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Equations were derived, in a general form, for practical emf cells with the
experimental conditions [A"]=C M, constant, [Y “]=C M, constant, and 7 (the
ionic strength)= C M, constant, containing three strong electrolytes, for calcula-

tion of the total cell emf:

Ey= Eqy+(g/zy) log ¢; fyrs2 + Ep + Eps mV

Here, (A", Y ) is the ionic medium (constant ionic medium method), B“®" is the
metal ion, Ep is the ideal diffusion potential (Henderson equation) Ep is the
contribution of the activity coefficients to the diffusion potential, E; is the total cell
emf for measuring electrodes reversible to the ions J. fis, denotes the activity
coefficients in the terminal solution TS2. The concentration of a chosen ion of the
ionic medium, C, should be in the range 0.5< C<3 mol dm~3. The charge of the
metal ion B*®* is restricted to <3. The cells considered, have electrodes reversible
either to B*®* or H* ions, cells B and H, respectively. The theory is tested on emf
cells containing the mixtures of Cd(ClO,),+HCIO,+NaClO, at the three experi-
mental conditions defined above. The total potential anomalies in the cells are

AE;=(g/zy) 10g fyrs2 + Ep + Eps

Measured slope functions of the type Ej=E;—(g/z,) log ¢, versus ¢y or cg were
compared with the calculated ones. The agreement was good: <1.6 mV/M [Cd?*]
or [H*]. The determination of the constants of the Nernst equations, E,,

is discussed.

The series entitled ‘The Liquid Junction Potential in
Potentiometric Titrations’ concerns the calculation of
potentials across liquid junctions in emf cells most fre-
quently used in potentiometric titrations under different
experimental conditions. The present paper is a summary
of the revised parts 1-5 of Ref. 1.

The ionic medium present in the cells studied can be used
in three ways: (i) [A*]=CM, is kept constant, (ii) [Y ]=
CM, is kept constant, or (iii) /= C M, is kept constant.

The cells studied, can be described as follows.

— RE |Solution 3| | Bridge soln. | | Test soln.|Electrodes +

TS1 TS2 reversible
AY CM to H' and
x=0 x=1 [B*®~ jons
Ej1,5 Ej1.5 Cell H
Cell B
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Here, Ej, 3 and Ej; , are the liquid junction terms. The
term E; 3, is constant and is included in the value of the
constants Egy and Eop of the cells. Ej; ,, is split into

Ej1,= Ep + Eps (1)

RE denotes the reference electrode, which is Ag(s),
AgCl(s). The total emf of these cells is

Ey= Eoy +(g/zy) log ¢ firss + Ep + Ep¢ (2)

For most chemists, the expression ‘liquid junction
potential’ denotes all potential anomalies appearing in
an emf cell with liquid junction, denoted AE;. We define
AE) as

AEy =g log furs: + Ep + Eps,
AEp =(g/zg) log farss + Ep + Ep,

Neglect of AE; could result in erroneous interpretation

for cell H 3)
for cell B 4)
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of emf data as far as the minor species and the formation
of weak complexes are concerned.

Use of least-squares optimization programs is custom-
ary® in the treatment of emf data. In this procedure,
species are suggested until the theoretical and experi-
mental titration data agree within, say, 0.0l mV.
Systematic errors in the data may show up, for instance,
as the formation of polynuclear species. Hence, the need
arises to reduce the magnitude of the experimental uncer-
tainties to the level of 0.01 mV. Therefore, it is very
important to take into account the total potential anom-
alies, which depend on all ion concentrations present in
the test solution and the salt bridge used in emf cells.

It should be emphasized that it is not possible to give
one explicit function which describes the AE, in every
kind of emf cell. The complexity of the problem is
increased by the fact that for the calculation of AE; the
ionic molar conductivities in the transition layer of the
junction are needed. As it will be shown, these are
constant only under given experimental conditions.

The goal of the current series is to show how to solve
the problems of emf titrations connected to the presence
of liquid junctions.

Definitions and symbols
All concentrations are expressed in mol dm 3.

Latin symbols

a a part of the potential functions Ej and
E;, defined by eqn. (19)

A, theoretical Debye—Hiickel coefficient® equal
to 0.5115 mol~*? dm*? for water at 25°C

C concentration of a chosen ion of the ionic

medium, which is kept constant during the
potentiometric titration

ANT
DU =1 5
D 1+ 1.5VI ©)
D(I*) function D([) in the transition layer
E, ideal diffusion potential®
TS2 t*
ED=—gJ Y ~dlogct (6)
TSt 1 4)
Ey; activity coefficient contribution to Ep
TS2 t;k
Epc=—g 2. —dlogf, (7)
TS1 J “J
E; liquid junction potential®®
TS2 {.’lk
Ej=— Y. — dlog(ctfy)
TSt ) ~J
= ED + EDf (8)
log f, log of the ionic activity coefficient of the

ion J on the molar concentration scale, can
be expressed according to the specific inter-
action theory’ 4
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For cations (R)
log fp=—zz D)+ Y &R, X)ex 9)
X

where X denotes anions, and the first term
is the Debye-Hiickel term?*°

For anions
log fx = —:iD([)%—ZE(R,X)CR (10)
R
Fc Faraday constant!®=9.6485309(29) x 10*

Coulomb mol !

g RTIn 10/F-=59.159 mV at 25°C
h=[H") concentration of the H* ions at equilibrium
1 total ionic strength, in general and in the
test solution
I=(12) Y ¢;=F (11)
J
I(C) ionic strength in the bridge solution of
. Cmol dm 3 AY
LY =L*" ligand in the complex formation reaction
R gas constant!®
=8.314510(70) Jmol "' K !
r¥ transport number!™'® of the constituent J
in the transition layer
Af etz
e (12)
TXM ]
J
T temperature in K
T subscript denotes total, analytical concentration
TS1 composition of the terminal solution 1 with

the mixing fraction x =0 at one end of the
junction in the cell studied

TS2 composition of the terminal solution 2 with
the mixing fraction x =1 at the other end
of the junction in the cell studied, being in

contact with the positive pole of the cell’”*8
x mixing fraction at some intermediate plane
in the transition layer of the junction,
0<x<l
y =|z.|, the absolute value of the charge

number for the ligand

=z(J) the algebraic charge number (with its alge-
braical sign in the equations) of ion J

zy the absolute value of the charge number

w a part of the potential function Ej and Epy,
defined by eqn. (18)

* superscript, denotes a property of the tran-

sition layer

Greek symbols

§(J,K) interaction coefficient between the ions
J and K, on the amount concentration scale,
in dm? solution (mol solute) ™!

e(J,K) interaction coefficient between the ions

J and K on the molarity scale, in kg solvent
(mol solute) !
The interaction

coefficient used by



Guggenheim, B, are related to € by e=
2pB/In 10.

K conductivity of the test soution in Scm™
k =cell constant of the conductivity cell
(cm™1)/R (Q), where R is the measured
resistance of the solution in question

1

10%¢ =Y Mlzle (13)
J

A the ionic molar conductivity of ion J of
charge number z; and concentration ¢§ in
the transition layer, in S cm? mol ™!
=Ap+Ax, the molar conductivity of the
electrolyte RX, in S cm? mol ™!

Ionic charges in subscripts are omitted for simplicity
and double subscripts are avoided. Therefore, e.g., the
notation Ay is used instead of A, , or BY @, instead of
BY,,.

Potential functions for cells containing mixtures
of strong electrolytes

General assumptions. The special conditions assumed to
be fulfilled for the deductions are as follows.

(1) The liquid junctions are of the continuous mixture
type. This means that the concentration of the ion J, ¢,
at some intermediate plane in the transition layer, can
be calculated as

cf =[cf] = xcyrsz + (1 — X)cyrs (14)

(2) The ionic molar conductivities in the transition
layer (A}) are assumed to be constants. They are not
known, but in the calculations approximate values meas-
ured experimentally in the test solution studied (A;) have
been used. The trace ionic molar conductivities are used
for the ions present in minor concentrations,
¢;<0.1 mol dm 3, in the ionic medium used.

(3) The ionic activity coefficients are calculated by
means of the specific ionic interaction theory, SIT,” 4 as
defined by eqns. (9) and (10) which proved to be useful
even in the case of complex formation. The interaction
coefficients are considered to be constant throughout the
junction.

Deduction of the potential functions.

1. The calculation of the ideal diffusion potential, Ep,. The
expression for the calculation of the ideal diffusion
potential has been suggested by Henderson, Planck,
Lewis and Sargent*!”'® and is given by eqn.(6).
Integration of this equation and assuming a linear con-
centration profile in the transition layer yields*!7-!

_ g UTsz—U'm1 Sts2

e n 15
D 2.303 Srs;— Stsi Stst ()

LIQUID JUNCTION POTENTIALS

where

U: (z CJ)\:J) - (z CJ)\.J) (16)
J cations J anions

S=(Z C.llz.l“".l) +<z CJIZJDLJ> 17
) cations J anions

Deduction of eqn. (15) can be found in most textbooks
on electrochemistry. Introducing

Stsa— Sts1 =w (18)
and

Stsi=a=Chs+ Ay) (19)
moreover

Sr2=w4a (20)
we obtain

Eo= 533 Um; i (% " l) 1)

For small values of w/a we can write, using the approxi-
mation In[(w/a) + 1]=w/a

__& Urs; — Ursy
2.303 a

Epx~ (22)
The same equations can also be obtained with the
formulae of Baes and Mesmer.!® The validity of the
approximation must be checked for every system studied.

2. The deduction of the activity factor contribution to the
diffusion potential, Ep;. The deduction is based upon the
definition of Ep obtained by the combination of eqns. (7)
and (12). This function can always be written in the
form

TS2,x=1 1 . |ZJ|
Epe=—g Z _A—,)‘*JCJ Td log f; (23)
TS1,x=0 J it

where the concentrations refer to a plane in the transition
layer and

N=wx+a (24)

We calculate log f; from the specific ionic interaction
theory,”'* as given in eqns. (9) and (10). In the current
calculations, the activity coefficient of the ion J defined
in such a way that the trace activity coefficient, /%', is 1
when ¢;—0 in Cmol dm~3 AY, the pure ionic medium
as solvent. The choice of the reference state is also
convenient because AE,=0 if ¢;—~0. Hence, we obtain

logf¥=0=—z}D(C)+&(J,Y)C for cations  (25)
logfy¥=0= —z}D(C)+&J, A)C for anions. (26)

Therefore, the activity coefficient for a cation, J, in the
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medium AY at constant concentration of [A*]=
C mol dm 3 can be written, according to eqns. (9) and
(25), as

log fy= —=z{[D(I) — D(C))
+ Y [BO.Y)ey—O)+8J.X)ex]  (27)

anions,X

For an anion, J, we obtain in a similar way
log fy= —=;[D(I) — D(C)]
+ Y [EA, ) (ca—C)+EJ, R)cg] (28)

cations,R
The ionic strength at some intermediate plane in the
transition layer can be calculated according to the prin-
ciple of the continuous mixture junction:

(I*) = xI(TS2) + (1 — x)I(TS1) = xI + (1 — x)I(C)
(29)

Eqn. (23) can be rewritten in the form

x=1 %
Ep— _gJ (¢1(X) dD{ )+ ¢, x + 9, )d.\‘

=0 \WX+a dx wx+a wx+a

(30)

where ¢;(x) is a function of x, and ¢, and 6, are
independent of x. These terms will be given in the
different experimental cells studied. The result of the
integration is

—0.w

EDfscorr*éE+4Mﬂ72“1)ln<B+l> (31)

W w a
where

*=1dD(I*) ¢,(x) dx
- _ v 32

cort g J;=o dx wx+a (32)
For small values of w/a we can write

0
Epe = corr — ‘% (33)

Inserting the derivative dD(I*)/dx into eqn.(32), as
defined below,

dD(I*) dD(I*) dr* 05115 ar*
dx — dr* dx  2VI*(1+ 1.5V1%)? dx

the term corr can be integrated graphically. It summarizes
the Debye-Hiickel terms of the contribution of the
activity coefficients. These terms are generally negligible
at the use of high concentrations for the ionic medium

and ¢y <0.1 mol dm 3, ¢5<0.1 mol dm~3.

(34)

Emf cells where [A*]=CM, is kept constant

In this section, the calculation of the total potential
anomalies and the total cell emf values are presented for
emf cells containing the mixture of three strong electro-
lytes with the liquid junction type AY | AY + HY + BY ),
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at the experimental condition [A*]=CM, is kept con-
stant. The composition of the test solution studied can
be given as

TS2 (x=1)

g =[B*P*]=[BY. 5] M

¢y =[H7]=[HY]M

ca =[AT]C M, is kept constant,
cy=[Y]=CH+cy+zgcyM

and I= C+ cy + cg(zg + z5)/2

The total emf of cell B with an amalgam indicator electrode
and for small values of w/a. The total cell emf Ey is given
by eqn. (2). For the ideal diffusion potential we obtained

for small values of w/a, using the approximation
In(w/a+1)=w/a

Ep= —gF[cp(hs — zphy) + cu(by — Ay)] (35a)
where
Fo=172303C0h 5 + )] (35b)
For Ep, eqn. (30) yields
¢1(x) = x[cpzp(by — zhg) + cu(hy — Au)]
+ Clhy —2p) (36)
b2 =(cn +zpcp) [E(B, Y)cp(hp — Ay)
+&8(H, Y)eu(hy — Ay)] (37)
0; =(cu+zpcg)CMaE(A,Y)
— Chy[E(B, Y )cg + &(H, Y )cy] (38)
and eqn. (33) results in
Eps=~corr —g(ey + zgcp)iaé(A, Y)
+gty[&(B, Y)cg + E(H, Y)cyl (39a)
where
ta=Aa/(As+2Ay) and ty=Ay/(As+Ay) (39b)

The term ‘corr’ is given by eqn.(32) and can be
estimated by graphical integration. The magnitude of
this term was estimated for Mixture 1 (the composition
of it is given in the section ‘The comparison of the
calculated ...’), as a test solution at x=1, and it was
found to be negligible.

Hence, we have for the total cell emf Eg

Ep = Eqg + (g/2p) log cg — gzp[D(I) — D(C)]

+ gd;cg + gd,cy + corr (40)
where
Mg —zZphy
di=8B,Y)— ————————zpt,&A, Y
1Y) = 03, + 0y BAEAY)
+1ty&B,Y) (41)




_¥B,Y) M — My .
= zp 2.303C(ha+Ay) WA Y)
+1y&H, Y) (42)

On the basis of eqn.(40), the constant Eyg can be
determined through a potentiometric titration where
cg is varied and ¢y is kept constant, as a plot of
Ey—(g/zp) log cg + gzg[D(I)— D(C)] —corr versus cp, at
constant cy. The intercept of this plot is a conditional
constant, which depends on cy.

Eopy = Eop + gcud, (43)
The slope of this plot is
SL(B, cg), = gd; mV/M (44)

Its calculation can be used for checking the theory.

Eop should be calculated from eqn. (43), by sub-
tracting the term gcyd,. This can be estimated by using
the ionic molar conductivities measured in the mixture
studied and the necessary interaction coefficients
involved. This plot is the most convenient way for the
determination of Eyg and is introduced for the first
time here.

The conditional constant Egg, cannot be used in the
function Ejy, valid for cells with complex formation. Its
use results in a change in the stability constants with
[H*], which may be interpreted as the formation of
polynuclear complexes.

The total emf of cell H for small values of w/a. In cell H,

a H* ion-sensitive indicator electrode is used. For E, we

obtained [cf. eqns. (2), (35a), (35b), (27) (28), (39a) and

(39b)]

Ey=Eon +glogcy—g[DU)—D(C)]
+ gegds + geyd, + corr (45)

where

2.303C(Ms + Ay)

—zpta8(A,Y) + tv&B, Y)

dy=zg&(H, Y) —

(46)

My — My

2.303C(hs + My)
— 1 8(A, Y) + ty3(H, Y) (47)

Equation (45) can be used for the determination of
Eqyy, in a potentiometric titration where ¢y is varied
and cg is kept constant. If we plot the function
Ey—glogcy+g[DU)—D(C)]—corr versus ¢y, at con-
stant cg, the intercept will be a conditional constant
which depends on cp.2°

dy=8%H,Y)—

(48)

Ey can be calculated from the intercept, by subtracting
the term gegd,. This can be done by knowing sorhe ionic
molar conductivities, measured in the mixture studied,
and some interaction coefficients. This is the easiest way

Eoue = Eou + gcsd;

LIQUID JUNCTION POTENTIALS

to get Egy. The slope of this plot is

SL(H, cy)y=gd,4 (49)

Its calculation can be used for checking the theory.

Again, the use of the conditional constant Eqy in
equilibrium studies will result in the variation of the
equilibrium constants (B, ,,) with cg. This may be inter-
preted as the formation of additional polynuclear
complexes.

Comparison of the calculated and experimental slope
functions. As the experimental slope functions are the
results of the real changes of the ion concentrations and
the ionic molar conductivities which exist in the transition
layer, a comparison of the measured and calculated
slopes is a measure of the correctness of the theory
presented here.

Slope functions have been measured in the mixtures of
Cd(ClO,),+HCIO,+3 mol dm™® NaClO,. The slope
functions defined below have been studied at different
experimental conditions, using both a Cd amalgam and a
glass electrode in Mixture 1 and a glass electrode in
Mixture 2. The composition of these mixtures was as
follows.

Mixture 1: ¢y=0.025moldm™* is kept constant,
[AY]=3 moldm ™3 is kept constant, cy is varied within
the range 0-0.180 mol dm 3.

Mixture 2: cg=0.050 moldm™3 is kept constant,
[AY]=3 moldm ™3 is kept constant, ¢y is varied within
the range 0.004-0.100 or 0.200 mol dm ™3,

Here, B=Cd**, Y~ =ClO,~, AY =NaClO,.

(1) The measured slope of  the plot
E,=FE;—(g/zg) log cy versus cg, at constant cy, often
used in the current practice, resulting in the slope function
SL(B, cg)y, was compared with the calculated one defined
by eqn. (52a) below. The result is given in Table 1. This
plot is shown in Fig. 1.

In order to prove the usefulness of the presented
theory, the study of the total contribution of the Cd**
ions to Ey and Ey was chosen, which is described by the
slope functions denoted SL(B, cp)s and SL(H, cp)s [cf.
eqns. (52a) and (57a) below] for cell B and H, respect-
ively. In this chapter, the subscripts will be omitted for
simplicity. The mathematical description of these func-
tions is more complicated than that of the slopes denoted
with the subscripts o. However, this choice was made
because the corresponding plots have belonged to the
standard methods used in emf studies until now.

For the graphical study of these slope functions, the
contribution of every independent variable (cg, ¢y and
C) to Eg and Ey must be separated. Hence, these
functions must be redefined as total differentials. The
functions for the total cell emf, redefined as total differ-
entials in terms of the integrals of the partial derivatives
of the independent variables, are given by eqn. (50) for
E; and by eqn. (56a) for Ey. Hence, we have for the
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Table 1. Survey of the calculated and measured slopes in mV dm® mol~" for cells B and H with the experimental condition
[Na*1=3 mol dm~3, constant, in Mixture 1. The graphical results for the ionic molar conductivities of Table 3 in Part 2,2" were

used. The term corr was neglected.

Slope SL(B, cg)
cf. eqn. (52a)

Slope SL(H, cg)
cf. eqn. (67a)

tg/2)) Clog fy —3.77+23.66=19.89
o X . . .

5
(ﬂ) 8.57
PCB Cy

Jd(Ep¢— corr)
8CB Cy

Calculated slope (at [Cd?*]1=71 mM): 40.16
Experimental slope: 40.5+0.5

—1.55+13.26=11.70

—1.88+21.29=19.41

8.57

—1.55+13.26=11.70

39.68

405+0.5

*
Con"BEy
S
mv
45 | CELLH X
X
CelLs o g
a}
44 L L
A
ﬂ’ko
43 L Qﬁ‘:
o 84‘08
06
62 L
1 1 1 1 1 -
0 10 20 30 40 50.107m [ca®)

Fig. 1. Determination of the experimental slope function
SL(B, cg) and the conditional constant Eqgy=ESs+ F(B, cy).
Moreover, the slope function SL(H, cg) is determined and
the conditional constant Equg=ESy + F(H, cy), for Mixture 1,
where [Na*]=3 M, is kept constant. Points with symbols A
were shifted along the ordinate by 14.30, open circles O by
977.34 and the symbols (] B by 987.76. Filled symbols
correspond to points from a reverse titration.

plot in Fig. 1 and Mixture 1

s (OFE}
Ey = ESp + (g/zp) log cp + Do deg
0 Cn cy

‘u (0Fg
+ f ( > dey (50)
0 dcy cg=0

Eg=Ep—(g/zp) log cp = Eop + AEy

B

=B + F(B, cy) + f SL(B, cg) deg (51)

0

where the slope of this plot is

’

B

OE,
SL(B, cg) = (—) = —gzg dD(I)(z3 + zp)/2 + gd;

Ocg
dcorr
+ (52a)
dcg /.
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For the intercept we obtain a conditional constant
Eopp = Epp + F(B, cy) (52b)

The involved F function represents the contribution of
the H* ions to Ey and is given by eqn. (53) in Table 2.
Moreover

aD(I) 0.5115
dDD =~ o T2V 4 151122 (54)

The constant Egy is defined in Table 2. It was proved
that the last term of eqn.(52a) is neglibible in the
present mixture.

The value of gdD(I) was calculated as follows. As
seen from eqn. (51), the term [®[g dD(I)],, dcy appears
there. The value of this integral was estimated by
graphical integration for several mixtures. For Mixture 1
we obtained

f [g dD(I)),,, deg = 0.63c; mV (55)
0

The derivative of eqn. (55), with respect to cg, gives
gdD()=0.63 mV dm? mol 1.

(2) Similarly, the measured slope of the plot
Ej;=E,—g log ¢y versus cg, at constant ¢y, in Mixture 1,
results in the slope function SL(H, cg), was compared
with the calculated one defined by eqn. (57a). The result
is given in Table 1. This plot is presented in Fig. I. For
this plot we have

CH a ;{
Ey=Efy+glogey + e dey
0 CH /ey
s (OF
+ f (——”) deg (56a)
0 Ocg =0

Ey=Ey—glogcey=Eoy+AEy

‘B
= Eou + F(H, CH)+\[ SL(H, cg) deg (56b)

0
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Table 2. Survey of the functions F appearing in the conditional constants Eqgg and Eoug, moreover, the functions Egg and

E¥n, at [A*]1=CM, constant.

% (OFg On % (dcorr
F(B, CH)E f <J) dCH= —Z2p J‘ [g dD(”]cB=Q ch+gdch+ J‘ ( ) dCH (53)
o \0Cu/c -0 0 o 0Cu Jey=0
CH aEl CH CH a
F(H, cu) = J ( ”) don= — f [gdD(1)],, doy + gowds + j ( CO") dew (58)
o \0cu /e, 0 o dcy /e,
% (OE|, Z% +275 (e % (dcorr
F(H, cg) = - decg = — [gdD{N];,=0dcs + gcpds + dcs (61)
o \0C8 /s, -0 2 0 0 d¢s /c,=0
Eds =Eop+ f1(C) (64)
€ reD(1) ol ¢ (dcorr
f1{C) = — — = D
1(C) gzg L ( 5 5C)cB,cH dC+ L < 3C >ca.c.4 dC+gzgD(C) (65)
E6H=E0H+ f3(C) (66)
¢ /oDl ol € (dcorr
=— —_ = 7
f3(C) gL < 3 ac)cs,cH dC+ L ( ac )CE’CH dC+gD(C) (67)

where the slope of this point is
0E, 5
SL(H.cp)=| 7~ = —(z+z)g dD(I)/2
C H
dcorr
d .
+g ’ * ( acB )cH

For the intercept we have

Eoug = Eou + F(H, cy)

(57a)

(57b)

The involved F function represents the contribution of

*
Eo "y, O FORWARD TITR.
oy ® BACK TITR.
i3 L
00 o
T o8
" oo
’ ¥ 5'9‘0-”.-.L
R . R N N e .
0 20 ) 60 80.107 M (1"
X
by bEy
my
15 |
—o0-2 o
o0
\
N 0 o
o] *O
o
13 L L A il 1 1L i " 1
0 40 80 120 160 20.167 M (1]

Fig. 2. Determination of the experimental slope function
SL(H, cy) and the conditional constant Eqng=E%y +F(H, cg),
for Mixture 2, where [Na*]1=3 M is kept constant.

the H* ions to Ey and is given by eqn. (58) in Table 2.
It was proved that the last term of eqn. (57a) is negligible
in this mixture. The constant Egy is defined in Table 2.

(3) The measured slope of the plot Ejy=FEy—glog cy
versus cy, at constant cg, in Mixture 2, was compared
with the calculated one defined by eqn. (60a), denoted
SL(H, cy). The result is shown in Table 3. This plot is
given in Fig. 2. This plot is based on the following
potential functions

Ei=Ey—glogey=Eoy+ AEy

€

- OH+F(H,cB)+J SL(H, ¢y) dey (59)

0

where the slope of this plot is

H

JOE;
SL(H, CH) = <§-) =—g dD(I)
H/ cy
0
et < corr)
dey .

For the intercept we have

(60a)

Eoup = Eon + F(H, ¢g) (60b)

The involved F function represents the contribution of
the B*® ™ ions to Ey and is given by eqn. (61) in Table 2.
The last term in eqn. (60a) is negligible in this mixture,
and the value of g dD(I) was estimated as before. Hence,
we obtained

‘H
j [g dD(])]., dey = 0.62cy (62)
0
and consequently, g dD(J) =0.62 mV dm® (mol H*) 1.
(4) The slope of the plot Eg=Ez—(g/zp) log ¢ versus
cu, at constant cg, in Mixture 2, giving the slope function
SL(B, c¢y), defined by eqn. (63) below, was calculated.
The result is given in Table 3. For this slope, we have
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Table 3. Survey of the calculated and measured slopes in mV dm3 mol~" for cells H and B with the experimental condition
[Na*1=3 mol dm~3, constant, in Mixture 2. The ionic molar conductivities, given in Table 4 in Part 2,2" have been used in the

calculations, assuming Acio M° to be valid. The term corr was neglected.

Slope SL(H, cy)
cf. egn. (60a)

Slope SL(B, cy)
cf. eqn. (63)

((Q/ZJ) ¢log fJ>

ey

—0.62+10.65=10.03

—1.24+11.83=10.59

E
<Q> —18.46 —18.46
CCH s
<M> ~0.76 +5.96=5.20 5.20
acH Ccg
Calculated slope: -3.23 —2.67
Experimental siope: —48+1

the following potential function

OEy
SL(B,cy)=|—-—] = —gzgdD()

dcy
dcorr
+gd2+( Py > (63)

CCx /oy

The last term is negligible, again, in the present mixture.

The ionic molar conductivities, which are necessary
for the calculation of the slope functions in question,
were measured in the mixtures HCIO,~Cd(CIO,),~
NaClO, (in Mixture 1 and Mixture 2, as given in Tables
3 and 5 in Part 2, to be published), at [Na*]=3 M, is
kept constant, by accurate conductivity measurements.
Moreover, the value A[Cd(ClO,),] was determined in
the range 0-1.5M Cd(ClO,),. The anionic transport
numbers of some electrolytes often used in emf measure-
ments, as well as the molar conductivities of some pure
electrolytes often used as ionic media in emf meas-
urements, are presented in Tables 4 and 5, respectively.

Table 4. Survey of the anionic transport numbers222 for some
electrolytes often used in emf measurements.

Concentration

Electrolyte range/mol kg~ ty~ (anionic)
HCIO, 0.100-3.47¢ 0.17 (3.5-2.5mol kg™ ")
0.16 (2.5-1.5 mol kg™ ")
0.15 (1.5-0.1 mol kg~ ")
NaClO, 0.690-3.49¢ 0.57
LiClO, 0.360-3.46, 0.65
NaCl 0.641-3.19¢ 0.64
1.598-3.19 0.63

Table 5. The molar conductivities of some pure electro-
22b

lytes““® often used as ionic medium in emf measurements,
in Scm? (g mol)~".

3MLiCIO, 3 M NaClo, 1M NaClO, 0.5 M NaClO,
52.53 54.60 77.10 85.12

3 M NacCl 3 M HCIO, 1M HCIO, 3 M HCI
65.60 233.1 329.3 237.7
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Table 6. Survey of some interaction coefficients on the molar
(&) nd the molal (g) scale.

£ €
3 -
dm? solution Ref. kg solvent Ref.
mol solute mol solute
NaClO, 0.03 23
LiClO, 0.34 10
Ca(ClO4), 0.27 14
NaHCO; 0.01 23
HCIO, 0.18 2 0.14 14
Cd(ClO4),; 0.40 0.32 b
Zn(ClO4), 0.38 2 0.30 1
Pb(ClO,), 0.24 2 0.15 14
Cu(ClQ4), 0.39 2 0.32 14

?Recalculated by the author from the corresponding ¢ values.
bDetermined by the author.

Some useful interaction coefficients can be found in
Table 6.

Emf cells where [Y " ]=CM, is kept constant

In this section the calculation of the total potential
anomalies (AEy and AEy) and the total cell emf Ey and
Ey is presented for emf cells containing a mixture of
strong electrolytes with a liquid junction of the type

AY [HY +BY, g + AY

at the experimental condition [Y ]=CM, is kept
constant.

The composition of the test solution studied can be
given as follows.

TS2 (x=1)

cp =[B*®"]=[BY.g] M

ey =[H"]=[HY]M
cy=[Y]=CM, is kept constant
ca=[A"1=C—zgcg—cy M

and I = C+ cp(z3 —z3)/2



The total emf of cell B for small values of w/a. The total
cell emf Ej is defined by eqn. (2). For Ej, we obtained

Ep = —gFo[cg(hg — Zghy) + cu(Ayg — Aa)] (68)

where F, is given by eqn. (35b). For the calculation of
Ep¢, the deductions yield

$1(x) = x[zgca(hs — zphp) + cu(ha — An)]

+ C(hy —Ay) (69)
$,=0 (70)
0; = —CA\JE(B, Y)cg +8(H, Y)cy
—&A, Y)(zgcp + c)] (71)
Epe=corr + gty[E(B, Y)cg + E(H, Y)cy
—&(A, Y)(zgep + cy)l (72)

where ¢y is defined by eqn. (39b). On the basis of these
functions, eqn. (40) is obtained for the total cell emf Eg.
In this equation, the terms 4; and d, have the following
values

A’B_ZB}\'A ~
d=— 3030, 1 10 + tv[&(B, Y) — &(A, Y )zg]
(73)
dm —— MM Y)—HALY)] (74)
)= 2303C(}\’A i )\'Y) + Y[s s )— &l > )]

The constant Egg can be determined in the same way as
discussed in the previous section.

For the total emf of cell H and for small values of w/a
eqn. (45) is valid. In this cell

dy=d, (75)
d,=d, (76)

On the basis of eqn.(45), the constant Eyy can be
determined, as described in the previous section.

In order to check the usefulness of the equations
obtained, the calculated slopes SL(H, cg), SL(B, cg),
SL(H, cy) and SL(B, cy) were compared with some
measured ones, in the mixtures of Cd(ClO,),~HCIO,~
NaClO,, as was done earlier. Two mixtures were studied
with the following compositions:

Mixture 1: ¢ =0.025 mol dm ™3 is kept constant, cg is
varied within the range 0-0.1 mol dm 3, X mol dm 3 AY
is the anionic medium at the experimental condition,
[Y ]1=3 mol dm ™2 is kept constant.

Mixture 2: cg=0.05mol dm~3 is kept constant, cy is
varied within the range 0.003-0.1 mol dm™3,
X’'mol dm~3 AY is the experimental condition, [Y ]=
3 mol dm~3 is kept constant.

The results of this comparison are given in Tables 7
and 8. The measured slope function SL(H, cg) is given
in Fig. 3, and SL(H, ¢y) in Fig. 4. The necessary ionic
molar conductivities will be published in Part 3. For the
slopes in question, the following potential functions
are valid.

LIQUID JUNCTION POTENTIALS

(1) For the plot Ej=Ey—g log ¢y versus cg, at con-
stant ¢y, we have, for the slope

OE;
SL(H, cz) = (f) = —gdD(I)(z} — z5)/2
B/cy
dcorr
+ gd; + < 5 ) (77)
CB cH

The intercept of this plot results in a conditional constant
Eonp = ESy + F(H, cy) (78)
where the function F(H, cy) is given in Table 9. The
constant E}y is defined in Table 2, the term g dD(I) by
eqn. (55).

(2) For the plot Ez=Ez—(g/zg) log cy versus cg, at
constant ¢y, we have for the slope

O0Eg
SL(B, cg) = ( > = —gzp dD(I)(z} — zp)/2

Jcy
dcorr
+gd, + P (80)
Cg cH

The intercept of this plot results in a conditional constant
Eopg = Egp + F(B, cn) (81)

where the function F(B, cy) is given in Table 9.
(3) For the plot Ey;=Ey—glog cy versus cy, at con-
stant cg, we have, for the slope

OE;
SL(H, cH)E<%’—'> =gd,=gd,
H/cg
OE;,
z( ) =SL(B, cy) (83)
dcy o

The intercept of this plot results in a conditional constant
Eoug = Eou + F(H, c) (84)

where the function F(H, cg) is given in Table 9. This
function gives the potential contribution of the B*®*
ions to Ey.

(4) For the plot Eg=Ez—(g/zg) log cg versus cy, at
constant cg, we have, for the slope

0E; deorr
SL(B, cy) = =gd, + (86)
dey . dcy /oy
The intercept of this plot results in a conditional constant
Eop = Egg + F(B, cp) (87)

where the function F(B, cg) is given in Table 9. This
function gives the potential contribution of the B*®*
ions to Ej.

Emf cells where I=CM, is kept constant

The calculation of the total potential anomalies (AEg
and AEy) and the total cell emf E; and Ey is presented
for emf cells containing mixtures of strong electrolyes
with the liquid junction type defined before, at the
experimental condition /= C M, is kept constant.
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Table 7. Survey of the calculated and measured slopes in mV dm® mol~" for cells B and H with the experimental condition
[C10,1=3 mol dm 3, constant, in Mixture 1. The term ‘corr’ is neglected.

Slope SL(H, cg) Slope SL(B, cg)
cf. eqn. (77) cf. egn. (80)
d(glog fy) 066 (g/zg) log fg 132
acg o dcg .
OF,
(—2> 7.20 (%) 7.20
(’JCB cu ¢Cg cy
d(Eps — corr) 11.64 0(Eps — corr) 11.64
Ocg o écg .
Calculated total slope: 18.10 Calculated total slope: 17.52
Experimental slope: 18.4 Experimental slope:

Table 8. Survey of the calculated and measured slopes in mV dm® mol~" for cells B and H with the experimental condition
[CI0,"1=3 mol dm~3, constant, in Mixture 2. The term ‘corr’ is neglected.

Slope SL(H, cy) Slope SL(B, cy)
cf. eqn. (83) cf. eqn. (86)
<6(g log fH)> 0 ((g/zB) log f3> 0
(‘/;CH s 6cH cs
E O,
<Q> —26.43 <—°> —26.43
6CH cs 6CH s
_ OMNEme —
<6(EDf corr)) 5.00 ( (Eps corr)) 5.00
6CH cq 6CH cs
Calculated total slope: —21.43 Calculated total slope: —21.43
Experimental slope: —-218 Experimental slope:
E:H'AEH
av L Eon BE,,
nv O FORWARD TITR.
3 ® BACK TITR.
_o~
10 | ,O"o g
e 500,
e K -0
20 ® ~Q
PYe; ~
o~ 0} O~
9l o L 9})
o—o’o/0 O FORWARD TITR i }9\
ol @ BACK TITR. . .‘{3\
s I ) L i 1 1 " L s t.).‘)\
1 s It ] I 1 1 e L 1 0 20 = .
p - " - o= ‘0 60 80 100.103 4 (1*]

Fig. 3. Determination of the experimental slope function
SL(H, cg) and the conditional constant Equg=E S +F(H, cu),
for Mixture 1, where [CIO,"]1=3 M is kept constant.
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Fig. 4. Determination of the experimental slope function
SL(H,cy) and the conditional constant Egug=
Edn+F(H, cg), for Mixture 2, where [CIO, |=3 M is kept
constant.



LIQUID JUNCTION POTENTIALS

Table 9. Survey of functions F appearing in the expressions for the conditional constants Eqgg and Equg at [Y "]=C M constant.

% (OE |
F(H, cy) = J‘ (_> dcy=gcnd,

L a

F(B, CH ) dCH = gdch
cg=0

6CH

F(B, cg)= j

Bz (v e
FH, cB)—J ( ) -5 ZBJ [ng(/)]cﬂzoch+chd3+f <°°") dc (85)
B /c,=0 2 o \ % Je,=0

7z — % % (dc .
dog=— BB =28) [ D) deg + gdy o + o) deq (88)
2 o o dcs /o,

(79)

(82)

The composition of the test solution studied can be
given as

TS2 (x=1)

g =[B*® ] =[BY. ] M

ey =[H"]=[HY]M

cyn=C—cy—cp(zd +23)/2 M AY

cy=C+zgey — cy(z§ +25)/2 M

The total emf of cell B with an amalgam indicator electrode

and for small values of w/a. The total cell emf Ey is
defined by eqn. (2). For its calculation, we obtained

Ep= —gFoleg(hg — zphy) + ca(ly — 2a)

+ cg(hy — M) (25 + 2p)/2] (89)
For the calculation of Eyy, the deductions resulted in
¢,(x)=0, because /=CM, constant (90)

by = [zpep — c(2E + 23)/2]
x {cgAg&(B,Y) + cyry&(H, Y)
— [en + c(z5 + 28)/218(A, Y) (ha — Ay)
—AyleuE(H, Y) + cg&(B, Y)I} 91)
0, = CAAB(A, Y)[zgcs — cp(zd + 25)/2] — Chy
x {cy&(H, Y) +cg&(B,Y)— A, Y)
X [en + cp(zh + 28)/2]} (92)
Epe= —gta8(A, Y)[zpep — cp(zf + 28)/2] + gty
x {8(H, Y)ey +cg&(B, Y)—E(A,Y)
X [ew + cp(z8 + 25)/21} (93)
On the basis of these functions, Ez can be obtained

according to eqn. (40), where D(I)— D(C)=0. The func-
tions d; and d, are defined as follows:

d; =8B, Y)(1 —z)/2 — [Ag — zphy
+ (hy — 2a)(z + 23)/21/12.303C(ha + Ay)]
—tA8(A, Y)(z5 — 23)/2

+ ty[&(B, Y) — &(A, Y)(z3 + 28)/2] (94)
dy = — (g — M)/[2.303C(hp + Ay)]
+ty[B(H, Y) —&(A, Y)] (95)

The constant Eyg can be determined on the basis of
eqn. (40), as described earlier, here.

For the total emf of cell H, with a H™ -sensitive indicator
electrode and for small values of w/a, we have eqn. (45),
where D(I)—D(C)=0. In this cell, the functions d; and
d, are defined as follows

dy=&(H, Y)(zp — 23)/2 — [bs — Zphy

+ (hy = Aa)(25 + 23)/21/[2.303C (Mg + Ay)]

—tAB(A, Y)(z5 — 23)/2

+1y[&(B, Y) — &(A, Y) (23 + 25)/2] (96)
dy=d, (97)

because the term log f is independent of ¢y. The constant
Eoy can be determined as described earlier.

The measured and calculated slope functions were
compared in Cd(ClO,),-HCIO,~NaClO, mixtures. The
compositions of Mixtures 1 and 2 are given in Tables 10
and 11, respectively. The result of the comparison for
the slope functions SL(H, ¢p) and SL(B, cg) is given in
Table 10, for SL(H, ¢y) and SL(B, ¢y) in Table 11. The
experimental slope functions SL(H, ¢g) and SL(H, cy)
are presented in Figs. 5 and 6, respectively. The necessary
ionic molar conductivities will be published in Part 4.

For the slopes mentioned, the following potential
functions are valid.

(1) For the plot Ey=FEy—glog cy versus cg, at con-
stant ¢y, we have, for the slope

OE;
SL(H, CB)E(acH> =gd, (98)
B/ cy

and the intercept is
Eony = Eon + 8gdscu (99)

(2) For the plot Ey=FEz;—(g/zg) log cg versus cg, at
constant ¢y, we have, for the slope

0FEg

SL(B, c5) = ~ gd, (100)
dcg o

and the intercept is

Eop. = Eop + gdy ¢ (101)
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Table 10. Survey of the calculated and measured slopes in mV M, for cells H and B, at the experimental condition /=3 M,

constant, in Mixture 1: [HCIO4]=0.025 M, constant, 0<[Cd(CIO,),1<0.1 M and X M NaClO,.

Slope SL(H, cg) Slope SL(B, cg)
cf. eqn. (98) cf. eqn. (100)
log f,
g2log fs ~10.65 9/26) 0 log fo ~11.83
503 o 503 &
oE
(@) —2.03 (J) ~2.03
¢Cg cn CCB o
OFor 11.11 (ﬁ 11.11
BCB on a'CB ¢y
Calculated total slope: —1.57+0.06 Calculated total slope: —2.75+0.06
Experimental slope: 1.6 Experimental slope: 0+0.5

Table 11. Survey of the calculated and measured slopes in mV M ™7, for cells H and B, at the experimental condition /=3 M,

constant, in Mixture 2: 0.05 M Cd(CIO,),, is kept constant, 0.003 <[HCIO,1<0.1 M and X M NaClO,.

Slope SL(H, cy) Slope SL(B, cy)
cf. egn. (102) cf. eqn. (104)
<g dlog fH> 0 <(g/z,3) d log fB) 0
6CH s 6CH s
OF JoE
(—") —24.81 (J) —24.81
5CH s 6CH s
O0E oE
(—D*) 5.01 (-D—*) 5.01
6CH s BCH .
Calculated total slope: —19.80+0.08 Calculated total slope: —19.80+0.08
Experimental slope: —-17.70 Experimental slope:
Ey O FORWARD TITR.
nv @ BACK TITR. Eon *4Ew
-87 L i O FORWARD TITR.
@ BACK TITR.
10l
1000 o o o)
B8 8—8——8—8g— g8 g g 3520,
9 ~0-o
( \O\o
e
\D\'O\o\
8
F .\.o\
' L 1 A I s It L 1 1 N L N N N N N o N
0 20 40 60 80.10°M Ica®2) 0 20 40 60 80 100.10°M (H*]

Fig. 5. Determination of the experimental slope function
SL(H, cg) and the conditional constant Egu,=Eon+ gdsch,
for Mixture 1, where /=3 M is kept constant.
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Fig. 6. Determination of the experimental slope function
SL(H, cy) and the conditional constant Egy,=Eon+ gdsCg,
for Mixture 2, where /=3 M is kept constant.



(3) For the plot Ej;=Ey—g log cy versus cy, at con-
stant ¢, we have, for the slope

’

OF,
SL(H, ¢y) = (E) = gd, = gd,

H
OF;
= ( “) =SL(B, ) (102)
aCH B
and the intercept is
Eone = Eon + gdscp (103)

(4) For the plot Eg=Ez—(g/zg) log cg versus cy, at
constant ¢g, we have, for the slope

OEy

SL(B, cH):( B) =gd, (104)
dey .

and for the intercept

Eopy = Eop +8d; c (105)

Experimental details are presented in Part 2 to be
published.

Conclusions

The present results clearly show that all ions present in
the test solution with concentrations different from those
of the bridge solution (Cmol dm ™2 AY) contribute to
the potential of every measuring electrode present in
the cell.

The composition of the cells shows that the concentra-
tions of the ions of the ionic medium, ¢, and ¢y, depend
on the concentrations of the potential determining ions,
¢ and cy. This is a unique condition, and is valid only
in cells containing the mixtures of strong electrolytes:
HY +BY_ g +AY. This condition is not valid in cells
with complex formation. This has the result that the
different slope functions, determined in cells with strong
electrolytes, are not valid in cells with complex formation.

The present results clearly show that the constants of
the Nernst equations, Eog and Egy, valid for the total
cell emfs, E; and Ey, are determined in the present
practice with systematic errors. The usual plots, used for
the determination of the different slope functions, result
in conditional constants. From these, the real constants
Eop and Egy can be calculated on the basis of conduc-
tivity measurements. If we have no equipment for this,
the constant Egy should be determined in mixtures of
HY +AY, in the absence of B*®* ions. In the case of
Eqy, the concentration of the H* ions should be only so
high that the hydrolysis of the B*®~ ions is eliminated.
The use of conditional constants for Eqy and Eqy in cells
with complex formation may result in the ¢z and cy
dependence of the formation constants studied (B,,,),
which may be interpreted as formation of polynuclear
complexes. The constants Eqg and Egy can most easily
be determined on the basis of eqns. (40) and (45).

The agreement between the measured and calculated
slope functions is good for the different emf cells studied.

LIQUID JUNCTION POTENTIALS

It means that the chosen conditions for the deduction of
the different potential functions are correct. Considering
that the upper concentration limit generally used in
potentiometric titrations is 0.1 mol dm 3 for the metal
ions B#®* the total potential anomalies AEg can gener-
ally be estimated with <0.1 mV uncertainty. The upper
concentration limit for the H* ions in potentiometric
titrations is ca. 0.05 mol dm 3. This means that the total
potential anomalies AEy can in general be estimated with
<0.15 mV uncertainty. The slope functions are linear. It
means that the ionic molar conductivities in the transition
layer are constant. This was one of the most important
conditions for the deduction of the potential functions,
valid in cells of constant ionic medium types. The slope
functions are valid only in those mixtures where they
have been determined. This is the result of the fact that
the ionic molar conductivities change very much with
the experimental conditions ([A¥]=CM, [Y ]=CM,
I=C M, each of them is kept constant) and they cannot
be interchanged.

The experimental slope functions, if they are deter-
mined correctly, e.g. SL(B, cg) at constant level of cy
and at constant [A*], [ Y ] or I, respectively, are valuable
characteristics of the cell. They can be used for checking
the theory, developed here, for the calculation of the
total potential anomalies. Moreover, the experimental
slopes can be used for the estimation of the contributions
of the B*®* and H* ions to Ey and Ey, in cells with
complex formation, as it will be shown in Part 6A.

Considering the comparison of the experimental and
calculated slope functions, we can see that the cell with
the experimental condition that [Na*]=3M is kept
constant, develops the largest total potential anomalies
through the slopes SL(B, ¢g) and SL(H, cg), while the
cell with /=3 M kept constant, the smallest one, through
the same slopes. Moreover, in cells with [Na*]=3 M, is
kept constant, the slopes SL(H, cy) and SL(B, cy) have
the smallest values. In cells with the experimental condi-
tion [CIO, ]=3 M kept constant, the slopes SL(H, cy)
and SL(B, cy) have the largest value.

The validity of the approximation In[(w/a)+1]=w/a,
for small values of w/a, was checked in solution 1=
0.1 M Cd(ClO,),, 0.025M HCIO4 and XM NaClO,
and in solution 2=0.1 M HCIO,, 0.050 M Cd(ClO,),
and X M NaClO, at the experimental conditions [Na*]=
3M, [CIO,]=3M and /=3 M kept constant, respect-
ively. The approximation is valid for the solution tested.

For comparison with experimental results, the polarity
of the cell should be considered. For cells with poles
opposite to those defined here, for cells B and H, the
functions Ey and Ey have to be taken with the opposite
sign.

If we are to study some complex formation reactions
in the cells, at different experimental conditions, the
experimental constants Egy and Egy are needed. The
constants E§y and Edy include the contribution of the
concentration C to Eg and Ej;, which is not the case in
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cells with complex formation. There the potential func-
tions Ey and Ej; are defined in a different way.

If we use a high (ca. 1 M) and constant concentration

for the B*®* jons, during both the determination of the
constant Egy, and the study of the complex formation,
the following approximation is valid: [B*®*]=[BY.)r].
In this case, the conditional constant Eqy, is constant
and it can be used in a cell with the study of complex
formation. This is the so-called self-medium method.?#

References

1.

W

0~ N

Neumann-Néher, E. The Liquid Junction Emf, Dissertation,
The Royal Institute of Technology (KTH), Stockholm,
Sweden 1987.

. Meloun, M., Havel, J. and Hégfeldt, E. Computation of

Solution Equilibria: a Guide to Methods in Potentiometry,
Extraction and  Spectrophotometry, Ellis Horwood,
Chichester 1988.

. Debye, P. and Hiickel, E. Phys. Z. 24 (1923) 185.
. Maclnnes, D. A. The Principles of Electrochemistry,

Reinhold, New York 1939, (a) Chapt. 13; (b) Appendix;
(c) p. 242.

. Guggenheim, E. A. J. Phys. Chem. 34 (1930) 1758.

. Guggenheim, E. A. J. Am. Chem. Soc. 52 (1930) 1315.

. Bronsted, J. N. N. J. Am. Chem. Soc. 44 (1922) 877: 938.
. Guggenheim, E. A. Applications of Statistical Mechanics,

Clarendon Press, Oxford 1966.

. Scatchard, G. Chem. Rev. 19 (1936) 309.

1154

20.

21

22.

23.
24.

2s.

. Guggenheim, E. A. and Turgeon, J. C. Trans. Faraday Soc.

51(1955) 747.

. Biedermann, G. In Goldberg, E. D., Ed., On the Nature of

Sea Water, Dahlem Konferenzen, Berlin 1975, p. 339.

. Spahiu, K. Carbonate Complex Formation in Lanthanoid

and Actinoid Systems, Dissertation, The Royal Institute of
Technology (KTH ), Stockholm, Sweden 1983.

. Biedermann, G. In Lutze, W., Ed., Scientific Basis for

Radioactive Waste Management—V, Elsevier, New York
1982, p. 791.

. Ciavatta, L. Ann. Chim. (Rome) 70 (1980) 551.
. Debye, P. and Hiickel, E. J. Am. Chem. Soc. 77 (1955) 4696.
. Mills, L,

Cvita§, T., Homan, K., Kallay, N. and
Kuchitsu, K. Quantities, Units and Symbols in Physical
Chemistry, Blackwell Scientific Publications, Oxford 1988.

. Henderson, P. Z. Phys. Chem. 59 (1907) 118.
. Henderson, P. Z. Phys. Chem. 63 (1908) 325.
. Baes, C. and Mesmer, R. The Hydrolysis of Cations, Wiley,

New York 1976, pp. 13-17, 19-22 and Appendix 1.
Biedermann, G. and Ciavatta, L. Acta Chem. Scand. 16
(1962) 2221.

Neumann-Ne¢her, E. Part 2. To be published.

(a) Biedermann, G. and Douhéret, G. Chem. Scr. 16 (1980)
138. (b) Biedermann, G. and Douhéret, G. Chem. Scr. 16
(1980) 141.

Biedermann, G. Personal communication.

Hietanen, S. and Sillén, L. G. Acta Chem. Scand. 13
(1959) 533.

Ciavatta, L., Ferri. D.. Grenthe, 1., Salvatore, F. and
Spahiu, K. Acta Chem. Scand., Ser. A35 (1981) 403.

Received January 23, 1997.



