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he principle of specific interaction of ions was formulated by

BronsTEDD in 1921 two years before the publication of the
theory of DEBYr and HckerL? in 1923. These two theories were
later combined into a single formulation by GuecenHEIM®. The
mathematical aspect of this formulation has recently been
analysed and criticized by Scatcmarp?. The present article
is inspired by ScarcuHarDp’s analysis. Starting from different
premises I reach conclusions the most important of which con-
firm ScatcHARD'S. It is more difficult to say whether we are in
complete agreement because ScaTcHARD’s article is unfortunately
so condensed that clarity has been sacrificed to brevity. In
particular some of the symbols used by ScarcHarp are inade-
quately defined and I have been unable to interpret them. T shall
return later to a discussion of ScarcHarRD’s analysis.

Consider a solution containing n, moles of the solvent water
and n; moles of the ionic species i. The Gibbs function G can
be expressed in the form

G = nyppl 4-Ziniu? —RT 2, (ni—niln {}i) + Georr L Gel G5 (1)
ny,
where u,, denotes the chemical potential of pure water and uf
is at the given temperature a constant characteristic of the ionic
species { at infinite dilution in water. The terms RT 2Z; are an
approximate form for an ideal dilute solution and G¢rr denotes
terms, unimportant at high dilution, to correct for the previous
terms being only approximate. G¢ denoles the contribution due
to electrostatic interactions between the ions regarded as rigid
charged spheres with a common diameter. The form of G is
given by the theory of Derve and Hocker?, modified if neces-
1*
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sary according to the treatment of GroNwarr®. The term G¢
represents the remaining contribution due to short range inter-
actions. This article is concerned with G% but not with G’ nor
with Gel.

The osmotic coefficient ¢ is defined by

2 ng

Ty,

pw— tw = @ RT

(2)

where py denotes the chemical potential of water in the solution
and g the chemical potential of pure water. The activity coef-
ficient y; of the ionic species { is defined by

niys

1y

wi—ps = RTIn (3)
where u; denotes the chemical potential of the ionic species 7.
It is scarcely necessary to mention that quantities such as py
and y; are physically significant only when combined to relate
to salts or other combinations with zero net charge®). For the
sake of tidiness we have used mole ratios ns/n, instead of the .
more usual molalities m;. If we were to replace ng/ny by nmy in
formula (3) the value .of 4 would be changed by a constant
term, but the value of the activity coefficient y; would be un-
affected.

From comparison of (1) with (2) and (3) it is evident that
when Georr, (¢! and G* vanish, ¢ and all y;’s become unity. It
is further clear that 1 —¢ and In y; can be decomposed linearly
in the same manner as G, namely

1_(p: l;q)el_(pcorr__(ps (4)
Inys = In & + Iny& 4+ In y5. (5)

In formula (4) it is implied that ¢¢! is given by the theory of
Debye and Hiickel and that ¢¢! is comparable with unity, while
"7 and @¢ are much smaller quantities. This article is concerned
only with the terms @¢ and In y;. Incidentally the superscript ¢
corresponds to the superscript " used by ScaTcHARD.

The essential approximation underlying GueGENHEIM'S treat-
ment is that ¢ should have a form analogous to that for a regular
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mixture of non-electrolytes. For such a mixtuare of molecular
species a, §, ... we have the useful and simple approximation

os — 1 Z&Zﬁna ng Iaﬂ

lyg = 1 6
5 Y (lep = Isa) )

where n, denotes the number of moles of the species « and
lop is a constant characteristic of the pair «f. For the solution of
ionic species i, &k, ... in water w we write correspondingly

ménw%—Z’;m nw+2ing 2 1;w+i'iné

s 1 02l g Xinglwy 1 25 Xy ng _Hilzf

(D

We now expand in powers of ni/n, and neglect terms of second
and higher order, obtaining

1 1 25 i)
Gs = — Ny lww_—z‘b g lww +1' (’EI}Z) lww e
2 2 2w
Sini S
b B g gy — R 2R Rl O ®)
Tt
preeZeninle

2 Iy

Differentiating with respect {0 n, and denoting the mole ratio
/ny by r;, we obtain for the corresponding term g, of pw

8

1 1
Py = —5 (Zir)? by + 210 20 vi Lu -3 Xy X rirr lig (9)

and consequently

SRT 1 1 .
q)Zir; = Elww-—zi i lm+§)—7ilk yi Yr lan (10)
where
yi - oo M g that X ye = 1. (11

B Z];; Iy 2};; ng
We can now rewrite (10) in the form

@S RT 1
32 L 12
T 52 % Ui Yx Lz 12
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where Lg is defined by

Lix = lig — lwi — luk + L. (13)
Alternatively we can write

*RT 1 1
L ~ 2 Xy yige Mo + = 2oy Lus (14)
Zirg 2 2

where My is defined by

1 1 1. 1
M = Lik—iLii —ELM‘: = lu —3 li *Ellﬂc (15)

so that

It is important to distinguish sharply Mg occurring in (14)
and satisfying the identity (16) from L occurring in the for-
mally simpler (12) but not satisfying any identity analogous to
(16). This distinction belween Mz and L was overlooked by
GUGGENHEIM, nor is the distinction clearly defined by ScaTcHARD.

Up to this point no distinction has been made between cations
and anions. We now denote cations by R and anions by X.
Formula (14) becomes

SRT L Lyx)
‘PZ = T yryx|Max + 9RR+¢;—?‘) l
i I o g
i I't 1% U+ ’ (17)

1 1
+ 5 2r2r yryr Mrr + 5 Zx Xx yx yx Mxx'

where 2%~ denoles summation over pairs of ions of opposite
sign, and y., y— are defined by

y+ = Xtyr y- = 27yx so that yy+y- 1. (18)

We now introduce BRONSTED’s principle of specific inter-
action: “In a dilute salt solution of constant total concentration
ions will be uniformly influenced by ions of their own sign.”
This implies

_ZWRR’ = Mrr =0 and Mxx — Mxx =0 (19)
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so that (17) reduces to

sSRT L L
PRT _ s i (MBX 4 Lrry Lax), (20)
i1y 2y- 24+

We can rewrite (20) formally as

@SRT
2

= 2+ yRyXNRX (21)

where Ngpx is defined by

L L :
Nax o Mpx + =58 4 75X . (22)

2y 2y

but Ngx is not independent of the composition of the solution.

If all the cations have the same charge and all the anions
have the same charge, so that every electrolyte present consists
of the same number »+ of cations and the same number y_ of
anions, then

V- v_
+ = .. = 93
Y vt v- Y Yyt vo ( )

and Ngpx becomes a constant characteristic of the electrolyte
composed of the ions R and X. When electrolytes of more than
one electrical type are present, Ngpy varies with the relative
proportions of electrolytes of the several types. Nax is then not
a constant. This is the important conclusion reached by Scar-
CHARD, but expressed rather differently.

So much for the osmotic coefficient. We shall now derive
analogous relations for the activity coefficients. By differentiation
of (8) with respect to n; we obtain, using the definitions (11),
(13) and (15),

2y g (lww*‘ Lok — L + ]ik)

1y,

in yf; = = Zk Uk Lik

(24)
1 1
= 2% Uk (M'élc +§ka +§Lm .



8 ' Nr.14

When we introduce the notation R, R’ for cations and X, X’ for
anions formula (24) becomes

\

s 1 1
Inyy = 2x yx' (MRX’ + ;Z—LX* X’ +5IJRR)

1 1
|- ):R/ YR’ (; IJR' R _I— “‘) LRR) (25)

[ 1 1 1
= 2x'yx’ (MRX’ + §LX’ X') +Zryw 5 Lrw + 3 Lrr

where we have used the principle of specific interaction in the
form

Mpar = Mprr =0, (26)

We now consider an electrolyle composed of vz ions R and vx
ions X and we define

YR Yx
OR JE— fx — . 2 7)
! vr+rx ! YR+ vx (

From (26) and the analogous formula for y% we deduce [or the
mean activity coefficient of the electrolyte

; ' 1 1grLar
In YR, x = ZX'!}X’ ( 4R Mgrx' + -‘ZLX/X/ -+ ,‘,), I,R RE
\ “ y_ ]
1 1 (28)
[¢ »
‘1_ ZR JR/({]X 1‘VIRX+ ]JRR —}—;]inX>_
-t v[_

If, but only if, all the electrolyles present are of the same
electrical type so that
Y+ = qr y- = qx (29)
formula (28) reduces lo
Inypx = qedxyx'Nrx' + qx Zryr Nr'x (30)
where each Ngx is independent of the composition and is given
by
L L
Nrx = Mpx + 222 4 252 (31)
2qr 2qx

This conclusion is also in agreement with SCATCHARD's.
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If we want to obtain formulae of comparable simplicity in
mixtures of elecirolytes of several types, we have to supplement
the principle of specific interaction

Mrp' = Mgr = 0 Myxxy =Mxx =0 | (32)
by the additional assumptions
Lrp = Lpy = Lxx = Lx'x = L. (33)
Formula (20) then reduces to
Inypx = qr 2x' yx' Mrx' + qx 2ryr Mp' x + L. (34)
This may be rewritten in the form
Inypx = qr2x yx' Nex'+ qx 2y Nw' x (35)

where Ngy, Np'x defined by

L ‘
Npxy’ = Mrx’ + — (36)
qr _
T ’ L
Nrx = Mr'x + — - (37)
ax

respectively depend on the electrical type of the electrolyte whose
activity coefficient is being considered, but not on the electrical
type of the other electrolytes present. It seems that GUGGENHEIM'S
previous treatment of mixtures of electrolytes of different electri-
cal types involved the tacit assumption expressed by (33). I can
see no convincing physical basis for this assumption except as
an approximation on the grounds that Lrr and Lxx are ‘likely
to be much less specific than Mrx. k

I now return to an examination of Scarcmarp’s analysis.
ScaTcHARD begins his discussion with his formula (10)

B:

2iciby 12ijcicib’i5
F o
c 2 c

(S 10)

where ¢; denotes the equivalent concentration of species { and
¢ the total equivalent concentration. I am not at all clear why
this formula contains equivalent concentrations rather than ionic
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concentrations; nor am I sure whether Scarcuarp attaches im-
portance to the distinction. The situation is complicated by his
quoting as the relation between equivalent concentrations ¢; and
molalities m;

e = Zi Ci¥g = Z’imi

Since neither » nor »; is defined, 1 cannot say with certainty that
this formula is wrong, but it does look strange. However, I shall
assume that these matters are trivial and return to the discussion
of formula (510). ScarcHARD attaches special importance to the
presence of the terms in b; and states that “GueGENHEIM avoids
the thermodynamic error by the wusually improbable assumption
that every b; is zero”. Now we can always define quantities
by by

, 1 1
hij = by —I—Ebz —{-:2‘— b;

and then, since Xy c; = 2¢ rewrite (S10) as

r

2 ¢

The question whether the b; are zero or nol is consequently
meaningless until the by have been unambiguously defined and
Scarcuarp has omitted to do this. Presumably ScaTcuarD’s by
correspond closely to my My and not to my L. To sum up,
ScaTcHARD’s premises are ambiguous but my premises lead to
conclusions in considerable, if not complete, agreement with his.
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