i v i t y  c o ­

e f f i c i e n t s  have  b een  compared w i t h  e x p e r i m e n t a l  d a t a  f o r  a 

2 - 1  and 3 -1  e l e c t r o l y t e .  The d a t a  o f  R o b in s o n  (29) and 

S h e d lo v s k y  and Maclnnes  (30)  o b t a i n e d  by i s o p i e s t i c  and 

e l e c t r o m o t i v e  f o r c e  m easu rem en ts  on c a l c i u m  c h l o r i d e  s o l u ­

t i o n s  a t  25 ° a r e  p l o t t e d  i n  F i g u r e  12 .  The t h e o r e t i c a l
o

c u r v e  employs  an i o n  s i z e  o f  5°70 A. I n  F i g u r e  13 t h e  e l e c ­

t r o m o t i v e  f o r c e  and i s o p i e s t i c  d a t a  on lan thanum  c h l o r i d e  of 

S h e d lo v s k y  and Maclnnes  ( 3 1 ) ,  S h e d l o v s k y  ( 3 2 ) ,  and R o b in so n  

( 3 3 ) a r e  p r e s e n t e d  w i t h  t h e  accom pany ing  c e l l  model c u rv e  

w h ich  i s  based '  on an i o n  s i z e  o f  6 .30 A.

In  a l l  t h e  above c a s e s ,  e x c e p t  t h a t  o f  z in c  s u l f a t e ,  

t h e  c e l l  t h e o r y  c o r r e c t l y  p r e d i c t s  t h e  v a l u e  of t h e  a c t i v i t y
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2 .0

+
M

0 .5 1.00 1.5

P i g .  9 — E x p er im en ta l e l e c t r o m o t iv e  f o r c e  data f o r  z in c  
s u l f a t e  compared w ith  cu r v e s  f o r  denoted v a lu e s  o f  <a. 6  ̂
Cow perthw aite and LaMer; o » B ray .
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6 . 0 5 .0

- . 4

- .6

3 .0

2 . 0

1 .00 . 5 1 .50
P i g .  10— T h e o r e t i c a l  a c t i v i t y  c o e f f i c i e n t s  f o r  2 -1  or 1 -2  

e l e c t r o l y t e s  i n  aqueous s o l u t i o n  a t  25® f o r  d i f f e r e n t  v a lu e s  o f  
a .
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-  •

6 , 0 5 .07 .0

— ,

3 .0
- 1,0

0 ,5 1,00 1 .3

P i g .  11— T h e o r e t i c a l  a c t i v i t y  c o e f f i c i e n t s  for 3 -1  or 1 -3  
e l e c t r o l y t e s  In aqueous s o l u t i o n  a t  2 5 °  f o r  d i f f e r e n t  v a lu e s  o f  
a
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5 . 6 0  A

0 .50 1.0

F i g ,  12— A c t i v i t y  c o e f f i c i e n t s  o f  aqueous ca lc iu m  c h l o ­
r id e  a t  2 5 °  w i t h  t h e o r e t i c a l  curve c a l c u la t e d  f o r  th e  denoted  
v a lu e  o f  a_ ®̂ id D ebye-H uckel l i m i t i n g  e q u a t io n ,  ^  , S h ed lo v sk y  
and N aolnnes; o  » R obinson .
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6 .3 0  ALA'

D-H

- . 2
0 0 . 5 1 .0

F i g .  13— A c t i v i t y  c o e f f i c i e n t s  o f  aqueous lanthanum c h lo ­
r i d e  at 2 5 °  w ith  t h e o r e t i c a l  cu rv e  c a l c u la t e d  f o r  denoted  v a lu e  
o f  a and D ebye-H uckel l i m i t i n g  e q u a t io n .  6  , S h ed lovsk y  and 
MaoTnnes; o ,  R ob inson .



43

c o e f f i c i e n t s  up t o  m o d e r a t e l y  h i g h  c o n c e n t r a t i o n s .  F u r t h e r ­

m ore ,  i t  d e s c r i b e s  q u a l i t a t i v e l y  t h e  c o r r e c t  shape  and mag­

n i t u d e  o f  t h e  a c t i v i t y  c o e f f i c i e n t  c u r v e s  t o  much h i g h e r  c o n ­

c e n t r a t i o n s  .

Thermochemlca1 Q u a n t i t i e s

Only low c o n c e n t r a t i o n  l i m i t i n g  c a s e s  o f  th e r m o c h e m ic a l  

p r o p e r t i e s  a r e  p r e s e n t l y  i n t e r p r e t a b l e  on t h e  b a s i s  of  t h e  c e l l  

t h e o r y .  P r e l i m i n a r y  c a l c u l a t i o n s  w i t h  t h e  c o m p le te  e q u a t i o n s  

g i v e n  i n  C h a p t e r  I I I  show t h e  r i g h t  o r d e r  of m a g n i tu d e  f o r  

t h e  v a r i o u s  p r o p e r t i e s  and i n  many c a s e s  p r e d i c t  t h e  c o r r e c t  

s h a p e s  o f  t h e  c u r v e s .  But b e c a u s e  of  t h e  h i g h l y  i n d i v i d u a l  

t h e r m o c h e m ic a l  c h a r a c t e r i s t i c s  d i s p l a y e d  e v en  among e l e c t r o ­

l y t e s  o f  t h e  same v a l e n c e  t y p e ,  t h e  good g e n e r a l  ag ree m e n t  

o f  t h e o r y  w i t h  e x p e r i m e n t  o b t a i n e d  f o r  a c t i v i t y  c o e f f i c i e n t s  

i s  n o t  o b s e rv e d  f o r  t h e s e  p r o p e r t i e s .  T h i s  l a c k  o f  c o r r e ­

sp o n d en ce  i s  d i r e c t l y  t r a c e a b l e  t o  t h e  i o n  s i z e  p a r a m e t e r  a_.

An a s s u m p t i o n  i n v o l v e d  i n  t h e  t h e r m o c h e m ic a l  e q u a t i o n s  of  

C h a p t e r  I I I  i s  t h e  c o n s t a n c y  o f  ^  w i t h  c o n c e n t r a t i o n  and te m ­

p e r a t u r e .  I f  e i t h e r  o r  b o t h  o f  t h e s e  a s s u m p t i o n s  f a i l  t o  

h o l d ,  how ever ,  t h e  th e rm o c h e m ic a l  b e h a v i o r  of  t h e  e l e c t r o l y t e  

may be p r o f o u n d l y  a f f e c t e d .  T h is  may be t h e  c a s e  even  th o u g h  

t h e  t e m p e r a t u r e  dep en d en ce  o f  ^  h a s  no e f f e c t  on t h e  a c t i v i t y  

c o e f f i c i e n t  a t  a g i v e n  t e m p e r a t u r e ,  and t h e  c o n c e n t r a t i o n  

d e p e n d en c e  an o b s e r v a b l e  e f f e c t  o n l y  a t  r a t h e r  h i g h  c o n c e n ­

t r a t i o n s  .

The f o l l o w i n g  co m p ar i so n s  o f  h e a t - o f - d i l u t i o n  d a t a
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w i t h  t h e  l i m i t i n g  c e l l  t h e o r y  e q u a t i o n s  t y p i f y  t h e  r e s u l t s  

o b t a i n e d  f o r  th e rm o c h e m ic a l  q u a n t i t i e s  i n  g e n e r a l .  The eq u a ­

t i o n s  employ f o r  t h e  d i e l e c t r i c  c o n s t a n t  o f  w a t e r  t h e  v a lu e  

of  Maltnberg and M a ry o t t  (21) and t h e  d e n s i t y  d a t a  o f  Chap- 

p u i s  a s  f o r m u l a t e d  by T i l t o n  and T a y l o r  ( 3 4 ) .  The l i m i t i n g  

e q u a t i o n  f o r  t h e  r e l a t i v e  p a r t i a l  m o la r  h e a t  c o n t e n t  f o r  a 

w a t e r  s o l u t i o n  o f  a 1 -1  e l e c t r o l y t e  a t  2 5 ° i s  s e e n  f rom e q u a ­

t i o n  (3 -1 7 )  t o  be

Lg = 2 8 4 . 8 c ^ / 3  0a 1 /m ole  (4 -1)

E q u a t i o n  (3 -2 0 )  t h e n  g i v e s  t h e  l i m i t i n g  r e l a t i o n  f o r

^  = 2 1 3 .6 0 ^ / 3  0a 1 /mole  (4-2)

F i g u r e  3 shows t h a t  ( 4 - 2 )  p r e d i c t s  e x a c t l y  t h e  l i m i t i n g  

s l o p e  f o r  t h e  i n t e g r a l  h e a t  o f  d i l u t i o n  o f  sodium c h l o r i d e  

( 3 5 ) .  Agreement o v e r  s u c h  an  ex te n d ed  c o n c e n t r a t i o n  r a n g e  

i s  p r o b a b l y  f o r t u i t o u s ,  b u t  t h e  c o n c o rd a n c e  i s  n o n e t h e l e s s
II

s t r i k i n g .  The D ebye-H ucke l  l i m i t i n g  e q u a t i o n  i s  a l s o  p l o t t e d .  

I n  t h e  n e ig h b o rh o o d  o f  0 .0 0 1  M i t  p r e d i c t s  t h e  c o r r e c t  s l o p e ,  

b u t  v e e r s  upward beyond t h i s  p o i n t .  The i n t e r c e p t  f o r  t h e  

s q u a r e  r o o t  c u rv e  comes from Earned and Owen ( 3 6 ) .  Equa­

t i o n  (3 -2 0 )  p r e d i c t s  a s lo p e  f o r  o f  7 4 7 , f o r  2 -1  

e l e c t r o l y t e s  and 15520^'^^ f o r  3 - 1  e l e c t r o l y t e s .  D ata  f o r  

c a l c iu m  c h l o r i d e  (37) and lan thanum  n i t r a t e  ( 3 8 ) a r e  p l o t t e d  

a lo n g  w i t h  t h e  l i m i t i n g  c e l l  model s l o p e s  i n  F i g u r e  14.  The 

D-H l i m i t i n g  c u rv e s  a r e  a l s o  shown— t h e  i n t e r c e p t  f o r  c a l ­

cium c h l o r i d e  b e i n g  t a k e n  from Earned and Owen ( 3 9 ) ;  and f o r  

lan thanum  n i t r a t e  from t h e  p l o t  of o f  Lange and M ie d e re r
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F i g .  l 4 — Heat o f  d i l u t i o n  o f  aqueous ca lc iu m  

c h lo r id e  ( C  «  0 ,0 0 0 1 0 5 9 )  and lanthanum n i t r a t e  (C ' 
= 0 .0 3 8 4 )  a t  25® w ith  t h e o r e t i c a l  l i m i t i n g  s l o p e s .
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(38)  . The c e l l  model  t h e o r e t i c a l  l i m i t i n g  s l o p e s  of  a r e  

n o t  i n c o n s i s t e n t  w i t h  t h e  l o w e s t  c o n c e n t r a t i o n  e x p e r i m e n t a l  

s l o p e s  f o r  c a l c i u m  c h l o r i d e  and l an th an u m  n i t r a t e ,  b u t  t h e  

d a t a  do n o t  r e a c h  low e n o u g h  c o n c e n t r a t i o n s  f o r  unambiguous 

v e r i f i c a t i o n .

C o n d u c t i v i t y

The e q u a t i o n s  f o r  c o n d u c t i v i t y  b ased  on O n s a g e r ' s  

l i m i t i n g  e x p r e s s i o n ,  a s su m in g  C t o  be d e p e n d e n t  on t h e  

p a r t i c u l a r  model ,  a r e  p l o t t e d  f o r  h y d r o c h l o r i c  a c id  a t  2 5 ° 

i n  F i g u r e  4 ,  I n c l u d e d  a r e  t h e  c e l l  m odel ,  l a t t i c e  model ,
t l

and D ebye-H ucke l  s l o p e s .  P l o t s  o f  p o t a s s i u m  and sodium 

c h l o r i d e  c o n d u c t i v i t y  d a t a  compare s i m i l a r l y  w i t h  th e  t h e ­

o r e t i c a l  s l o p e s .

D ata  f o r  t h e  e q u i v a l e n t  c o n d u c t a n c e  of  c a lc iu m  

c h l o r i d e  (40)  and l an th an u m  c h l o r i d e  ( 4 l )  a r e  compared w i t h
I I

t h e  l i m i t i n g  D ebye-H ucke l  and c e l l  model  e q u a t i o n s  i n  F i g ­

u r e  1 5 . The l i m i t i n g  c e l l  model  s l o p e  i s  i n  a lm o s t  p e r f e c t  

a g reem en t  w i t h  e x p e r i m e n t  f o r  c a l c iu m  c h l o r i d e ,  b u t  t h e  t h e ­

o r e t i c a l  s l o p e  i s  s e v e r a l  p e r  c e n t  h i g h e r  t h a n  t h e  e x p e r i ­

m e n t a l  i n  t h e  c a s e  o f  l a n th a n u m  c h l o r i d e .

Com par ison  o f  R e s u l t s  o f  L a t t i c e  Model and C e l l  Model

The l i m i t i n g  s l o p e s  o f  lo g  y+ c u r v e s  a r e  ab o u t  10^ 

more n e g a t i v e  f o r  t h e  c e l l  model  t h a n  f o r  t h e  l a t t i c e  model ,  

c o r r e s p o n d i n g  t o  a 10^ more n e g a t i v e  e l e c t r o s t a t i c  e n e r g y .  

The c o n c e n t r a t i o n  d ep e n d en c e  o f  t h e  l a t t i c e  model s l o p e  i s  

t h e  same as  t h a t  o f  t h e  l i m i t i n g  c e l l  model  s l o p e ,  b u t  i n
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F l g .  15— E q u iv a le n t  c o n d u cta n c e  o f  aqueous ca lc iu m  c h l o r i d e  and, lanthanum  

c h l o r i d e  a t  2 5 °  w ith  t h e o r e t i c a l  l i m i t i n g  s l o p e s .
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t h e  c e l l  model t h e  d ep e n d en c e  i s  more c o m p l i c a t e d  a t  ob­

s e r v e d  low c o n c e n t r a t i o n  owing t o  t h e  i m p o r t a n c e  o f  h i g h e r  

o r d e r  t e r m s .  The s i g n i f i c a n c e  of  t h e  l a t t e r  te rm s  and of  

t h e  i o n  s i z e  p a r a m e t e r  i n  t h e  c e l l  model  b r i n g s  s l o p e s  a t  

low c o n c e n t r a t i o n  i n t o  even c l o s e r  c o r r e s p o n d e n c e  w i t h  

t h o s e  a c t u a l l y  o b se rv e d  t h a n  t h e  l a t t i c e  m ode l .

The a p p r o x i m a t e l y  10% d i f f e r e n c e  b e tw een  t h e  l i m i t i n g  

c e l l  model  s lo p e  and l a t t i c e  model  s l o p e  a l s o  a p p e a r s  i n  com­

p a r i n g  p r e d i c t e d  h e a t s  of  d i l u t i o n  and c o n d u c t i v i t y .



CHAPTER V

EXTENSION OF CELL THEORY TO HIGHER CONCENTRATIONS

The p ro b lem  o f  i n t e r p r e t i n g  th e  b e h a v i o r  o f  c o n c e n ­

t r a t e d  s o l u t i o n s  i s  one t h a t  f a c e s  any t h e o r y  o f  s o l u t i o n s .
II

M o d i f i c a t i o n s  o f  t h e  D ebye-H uckel  t h e o r y ,  a l l  o f  a com­

p l e t e l y  e m p i r i c a l  o r  s e m i e m p i r i c a l  n a t u r e ,  have met w i t h  

v a r y i n g  d e g r e e s  o f  s u c c e s s .  These  a p p r o a c h e s  have  i n  g en ­

e r a l  t r e a t e d  t h e  q u e s t i o n  i n  te rm s  o f  d e c r e a s i n g  d i e l e c t r i c  

c o n s t a n t  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  ( 4 l , 4 2 ) ,  d e c r e a s i n g  

volume o f  " f r e e " s o l v e n t  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  due 

t o  i o n i c  h y d r a t i o n  ( 4 3 , 4 4 ) ,  o r  e x c lu d ed  volume e f f e c t s  on 

t h e  i o n s  ( 4 5 ) .

I n  t h e  c e l l  t h e o r y  e x p l i c i t  c o n s i d e r a t i o n  o f  t h e  

h y d r a t i o n  a s p e c t  i s  u n n e c e s s a r y .  The m o l a r  s c a l e  employed 

t h r o u g h o u t  i s  b a s e d  on t h e  o v e r a l l  s o l u t i o n  volume w hich  i s  

i n d e p e n d e n t  o f  w h e t h e r  o r  no t  th e  i o n s  a r e  h y d r a t e d .  Of 

c o u r s e  h y d r a t i o n  c a n n o t  be d i s r e g a r d e d ,  f o r  i t  i s  t h e  e x ­

t e n t  of  h y d r a t i o n  t h a t  d e t e r m in e s  t h e  d i s t a n c e  o f  c l o s e s t  

a p p r o a c h  o f  t h e  i o n s .  F u r th e r m o r e ,  t h e  e f f e c t  o f  c h a n g in g  

d i e l e c t r i c  c o n s t a n t  i s  a lways p r e s e n t  no m a t t e r  what  t h e

c o n c e n t r a t i o n  s c a l e  may b e .  The e f f e c t  o f  a s m a l l e r  d i -  

'
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e l e c t r i c  c o n s t a n t  on t h e  i o n i c  a c t i v i t y  c o e f f i c i e n t  i s  t o  

d e c r e a s e  i t s  v a l u e .  Q u a l i t a t i v e l y ,  t h e  same e f f e c t  i s  t o  

be e x p e c te d  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  a s  a r e s u l t  o f  d e ­

c r e a s i n g  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  of  t h e  i o n s .  As th e  

i o n i c  c o n c e n t r a t i o n  i n c r e a s e s ,  t h e  a v e r a g e  d e g r e e  o f  h y d r a ­

t i o n  w i l l  d e c r e a s e  owing t o  c o m p e t i t i o n  f o r  t h e  w a t e r  o f  hy ­

d r a t i o n  by a l a r g e r  number o f  i o n s ,  and t h e  a p p a r e n t  v a l u e  of 

2  w i l l  d e c r e a s e ,

I t  would o b v i o u s l y  be an a d v a n ta g e  t o  i n c o r p o r a t e  

t h e  d i e l e c t r i c  c o n s t a n t  and i o n  s i z e  e f f e c t s  r a t h e r  t h a n  

t r e a t i n g  e a c h  s e p a r a t e l y .  S in c e  t h e  io n  s i z e  p a r a m e t e r  a_ 

must be a d j u s t a b l e  i n  o r d e r  t o  f i t  e x p e r i m e n t a l  d a t a ,  t h e  

a d v a n t a g e  o f  i n c o r p o r a t i o n  would be enhanced  by l e t t i n g  th e  

v a lu e  o f  a_ r e f l e c t  b o t h  e f f e c t s .  T h a t  t h i s  i s  a r e a s o n a b l e  

a p p r o a c h  i s  p o i n t e d  o u t  by R o b in so n  and S t o k e s  ( 4 6 ) .  I t  has  

b e e n  shown t h a t  n e a r l y  a l l  o f  t h e  l o w e r i n g  o f  t h e  obse rved  

b u l k  d i e l e c t r i c  c o n s t a n t  o c c u r s  i n  t h e  f i r s t  l a y e r  o f  w a t e r  

m o l e c u l e s  s u r r o u n d i n g  an i o n .  I f  t h i s  p r im a r y  h y d r a t i o n  

s h e a t h  i s  c o n s i d e r e d  t o  be p a r t  o f  t h e  s o l u t e  p a r t i c l e ,  t h e n  

t h e  b u l k  d i e l e c t r i c  c o n s t a n t  of  t h e  s o l v e n t  may be a p p r o p r i ­

a t e l y  used  .

I t  has  b e e n  found t h a t  p l o t s  o f  t h e  a p p a r e n t  v a l u e s  

o f  £  r e q u i r e d  t o  a c h i e v e  co m p le te  a g re em en t  w i t h  e x p e r i m e n t a l  

a c t i v i t y  c o e f f i c i e n t  d a t a  a r e  l i n e a r  i n  t h e  i n v e r s e  cube 

f o o t  o f  c o n c e n t r a t i o n  o v e r  a wide r a n g e .  S u ch  a p l o t  i s  shown
i*

f o r  p o t a s s i u m  c h l o r i d e  e l e c t r o m o t i v e  f o r c e  d a t a  (23)  i n  F i g -
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F i g .  1 6 --A p p a ren t  v a lu e  o f  io n  s i z e  p aram eter  ^  r e q u ir e d  t o  e x a c t l y  
rep ro d u ce  a c t i v i t y  c o e f f i c i e n t s .
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u r e  1 6 . , One way o f  i n t e r p r e t i n g  t h i s  r e l a t i o n  i s  by means 

o f  an  exc lu d ed  volume a p p r o a c h .  R e f e r r i n g  b a c k  t o  C h a p te r  

I I I ,  i t  i s  s e e n  t h a t  t h e  f i r s t  e q u a t i o n  f o r  t h e  i o n i c  p a r ­

t i t i o n  f u n c t i o n  p r i o r  t o  ( 3 - 1) c o n t a i n s  a f r e e  volume f a c t o r .  

The f r e e  volume was a t  t h a t  p o i n t  s e t  e q u a l  t o  t h e  t o t a l  c e l l  

Volume minus t h e  s p h e r i c a l  volume d e s c r i b e d  by t h e  mean d i s ­

t a n c e  o f  c l o s e s t  a p p r o a c h ,  o r  ATT(R3-a^)/3. A b e t t e r  p r o ­

c e d u r e  c o n s i s t s  i n  u t i l i z i n g  t h e  e f f e c t i v e  ex c lu d e d  volume 

e n c o u n t e r e d  by a p a i r  o f  c o l l i d i n g  b o d i e s .  A t r e a t m e n t  a -  

l o n g  t h e s e  l i n e s  l e a d s  t o  a r e l a t i o n  f o r  t h e  e f f e c t i v e  e x ­

c l u s i o n  volume f o r  p o t a s s i u m  c h l o r i d e  whose s l o p e  i s  c l o s e  

t o  t h a t  obse rved  i n  F i g u r e  1 6 .*

*The a u t h o r  i s  i n d e b t e d  t o  D r .  G.W. Murphy f o r  t h i s  i n f o r ­
m a t i o n .



CHAPTER VI 

SUMMARY AMD CONCLUSIONS

An a n a l y s i s  o f  t h e  e x t r a p o l a t i o n  p rob lem  w i t h  low- 

c o n c e n t r a t i o n  d a t a  o f  t h r e e  t y p i c a l  s t r o n g  1 -1  e l e c t r o l y t e s  

l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :  ( l )  I n t e r c e p t s ,  s u c h  as

E° i n  t h e  a n a l y s i s  o f  e l e c t r o m o t i v e  f o r c e  d a t a ,  and a c t i v i t y  

c o e f f i c i e n t s  d e r i v e d  t h e r e f r o m ,  a r e  n o t  un iq u e  b u t  depend 

upon t h e  model  c h o s e n  t o  r e p r e s e n t  thermodynamic  n o n - i d e a l ­

i t y ;  (2 )  a t  low c o n c e n t r a t i o n ,  t h e  cube r o o t  o f  c o n c e n t r a ­

t i o n  y i e l d s  a b e t t e r  f i t  o f  e q u i l i b r i u m  d a t a  t h a n  d o es  t h e  

s q u a r e  r o o t ,  and i s  n o t  i n c o n s i s t e n t  w i t h  c o n d u c t i v i t y  d a t a ;  

(3)  s l o p e s  of  s u c h  p l o t s  a r e  i n  good a g reem en t  w i t h  t h e  p r e ­

d i c t i o n s  o f  an expanded r o c k - s a l t  l a t t i c e  m o d e l .

The f a c t  t h a t  an  a r r a n g e m e n t  o f  i o n s  a s  w e l l - o r d e r e d  

a s  t h a t  i n  a r i g i d  l a t t i c e  c a n n o t  p o s s i b l y  e x i s t  i n  a f l u i d  

s o l u t i o n  g i v e s  r i s e  t o  t h e  c e l l  a p p r o a c h .  The c e l l  model  

s e r v e s  a s  a b r i d g e  b e tw e e n  t h e  r i g i d  l a t t i c e  and c o n v e n ­

t i o n a l  i n t e r i o n i c  a t t r a c t i o n  t h e o r y .
11

At v a n i s h i n g l y  s m a l l  c o n c e n t r a t i o n s  t h e  D ebye-H ucke l  

t h e o r y  p r e d i c t s  s q u a r e - r o o t  dependence  o f  p r o p e r t i e s ;  t h e  

c e l l  t h e o r y  c u b e - r o o t .  But  w i t h  t h e  p o s s i b l e  e x c e p t i o n  of

53
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c o n d u c t i v i t y  and h e a t  o f  d i l u t i o n ,  i t  i s  d o u b t f u l  t h a t  d a t a  

on s i n g l e  e l e c t r o l y t e s  a r e  a v a i l a b l e  w h ich  w i l l  p e r m i t  a d i ­

r e c t  t e s t  o f  l i m i t i n g  e q u a t i o n s .  A v a i l a b l e  l o w - c o n c e n t r a ­

t i o n  d a t a  a r e  c o n s i s t e n t  w i t h  b o t h  t h e o r i e s .  Io n  s i z e  e f f e c t s  

and h i g h e r - o r d e r  terms a r e  i m p o r t a n t  i n  t h i s  c o n c e n t r a t i o n  

r e g i o n .

E x t r a p o l a t i o n s  based  on t h e  two t h e o r i e s  w i l l  y i e l d  

two m u t u a l l y  e x c l u s i v e  s e t s  o f  i n t e r c e p t s .  The c e l l  t h e o r y  

goes  beyond t h i s  i n  i t s  a b i l i t y  t o  i n t e r p r e t  c o n c e n t r a t e d  

s o l u t i o n s .

Of c o u r s e  a s q u a r e - r o o t  and a c u b e - r o o t  l i m i t i n g  

r e l a t i o n  c a n n o t  b o t h  be r i g h t  i n  a f i n i t e  c o n c e n t r a t i o n  

r a n g e .  Only a f u t u r e  e x t e n s i o n  of  r e l i a b l e  e x p e r i m e n t a l  

t e c h n i q u e s  i n t o  t h e  p r e s e n t l y  i n a c c e s s i b l e  r e g i o n  can  s e t t l e  

t h e  i s s u e .  The q u e s t i o n  o f  what  t h e o r y  i s  c o r r e c t  i n  t h i s  

r e g i o n  i s  a c t u a l l y  l e s s  i m p o r t a n t  t h a n  i t  may a p p e a r .  I f  

a model  on w h ic h  a l i m i t i n g  e q u a t i o n  i s  b ased  i s  c o n s i s ­

t e n t  w i t h  d a t a  o b t a in e d  a t  e x p e r i m e n t a l l y  r e a l i z a b l e  c o n ­

c e n t r a t i o n s ,  i t  becomes,  by e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u ­

t i o n ,  an  a r b i t r a r y  r e f e r e n c e  s t a t e  w h ich  may be c o n v e n i e n t  

t o  use  even  i f  i t  i s  i n c o r r e c t  on t h e o r e t i c a l  g rounds  a t  

f i n i t e  c o n c e n t r a t i o n s  below t h o s e  e x p e r i m e n t a l l y  r e a l i z a b l e .  

H y p o t h e t i c a l  r e f e r e n c e  s t a t e s  a r e  common c h o i c e s  i n  t h e r m o ­

dynamic a n a l y s e s .  This  i s  t h e  o n ly  thermodynamic  meaning 

of  t h e  a m b i g u i t y  i n  a c t i v i t y  c o e f f i c i e n t s  r e f e r r e d  t o  e a r ­

l i e r .  I n t e r c e p t s  from ‘e x t r a p o l a t i o n s  depend on t h e  c h o s e n
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r e f e r e n c e  s t a t e ,  and ,  t h e s e  i n  t u r n ,  d e t e r m i n e  a s e t  o f  a c t i v ­

i t y  c o e f f i c i e n t s .

The work t h a t  r e m a in s  t o  i n c r e a s e  t h e  u s e f u l n e s s  o f  

t h e  c e l l  t h e o r y  i s  i n d i c a t e d  i n  C h a p t e r s  IV and V. The f i r s t  

s t e p  i s  t o  p r o v i d e  b e t t e r  ag ree m e n t  of  t h e o r y  w i t h  thermo- 

c h e m i c a l  m e a s u re m e n ts ,  and th e  second  i s  t o  ex te n d  t h e  t h eo ry  

t o  h i g h e r  c o n c e n t r a t i o n s .  H o p e f u l l y ,  b o t h  o f  t h e s e  o b je c ­

t i v e s  may be a c c o m p l i sh e d  t h r o u g h  t h e  f r e e  volume approach  

m e n t io n e d  i n  C h a p t e r  V. A t r e a t m e n t  o f  t h i s  t y p e  appears  t o  

b e  f e a s i b l e ,  and i f  so ,  t h e  c e l l  t h e o r y  can  s t i l l  be u t i l i z e d  

w i t h  o n ly  t h e  s i n g l e  a d j u s t a b l e  p a r a m e t e r  a .
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APPENDIX

FORTRAN PROGRAM FOR COMPUTING ACTIVITY COEFFICIENTS 

ACCORDING TO CELL THEORY

1 READ 35 ,  A, Z, D, T, MAX

40 D'  (A) 41 ,  41, 2

41 STOP 13

2 XI = 2 * 8 .3 5 4 0  E-4/(D*T)

3 A = A*1.0  E-8  

39 X = Xl/A

4 P = 0 . 0

5 DO 33 N = 0 ,  MAX

6 H = 1 .0

7 F = 1 .0

8 EIX = 0 ,5 7 7 2 1 6  + LOGF(X)

9 T = X**H/(F*H)

10 EIX = EIX + T

11 H = H + 1 . 0

12 F = H*F

13 IF (T  -  1 . 0  E-6)  14, 14, 9

14 RECIP = 1 .0 /X

15 TERM = EXPF(X) *( RECIP* ( 1 . 0  + RECIP*(l .O  + 2 .0*R E C IP ) ) )
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16 IF (P) 17,  17,  20

17 S I  = (EIX -  TERM)/6.0

18 PRINT 35,  A, Z, D, T, MAX 

38 PRINT 36

19 GO TO 28

20 S2 = (EIX -  TERM)/6.0

21 DIFF = S I  -  82

22 IF (DIFF) 1, 1, 23

23 B = 3.0*X*X*X*DIFF

24 YLOGE = -LOGF(B)

25 YLOG = 0.43429*YL0GE

26 CLY2K = 0.051386*YL0GE

27 PRINT 37,  CUBRG, C, YLOGE, YLOG, CLY2K

28 P = P + 1 .0

29 CUBRC = 0 . 1 * P

30 C = CUBRC*GUBRC*CUBRG

31 R = 7 .3 4 6  E - 8/CUBRC

32 X = Xl/R

33 CONTINUE

34 GO TO 1

35 FORMAT ( 4 F 1 0 .5 ,  I lO)

36 FORMAT ( 6 H CUBRC, 6 X, 5H C , 4X, 6H YLOGE, 5X, 5 H YLOG,
5X, 6 H CLY2K)

37 FORMAT (IX,  F 4 . 1 ,  4x ,  4F10 .5)

I n p u t  d a t a :  A, i o n  s i z e  p a r a m e t e r  ^  i n  Angstrom u n i t s ;
Z, e l e c t r o s t a t i c  energy,  v a l e n c e  c o e f f i c i e n t ;  D, d i e l e c t r i c  
c o n s t a n t ;  T, a b s o l u t e  t e m p e r a t u r e ;  MAX, maximum number of



6 l

c o n c e n t r a t i o n  p o i n t s  d e s i r e d  i n  c o m p u t a t i o n .

Output  d a t a ;  C, m o la r  c o n c e n t r a t i o n ;  CUBRC, 0 
YLOGE, I n  ,  YLOG, l o g  j* ; CLY2K, 2k lo g  y+ .

1 /3 ,


