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Abstract 
Methods f o r  the calculation o f  act iv i ty  coefficients o f  binary mixed e l e c t r o l y t e s  a r e  
presented. Interrelations between the mixing coefficients are given. Applications o f  
the Gibbs-Duhem equation, cross di f ferent ia l  conditions, and higher order l i m i t i n g  laws 
are shown. Accuracies and the theoretical just i f icat ions o f  the var ious methods are  
compared. 

I .  INTRODUCTION 

It i s  a great honour t o  be i n v i t e d  t o  present t h i s  R.A. Robinson Memorial Lecture 
i n  memory o f  a great teacher who has made tremendous o r i g i n a l  cont r ibut ions t o  i on i c  
so lut ion chemistry. [1-21 As e lec t ro l y te  i s  characterized by i t s  d issoc iat ion i n  a 
solvent i n t o  ions it i s  therefore only natural  t o  consider the propert ies and behaviour 
o f  ions as ind iv iduals .  Even though the exact a c t i v i t i e s  o f  the ind iv idual  ions are 
experimentally unattainable and t h a t  the concentrations o f  a l l  the ind iv idual  ions are 
not l i n e a r l y  independent due t o  the e l e c t r i c a l  n e u t r a l i t y  requirement, R.A. Robinson d i d  
not share the de fea t i s t  view o f  some thermodynamicists t h a t  s ing le i on  a c t i v i t i e s  are 
merely useless mathematical devices, and he was able t o  s p l i t  the mean a c t i v i t y  
c o e f f i c i e n t  i n t o  i t s  separate i on i c  contr ibut ions,  and underscored h i s  b e l i e f  t ha t  
conventional scales o f  ind iv idual  i on i c  a c t i v i t y  consistent w i th  mean a c t i v i t i e s  can, 
l i k e  the pH scale, be enormously usefu l . t4 I  I n  fac t ,  w i th  the use o f  Debye-Huckel 
approximation[5] a t  low concentrations f o r  s ing le ionsas wel l  as thecat ion-cat ion pai rs ,  
he was able t o  der ive the higher order l i m i t i n g  laws (HOLL) i n  agreement w i th  the c lus te r  
expansion der ivat ion o f  Friedman, and probablywasthe f i r s t  t o  incorporate the HOLL i n t o  
thesemi-empirical ca lcu lat ion o f  a c t i v i t y  c o e f f i c i e n t s o f  binary mixed e lec t ro l y tes .  [6] 
Furthermore, using the chemical model o f  the association o f  i on i c  speices he was able 
t o  confirm the predic t ion o f  Friedman[lI t h a t  the mixing o f  symmetrical binary 
e lec t ro l y tes  i s  independent o f  the c m o n  ion a t  low concentration. 16] On the other hand, 
the l i nea r  dependence o f  the i on i c  concentrations was handled by Friedmani8] who was able 
t o  avoid the s i n g u l a r i t y  o f  the generalized compressibi l i ty  matr ix and thus compute the 
a c t i v i t y  c o e f f i c i e n t  o f  the mixed e lec t ro l y tes  i n  an i n d i r e c t  way. Besides t h i s  i n d i r e c t  
method which was based on the ab i n i t i o  s t a t i s t i c a l  mechanical computation o f t h e  rad ia l  
co r re la t i on  functions, the ca lcu lat ion o f  a c t i v i t y  coe f f c ie in t s  o f  b inary mixed 
e lect ro ly tescan also be accomplishedby determiningthemixing coe f f i c i en ts  from f i t t i n g  
the experimental a c t i v i t y  coef f ic ients  semi-empirically. I n  f i t t i n g  the experimental 
data one cannot vary the parameters f o r  the two e lec t ro l y tes  independently because the 
Gibbs-Duhemcross d i f f e r e n t i a l  (CD) condi t ion must be sa t i s f i ed .  Therefore, we usual ly 
f i t  the mixing coe f f i c i en ts  o f  one e l e c t r o l y t e  and then compute the mixing coe f f i c i en ts  
o f t h e  other e lect ro ly teaccord ing t o t h e  CDcondition, or  expressthemixing coe f f i c i en ts  
o f  the two e lec t ro l y tes  by the same set o f  parameters which s a t i s f y  the CD condi t ion and 
other condi t ions such as the HOLL. The f i r s t  approach was f i r s t  employed by McKayig- 
111, and l a t e r  generalized by Lim[12,13]. The second approach was adopted by 
S c a t ~ h a r d [ ~ ~ ’ ~ 6 ] ,  Pitzer[17-24] andLim[25-28]. I n  t h i s a r t i c l e  wew i l l  present the McKay 
method i n  s e c t i o n I I .  A c t i v i t y  coef f ic ientsand the re la t i ons  betweenmixing coe f f i c i en ts  
are shown i n  sect ion 111, other empir ical  methods i n  sect ion I V ,  i n d i r e c t  method o f  
Friedman I n  sect ion V, and f i n a l l y  the comparison o f  the various methods i n  sect ion V I .  
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II. McKAY METHOD 

Although the  m o l a r i t y  i n  the  McMillan-Mayer system and the m o l a l i t y  i n  the Lewis- 
Landal l  systemare the  two concentrat ion u n i t s  usua l l y  used by s c i e n t i s t s ,  the e l e c t r i c a l  
concentrat ion of i o n i c  strengths which was proposed by Lewis and Landall [291 i s  a l so  
popular and w i l l  be used i n  t h i s  a r t i c l e .  I n  a b ina ry  mix tu re  cons is t i ng  o f  e l e c t r o l y t e s  
A and B, t h e  i o n i c  s t rength  and t h e  f r a c t i o n a l  i o n i c  s t reng th  due t o  B a re  the re fo re  the  
two independent concentrat ion var iab les .  They may be denoted by I and y respec t ive ly .  
Assuming t h a t  A cons is ts  o f  ions 1 and 3 w i t h  charges z1 and 23 wh i l e  B cons is ts  o f  i o n  
2 and a c m o n  i o n  3 with charges 22 and 23, one may de f i ne  Z A  = (21231/2, 
ZB =(z223(/2 and u ( 1  - Y ) / Z A  + Y/ZB. The s t i och iomat r i c  mean a c t i v i t y  c o e f f i c i e n t  
o f  t he  mix tu re  i s  then 

I n  yk = {[(I - Y)/zA]lnYA + (y/zB)lnyB)/u ( 1 )  

The interconversions between y+ and the  p r a c t i c a l  osmotic c o e f f i c i e n t  4 can be given as - 

The above interconversions are obtained from the  we l l  known Gibbs-Duhem equation[30] 
which i s  der ived from the  f o l l o w i n g  Euler theorem 

where nu and nL are the  number o f  moles o f  solvent w and so lu te  L respec t ive ly ,  wh i le  
f i s  a j - t h  order homogeneous func t ion :  

f(kn,, knA, kng) = kJ f(nw, nB) ( 5 )  

k i s a m u l t i p l e c o n s t a n t .  For any in tens ive  property j = 0 ,  whereas j = 1 f o r  any extensive 
property which i s  represented by f. 

On the  o ther  hand, the  Gibbs- Duhem cross d i f f e r e n t i a l  cond i t i on  made i t  poss ib le  
t o  compute the  mean a c t i v i t y  c o e f f i c i e n t  o f  one e l e c t r o l y t e  from the  mean a c t i v i t y  
c o e f f i c i e n t  o f  another e l e c t r o l y t e .  Since the  i n f i n i t e s i m a l  increment i n  the  Gibbs f r e e  
energyG i s a n  e x a c t d i f f e r e n t i a l ,  t h e  i n t e g r a b i l i t y  o f G  r e s u l t s i n  thec ross  d i f f e r e n t i a l  
cond i t ion  andhencetheMcKaymethod. Thegeneral ized McKaymethodmay beshownas fo l lows.  
The mean a c t i v i t y  c o e f f i c i e n t s  o f  t he  two e l e c t r o l y t e s  can be w r i t t e n  as 

where IA = (I - y ) I  e tc .  Assuming t h a t  y ~ ( I , y )  can be determined exper imental ly so t h a t  
mix ing  c o e f f i c i e n t s  a A n  are known a t  var ious i o n i c  s t ren  ths ,  then t h e  parameters aBn 
can be determined from the  cross d i f f e r e n t i a l  Condi t ion 9 2 9 1 2 , 3 0 1  

Subs t i t u te  eqs(6) i n t o  ( 7 )  and in teg ra te  from I y  t o  I we ob ta in  t h e  e q u a l i t y  between t h e  
r i g h t  hand sides o f  (8a) and (8b): 

M 

n= 1 
f ( I , y )  = vA*vA- C I~ ( I  - y)n aBn(I) Ma) 
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A t  a f i xed  I with va r iab le  y we can compute a se t  o f  values o f  f ( I , y )  from eq(8b1, from 
which we can opt imize aBn a t  t h i s  I according t o  eq(8a). For a spec ia l  case where A 
s a t i s f i e s  t h e  Harned namely, a l l  a A n  are n e g l i g i b l e  except aAl, and se t  M 
= 2 f o r  e l e c t r o l y t e  B, then aB1 and ag2 can be obtained from the  p l o t  o f  f ( I , y ) / IAVAtA-  
versus IA. This  p l o t  should produce a s t r a i g h t  l i n e  w i t h  aB2 as i t s  slope and aBl 
as in te rcept12 ] .  The above procedure may be repeated f o r  a l l  the  o ther  i o n i c  strengths.  
I t  i s  obvious t h a t  t he  above method requ i res  the  numerical i n teg ra t i on .  However, we can 
a l so  do i t  i n  an a l t e r n a t i v e  way which requires numerical d i f f e r e n t i a t i ~ n [ l ~ , ~ ~ I .  I n  
t h i s  second method aBn can be obtained from the  exper imental ly f i t t e d  aAn according t o  
a general r e l a t i o n  as requ i red  by the  cross d i f f e r e n t i a l  cond i t ion .  Thust l21 

t h e d e r i v a t i v e s  canbe computedusing ad-point  Lagrangianformula. Successive eva lua t ion  
o f  asn r e s u l t s  i n  an e x p l i c i t  equation f o r  these mixing c o e f f i c i e n t s  which are reported 
elsewhere[1d]. 

Ill. 
COEFFICIENTS 

ACTIVITY COEFFICIENTS AND RELATIONS BETWEEN MIXING 

Besides expressing t h e  mean a c t i v i t y  c o e f f i c i e n t s  i n  terms o f  the  Harned 
c o e f f i c i e n t s  as shown i n  eq(6), i t  was po in ted  ou t  by Fr iedman[31~32]  t h a t  despi te the  
f a c t  t h a t  a c t i v i t y  c o e f f i c i e n t s  have been i n  much more general use than the  excess f r e e  
energy i n  app l i ca t i on  where the  behavior o f  a p a r t i c u l a r  component o f  a s o l u t i o n  i s  o f  
spec ia l  i n t e r e s t ,  t he  use o f  a t o t a l  excess func t ions [31  9 3 3 , 3 4 1  f o r  t he  representa t ion  
o f  t he  p roper t i es  o f  mixed e l e c t r o l y t e  so lu t i ons  o f f e r s  .two advantages over the  use o f  
p a r t i a l  molal  quan t i t i es .  F r i s t ,  t he re  i s  no cross d i f f e r e n t i a l  r e s t r i c t i o n s  on the  
mix ing  c o e f f i c i e n t s  o f t h e  t o t a l  excess funct ions,  second, these mixing c o e f f i c i e n t s  can 
be expressed as combinations o f  t he  mixing c o e f f i c i e n t s  o f  p a r t i a l  molal  q u a n t i t i e s  o f  
d i f f e r e n t  e lec t ro l y tes .  I t  i s  the re fo re  more use fu l  t o  express the  a c t i v i t y  c o e f f i c i e n t s  
o f  a e l e c t r o l y t e  i n  terms o f  t he  mixing c o e f f i c i e n t s  o f  t he  excess f r e e  energy changes 
than the  Harned c o e f f i c i e n t s [ 2 5 ] .  The changes i n  excess Gibbs f r e e  energy o f  mixing a t  
f i x e d  temperature and pressure can be given as[31 v d 5 ]  

H- 1 
~ G ' X  = W,RTI~Y(~ - Y)  _C g j ( I y ) j  (11) 

j - 0  . 

where w w  is t h e  mass o f  so lvent  i n  kg, and Y = 1 - 2y. A c t i v i t y  c o e f f i c i e n t s  can then 
be obtained from[351 

where 

@ ' "1 - +Bo)zg-' - (1 - oA0)zA- ' ] / I  

with +j0 being t h e  osmotic c o e f f i c i e n t  o f  pure e l e c t r o l y t e  J. 

(13 )  
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F r i e d ~ n a n [ ~ l I  has a lso shown t h a t  the Harned mixing c o e f f i c i e n t s  are divergent and 
can be reformulated i n t o  the convergent mixing c o e f f i c i e n t s  o f  An and Bn. I n  terms o f  
these modif ied Harned c o e f f i c i e n t s  a c t i v i t y  c o e f f i c i e n t s  are defined as 

M- 1 
1 WA/YAO = ZAIY C A,(-IYln ( 14 )  

n=O 

(1 4b) 

En(+) = [ I ( Y I ) "  2 (YI)nt1]/2 (16b) 

where 

fkn - - (n t 21-1 i f  n - k i s  even, 

= (n t 11-1 i f  n - k is odd, 

From eq(12) various d i f f e r e n t  i n t e r r e l a t i o n s  between a c t i v i t y  c o e f f i c i e n t s  o f  A 
andB can beobtained. Simi larexpression fo r theosmot i c  c o e f f i c i e n t s  canalso be der ived 
as 

UI(1 - $) = (1 - y ) I ( 1  - ~ A O ) / Z A  t y I ( 1  - +Bo)/ZB+ [ h G e x -  I (b4Gex /b I ) ] / (WWRT)  (19) 

The osmotic funct ion 0 can a lso be expressed i n  terms o f  the Harned coe f f i c i en ts :  

M- 1 
0 = [ I g l  + (Bo - Ao)l/2 = zo (Bn - A,)Infln/z 

M-1 
= n= C 1 [In-' ln lO/(n t l)](aAn/eA - aBn/zB) (20) 

F ina l l y ,  t he  i n t e r r e l a t i o n s  between themixing c o e f f i c i e n t s a r e  obtainableas shown 
below: 

M 
C tmnImnLp1 (21a) -'L m=n ln10 aLn = 

M 

k=n-1 
ln1O aLn = ZL(26LA - 1){8nf@ 4 c (-2)n-21k'nt1(26LA - l)ktl[Enkgk (21b) 

t (26LA - l)cnlk-lg'k-l/(k - n t 1)]> 
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2n-1( m-1) 
n- 1 

k ! ( 2 k  - n t 3)/[(n - l ) ! ( k  - n t l ) ! ]  

2565 

and note t h a t  L = A o r  B i n  the  above 

I f  we express the  change i n  the  

equations. 

excess Gibbs func t ion  o f  t he  so lvent  by 

- I 2 y ( l  - y )  c wn(I)Yn (28) 
M- 1 

n-0 

then from the r e l a t i o n  t h a t  AmGwex = AmGex - I bAmGex/b I, we have 

wn = B ( In t+ lgn ) /b  I (29) 

We have already known t h a t  the  Harned c o e f f i c i e n t s  must s a t i s f y  t h e  cross 
d i f f e r e n t i a l  cond i t i on  f romwh ich the  McKaymethodwasdeveloped, i t  can f u r t h e r  be shown 
t h a t  a necessary cond i t i on  f o r  the  cross d i f f e r e n t i a l  cond i t i on  t o  be s a t i s f i e d  i s  as 
fo l l ows  

aBM/ZB t (-l)M-laAH/ZA constant (30) 

where the  constant was i d e n t i f i e d [ 1 2 ]  t o  be -2M-1(M t l)gM-l/lnlO. The above equation 
i s  equivalent t o  the  consistency ~ o n d i t i o n [ ~ ~ , ~ ~ , ~ ~ ]  

9'M-1 = bgpl-l/a I = o (31 1 

which requires t h a t  gM-1 t o  be a constant independent o f  I. We note t h a t  t he  cross 
d i f f e r e n t i a l  r e s t r i c t i o n  does not a p p l y t o t h e m i x i n g c o e f f i c i e n t s  o f  gn, except t he  l a s t  
one gM-l.  They must a l so  s a t i s f  the  higher order l i m i t i n g  laws (HOLL). The HOLL f o r  
go are known t o  be[6,8,31,32,36r: 

d I n  gO/dIu2 = 6z12A, = ko f o r  symmetrical mixtures (32a 1 
l i m  go = 3(zl - 22I2A2, I n  I f o r  unsymmetrical mixtures (32b) I->o 

whereas f o r  unsymmetrical mixtures the  HOLL f o r  g1 is[8,361 

T i m  g1 = (12n~ , )3 (2~  - z1)3(2, t 22 t z3)i31-i: ( 3 3 )  I->o 

where A, i s  t he  Debye Huckel l i m i t i n g  s lope [24~37 ,38 ] .  However, the  HOLL o f  g1 f o r  
symmetrical mixtures i s  yet  t o  be found. The Kappa graph i n t e g r a l  i 3  has been 
e v a l ~ a t e d [ ~ ~ 1 ~ ~ , ~ ~ ] .  From eq(32) we Immediately reach an important conclusion t h a t  a t  
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very low concentrat ions go and g’, should have the  same s ign  f o r  symmetrical mixtures 
whereas they must be o f  d i f f e r e n t  s igns f o r  unsymmetrical mixtures. Furthermore, the  
mix ing  f o r  s m e t r i c a l  m ix tu res  a r e  indepedent on t h e  c m o n  i o n  a t  low 
concent r a t  i ons r l v  31,321. 

IV. SEMI-EMPIRICAL METHODS 

Besides the  empi r i ca l  methods o f  Harned and McKay, other semi-empir ical methods 
a l l  express the  a c t i v i t y  c o e f f i c i e n t s  o f t h e  two e l e c t r o l y t e s  by a same se t  o f  parameters 
so t h a t  t he  a c t i v i t y  c o e f f i c e i n t s  o f  an e l e c t r o l y t e  can be pred ic ted  once the  parameters 
are determined from the  o ther  e l e c t r o l y t e .  D i f f e r e n t  methods were devised according t o  
t h e i r  d i f f e r e n t  approximations t o  the  gn c o e f f i c i e n t s .  Usual ly t he  degree M o f  the  
a c t i v i t y  c o e f f i c i e n t  equation i s  chosen t o  be two which i s  adequate f o r  msot cases. The 
fo l l ow ings  are some best known methods. 

rh;re - 13 - 
are parameters t o  be optimized. For a second degree equation we can se t  b12 

where B and C’ are I-dependent parameters f o r  pure e l e c t r o l y t e s  and can be predetermined, 
whi le 0 and ? are I-dependent parameters f o r  t he  mixing o f  e l e c t r o l y t e s  and are t o  be 
optimized. According t o  the  consistency cond i t ion ,  which i s  a necessary cond i t i on  f o r  
t hec rqss  d i f f e r e n t i a l  cond i t ion  t o  b e s a t i s f i e d ,  g1 must bea I-independent cons tan t [12 ] ,  
and i n  f a c t  P i t z e r  had suggested t h a t  C’ and Y be taken as I-independent constants so 
t ha t  t h i s  consistency cond i t i on  i s  s a t i s f i e d .  g’, and g’l can be obtained from 
d i f f e r e n t i a t i n g  go and g1 respec t i ve l y  w i t h  respect t o  I. Kn are constants depending 
on1 on the  charge type and f o r  symmetrical mixtures a l l  Kn vanish except K 3  and 
K 6 . f 1 3 y 2 3 , 2 4 1  While Y i s  assuming t o  be a constant, the  general form o f  6 can be w r i t t e n  
e i t h e r  by[23 9 2 4 1  

P and k are adjustable parameters and h and 00 are func t ions  o f  ~ [ ~ ~ t ~ ~ ] :  

h = [l - (1 t 2v)c]/2v2 (371 

c = exp(-2v) (38) 

v = a 1 ~ / 2  (39) 

a i s  chosen t o  be 2 f o r  most cases. Ee i s  t he  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  6 which 
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i s  I-dependent whereas i s  t he  shor t  range con t r i bu t i on  which i s  assumed t o  be a 
constant. 

( i )  For symmetrical mixtures,  we have Ee= 0, 

B0 = l i r n  8 = go(0) exp(A,I)/Kg (40) I - > o  

Also -1 < k < 0. I f  HOLL i s  t o  be s a t i s f i e d  exac t ly ,  then[18] 

k = -9z12A,/(a t 9z12A,) = s (41 1 

but  we should p o i n t  out  t h a t  t he  above k value does no t  correspond t o  the  optimum value. [241 

(ii) For unsymmetrical mixtures,  we usua l l y  take 6 t o  be 0 or 1 although the  t h e o r e t i c a l  
8 i s [ 2 3 1  

p(n)  e t c  have t h e i r  usual meanin s[179181. fl and fp are func t ions  o f  I which s a t i s f i e d  
the  fo l l ow ing  ~ o n d i t i o n s [ ~ ~ , ~ ~ ~ ~ 8 ]  

l i r n  fl = 1 I - > o  l i m  f2  = 0 I - > o  (45) 

Typical  examples o f  t he  P i t z e r  methods are 

P- I 8, 8 ' ,  y~ are independent cosntants 

P-111 8 ( 1  t kh) 
P- 4 0 = 0,h t PI"* 

P - I 1  0 = Ee t se 

P-4f t3 = Bop + pP 

where 

p = (1  - c)/2v , P = [(l - v )  - (1  t v)c1/2v2 (46) 

When the  value o f  k i s  given by eq(41) P - I11  becomes P-6 f o r  symmetrical mixtures. 

(C) Method RWR (Robinson-Wood-Reilly)t61 

go = p exp[6zl'A,In/(1 t ao IVZ) l  + v 1  (47a) 

91 = 0 (47b) 

Th is  i s  probably the  f i r s t  semi-empirical c a l c u l a t i o n  which has incorporated the  HOLL. 
Although the  method i s  f o r  symmetrical mixtures only,  i t  can r e a d i l y  be extended t o  
unsymmetrical mixtures by choosing the  appropr iate go. 

(D) Method H (Higher Order Limiting L ~ w ) I ~ ~ * ~ ~ , ~ ~ ~ " ~  

go = h o ( 1 )  t pI 4. V I "  

g1 = constant (48b) 
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where f o r  symmetrical mixtures[28] 

Whi l a  f o r  unsymmetrical mxi tures[28] 

= 3(z1 - , o(I) = I n  I (49b) 

Th is  method H i s  a ref inement o f  t he  RWR method by i nc lud ing  the  13” f a c t o r  as observed 
by Scatchard and P r e n t i ~ s [ ~ ~ ]  , and by in t roduc ing  the  consistency cond i t i on  o f  eq(48b). 
For unsymemtrical mixtures h can a l so  be taken as a va r iab le  w i thout  v i o l a t i n g  the  HOLL 
because o - >  -00 when I - >  0. 

(F) Method LC (Consistency Test)[271 

90 ( A 0  + Bo)/2 + A11 (51a) 

where I,,, and In are any two t o t a l  i o n i c  s t rength  and Y i  i s  a f r a c t i o n a l  i o n i c  s t rength  
a t  f i x e d  1, whereas Y j  i s  a t  f i x e d  In. A l l  t h e  mix ing  c o e f f i c i e n t s  are t o  be opt imized 
based on eq(5lc) ,  from one i o n i c  s t rength  t o  another. 

91 = (B1 - A1)/3 ( 5 2 ~ )  

9’1 = 0 (52d) 

Bo = P [ X U ( I )  + V I ” ]  - A, , B1 391 t A1 (52e) 

where Lo(1) are t h e  same as i n  eq(49). We a l so  note t h a t  go’ i s  a func t i on  o f  I whi le  
g1 i s  a constant although both A1 and B1 are func t ions  o f  I. 

V. INDIRECT METHOD OF FRIEDMAN 

A l l  t he  above mentioned methods requ i re  the  knowledge o f  t he  experimental data o f  
one o f  t he  e l e c t r o l y t e s ,  t h i s  need not be the  case i n  the  ab i n i t i o m e t h o d  which needs 
o n l y t h e  computa t ionof the  r a d i a l  co r re la t i on func t i ons .  Here w e w i l l  present an i n d i r e c t  
method which was developed by Friedman and h i s  coworker. 18]  I n  t h i s  method we have t o  
compute the  general i zed cmpress i  b i  1 i t y  f unc t i on  [45 8 461 

where 

G i j  = [ g i j ( r )  - 1]4%r2dr (54) 
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and g i j ( r )  i s  t he  r a d i a l  c o r r e l a t i o n  func t ion .  AthoughMij  i s  a s ingu la r  ma t r i x  f o r  i o n i c  
e l e c t r o l y t e s ,  Friedman was able t o  handle t h i s  s i n g u l a r i t y  and compute the  a c t i v i t y  
c o e f f i c i e n t s  o f  a mixed e l e c t r o l y t e  i n  an i n d i r e c t  way. Let us de f i ne  

- 

- 
- 

A t  a f i x e d  I we can compute var ious values o f  b lnyA /b  y a t  d i f f e r e n t  y according 
t o  eq(56c), then these data may be used t o  opt imize An from The f o l l o w i n g  eq: 

M- 1 
dlnyA/a Y = ZAI n=O C [A,(-I)~((v~ - ~ n y ~ ~ - 1 ) 1  ( 5 7 )  

S i m i l a r l y  we can opt imize Bn c o e f f i c i e n t s .  F i n a l l y ,  from these A n  and Bn we can COmpUte 
lnyA and lnyg respec t ive ly  from eqs( l4a) and (14b). Furthermore, gn and g l n  can a l so  
be obtained from eqs(23b) and (23d). 

0.2 

VI.  COMPARISON OF THE VARIOUS METHODS 

Figure 1 shows the  accuracies o f  the  var ious methods f o r  the  o v e r a l l  r e s u l t s  o f  
n ine symemtrical m ix tu res [43 ] .  Whether the  HOLL i s  s a t i s f i e d  o r  not i s  ind ica ted  by Y 
(yes) o r  N (no). The number o f  po in ts  whose absolute d i f fe rences  ) logyA(cal) - logyA(obsr 
have exceeded the  experimental to le rance o f  0.002 as estimated by Bates and Robinson[47 
are shown ins ide  the  parentheses. S imiar ly ,  Figure 2 showsthe accuracies o f t h e  methods 
f o r  t he  o v e r a l l  r e s u l t s  o f  e igh t  unsymemtrical mixtures.  [421 

1 . 6 1  1 I I 1 I I I 1 I I 4 

(0) - - 
1 1 I 1 1 I 1 I 1 1 
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Fig. 2 
Overa l l  r e s u l t s  o f  e igh t  unsymmetrical 
b inary  mixtures HC1 + MC1 M = Ca,Ba, 
Sr,Mn,Ni,Mg,Co, and HBr + SrBr2  
(279  data po in ts )  

2' 
( 0 )  

I I I 1 
LA A LC H P d f  P - I 1  ! 

The accuracies o f  the  var ious methods may be explained by t h e i r  go expressions, 
which can genera l l y  be w r i t t e n  as 

We see t h a t  t he  method S i s  t he  on ly  method i n  which a l l  f i  are constants. But s ince 
it i s  a l so  the  on ly  method w i t h  non zero f3 ,  i t s  r e s u l t s  can be b e t t e r  than the  P i t z e r  
methods. On the  other hand, method H f o r  unsymmetrical mxi tures,  methods L1 and L2 f o r  
symmetrical mixtures,  and method P a l l  have used I-dependent f l  bu t  constant f2. The 
reason t h a t  P - I V  are more accurate than P - I 1  i s  s e l f  obvious espec ia l l y  f o r  symemtrical 
mixtures. The method H i s  more accurate than method P probably because o f  the  I"' f a c t o r  
and the  non zero 91, whereas L1  and P4 have same accuracy because t h e i r  go expressions 
are near ly  the  same. By r i g h t  L2  should be more accurate than L1  as i t  i s  the  case. A l l  
the  other methods LA, LC and HA have employed I-dependent fl and f 2  and the re fo re  produced 
the  best resu l t s .  The method A i s  probably the  best because a l l  i t s  mix ing  c o e f f i c i e n t s  
were optimized a t  d i f f e r e n t  i o n i c  strengths independently, whereas t h e  o ther  two methods 
have t o  make use o f  the  r e s u l t s  a t  other i o n i c  strengths.  

Concerning the  problem o f  the  HOLL requirement, we know t h a t  bol and bop i n  method 
S must be o f  t he  same s ign  f o r  symmetrical mixtures and opposi te s igns f o r  unsymemtrical 
mixtures.  Although the  r e s u l t s  o f  a l l  t he  e i g h t  unsymemtrical mixtures have s a t i s f i e d  
the  HOLL, most o f  the  symmetrical mixtures we have tes ted  do not.  Th is  has cas t  some 
doubt on t h i s  method, because it i s  very d i f f i c u l t  t o  d i c t a t e  the  outcome o f  t he  s igns 
o f  b i j  parameters. As f o r  P i t z e r ' s  methods, P - I 1  does no t  s a t i s f y  HOLL f o r  symmetrical 
mixtures a l t h o u g h i t d o e s  s a t i s f y  HOLL f o r  unsymmetrical mixtures bu t  w i t h  worse accuracy 
as compared t o  other methods. P - I 1 1  does not s a t i s f y  HOLL f o r  unsymmetrical mixtures 
and f o r  most o f  the  symmetrical mixtures.  However, t he  chocie o f  optimum k value w i l l  
s i g n i f i c a n t l y  improve the  accuracies a t  t he  expense o f  HOLL. Both P4 and P4f s a t i s f i e d  
HOLL. For the  o ther  remaining methods they a l l  have s a t i s f i e d  the  HOLL except LA and 
LC where the  t e s t  o f  HOLL i s  not  feas ib le  u n t i l  we can s u b s t a n t i a l l y  improve our 
experlmental techniques. 
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~ ~ ~~ 

0 0 
0 0 
0 0 

P K30 K6v 
P- I1  N 0 z S O  K6'J' 
P-I11 N/Y 0 =  %( 1 + kh)  K6'4' 
P4 Y 0 =  Ooh + pIm K6v 0 0 
P6 Y 8 = S B ( l + s h )  K6'J' 0 0 

APPENDIX 1. SUMMARY OF THE METHOD FOR SYMMETRICAL BINARY 
MIXTURES 

F HOLL fl f2 f3  91 9 ' 0  1 
f ' 1 + f p  

f 2  
f ' 1 + f p  
f ' l + f 2  
f ' l  t f p  

go = f 1  t f21  t f312,  Q = 6z12A,IlR , eo = g,(O)exp(Q)/Kg 
A t  low I, s i g n  (go) = s i g n  (g 'o )  

APPENDIX 2. 
MIXTURES 

SUMMARY OF THE METHODS FOR UNSYMMETRICAL BINARY 

HOLL f I f 2  f 3 91 g'o 

P K , B ~ ~  + K , B ~ ~  + K,B K,CO,,,~+ K ~ c ~ ~ ~  + K,W o K,COMX + K,CQNX + bbw f I ' + f, 
... ... ... P-I N O=const f, 

P-11 Y e=Ee+se ... ... ... f,' + f, 

P-I11 N 8 = S 8 ( l + k h )  ... ... ... f,' + f, 
~ 4 f  Y e = e o p + p  ... ... ... f,' + f, 

S y bo1 bOJ2 bod3 0 f 2 +  2f,I 

H Y X ln I  + v I "  P 0 cons t  f,' + f, 

LA ? (Ao+Bo)/2 A, 0 (B1-A1)/3=0 -2A, 

LC ? (Ao+B,)/2 A, 0 91( I , )=g1(12)=0 -2A, 

HA Y X ln I  + v I "  A,+1.5 g1 0 cons t  -2f, 

(Bo= 2 f  , - Ao) (el= 2 f 2  - A,) 




