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D(C¥)
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Ep

a term in integrated form of potential functions Ep and Epy,
defined by

Sts1 =a=C(Aa + Ay) (D
theoretical Debye—Hiickel coefficient: 0.5056 mol ~!/2 kg!/2
and 0.5115 mol ~/2 L /2 for water at 25°C [1]

ionic medium used, consisting of the ions AT and Y™
potential-determining metal ion in the cell respective junction
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concentration of a chosen ion of the medium respective the
total ionic strength, I, kept constant during the potentiometric
titration

particular ion type J considered

molar concentration (mol L™!, denoted M) of ion J

A TV2 /(1 +1511/2) )
the Debye—Hiickel term [1], calculated with the ionic strength
of the test solution (I), on the molar concentration scale
Debye—Hiickel term, calculated for the bridge solution of
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Debye—Hiickel term in the transition layer
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T52
= —gf 25 (5" / zy) d logy cr* 7
TS1
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Preface

Many phenomena in our environment, e.g. the acidity of natural waters (seas, lakes,
rivers): pH = —log;, [H"] are the results of many chemical reactions which are
in equilibrium. The study of the chemical equilibrium is an important task. In the
study of most equilibrium processes,

(1) the equilibrium concentration of the participant molecules in M,

(2) the composition of them and

(3) the value of the equilibrium constants (e.g. pK, for the protolysis of a weak acid,
where pK, = —log;, K,) are the goals. The equilibrium constants characterize
the different chemical equilibrium processes. In many of them the hydrogen
ions participate. If we change and measure the equilibrium concentration of the
H™ ions, by addition of a strong acid (e.g. HC1O4) or a strong base (e.g. NaOH)
or a buffer solution in a proper concentration to the system studied, we can
answer for these questions. We measure the change of the concentration of the
hydrogen ions by the use of an emf cell (emf stands for electromotive force).
Such a study is called potentiometric titration.

Earlier, graphical methods (normalized curves) [16a] were used for the interpreta-
tion of emf data. These give the main species with good accuracy. Computer pro-
grams were used only for the refinement of the equilibrium constants found, in order
to find the minor species.

Nowadays, the use of least-squares optimization programs [16b] is customary
alone in the treatment of emf data. In this procedure, species are suggested until a
theoretical and experimental function, e.g. Ep or Ey, agree within 0.01 mV. Due
to this assumption, systematic errors in the data may show up, for instance, as the
formation of polynuclear species which are artefacts. The 0.01 mV uncertainty con-
cerns the potential readings, but the real experimental error is much higher. Hence,
the need arises to reduce the magnitude of the experimental uncertainties to the level
of 0.01 mV. Therefore, it is very important to take into account the total potential
anomalies (systematic errors), which depend on all ion concentrations to be present
in the test solution and in the salt bridge used in emf cells. The author has made
theoretical and experimental studies [5, 17-27] on the problems of potentiometric
titrations connected to the appearance of the liquid junction potential and the total
potential anomalies in the emf cells used at different experimental conditions.

XV



XVi Preface

The present book is a summary of the series of the author entitled “The Liquid
Junction Potential in Potentiometric Titrations”, consisting of 10 Part [5,17-26] and
the thesis “The Liquid Junction EMF” [27].

The emf values, Eg and Ep, supposed to be measured with a potentiometer
(nowadays called digital voltmeter) with which the emf values can be measured
with + 0.02 mV uncertainty. The use of a thermostat placed in a thermostated room
is necessary. Solutions should be prepared and stored in such a room.

For the estimation of AEp and A E g, the ionic molar conductivities in the tran-
sition layer of the junction are needed. They can be estimated as described in Ref.
[17-19]. It will be shown that these are constant only under given experimental
conditions.

All potentiometric titrations, this publication is based on, were carried out at
25°C and in acidic solutions (pH < 7) as forward and back titrations (except one),
in order to show the reversibility of the equilibrium processes studied. This was valid
for the conductivity measurements too, which were carried out at 25.000+0.005°C.
The potentials and the resistance of the test solutions were red as a function of time,
until constant values were obtained, namely, until equilibrium was reached. The
uncertainty of the resistance measurements was, in general, ca. 0.02%.

The principal audiences for the book are high school teachers, researchers, doc-
torands and high school students in the field of Solution, Physical, Inorganic and
Analytical Chemistry and Environmental research.

Stockholm, Sweden Erzsébet Néher-Neumann
16th April, 2008
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Chapter 1
Introduction

In the studies of organic metal ion complexes, weak acids or their alkali metal salts
are often used as ligands. In such studies, the protolysis of the weak acids should be
investigated, first. This is done by potentiometric titrations with a strong base.

1.1 The Titration of Weak Acids (HL, H;L) with a Strong Base

For the study of the protolysis of HL, the following equilibrium processes should be
considered

HL = H 4L~ (1.1)
with the protolysis constant
Kq = [H*][L7]/[HL] (1.2)

according to the mass action law. Moreover, the hydrolysis of the formed salt anion
(L) occurs according to

L™+H,0 = HL + OH™ (1.3)

Ky = [HL][OH™]/[L"] (1.4)

This process is important, if for the equilibrium concentration of the salt we have:
[L~] = [H*]. This is the case in the nearity of the equivalence point. In alkaline
solutions, the protolysis of water also has to be considered.

In these equations, the notation [. . .] denotes equilibrium concentration in M.

The mixture of a weak acid (HL) or weak base, denoted BOH, and its salt
(e.g. NaL), which dissociates 100%, is a buffer system, if cqy >> [HL]. Here, ¢
stands for total, analytical concentration. The high concentration of the salt presses
back the dissociation of the weak acid, and the following approximations are
valid

E. Néher-Neumann, Advanced Potentiometry, 1
DOI 10.1007/978-1-4020-9525-2_1, © Springer Science+Business Media B.V. 2009



2 1 Introduction
[HL] = c4¢ia, formal concentration, M
[L™] = cqair, formal concentration, M
Hence, the concentration of the H* ions will be from Eq. (1.2)
[H"] = Kar. Cacia/Csalt (L.5)

Taking the minus logarithm of this equation, we obtain the so-called buffer
formula.

PH - pKal + loglo (Csalt/cacid) (16)

In buffer solutions, the addition of a small quantity of a strong acid or base does
not change the pH of the solution essentially, as only the ratio cg,y/cycjq changes a
little. The buffer capacity is highest in the half-titration point, where 50% of HL is
neutralised. As [HL] = [L7] in this point,

pH = pK, 1.7
If we titrate a weak acid of several base, e.g. HoL or H3L, the pH in the equivalence

point is determined by the equilibrium with the smallest K,. For example, in the
case of citric acid (H3L) with pK, values

pKa = 3.0
pKyp = 4.75

it can be titrated as an acid of one base, with pK,3 = 5.45.

1.2 The Measurement of the Concentration of the H*
or the Metal Ion B“®*+ by Means of an Emf Cell

In accurate emf studies, where the concentration of the H* ion (denoted cy in mix-
tures of strong electrolytes and h in equilibrium systems) or that of the metal ion
B“®* (denoted cg in mixtures of strong electrolytes and b in equilibrium systems)
is measured by using a glass or amalgam/ion-selective indicator electrode, respec-
tively, the following emf cells can be used.

— Reference || Bridge solution || Test solution | Electrodes reversible to  +
half-cell B“®* and H* ions.
Eia3 Ejap2 Cell B and H

where the composition of the bridge solution is:
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TS1,x =0,

CMAY

I(C)=CM

f; " =1 (here, tr denotes trace)

The composition of the test solution is:

TS2,x =1,
[A*]=CM

Here, the reference half-cell has the composition: Ag(s), AgCl(s) Pt/0.01 M AgY +
3 M NaY. The silver/silver chloride electrode was prepared according to Brawn [1].
Up to pH 9, we can use a glass electrode. In solutions, where pH > 9, only a H; gas
electrode can be used, because of the appearance of the sodium error.

The salt bridge was of Wilhelm type, shown in Ref. [2c].

In the constructions of emf cells, where solutions of different concentration meet,
appears the liquid junction potential, which cannot be neglected. In these cells, there
are two liquid junction potentials, E;(1 3y and E; 2). The term E;(; 3y is constant and
is included in the value of the experimental constants Eog and Egy in the expression
of the total cell emf defined below.

1.2.1 The Total Emf of Cell B

The total cell emf is

Eg = Eps + (g/ZB)IOgIO cg + AEg, mV (1.8)

where

AEp = (g/zg)logfprg, + Ep + Eps = (g/2p) log o fers2 + E; (1.9)

is the total potential anomalies and
Ej = Ep + Ept (1.10)

is the liquid junction potential. The first term in the function AEg gives the contri-
bution of the activity factor of the B“®* ions to the ideal electrode potential defined
by the Nernst equation. As is seen, the liquid junction potential is a part of the total
potential anomalies.

Theoretical equations were derived by the author [3, 4] for the calculation
of the total potential anomalies, AEg and AEy, and the total cell emf Eg and
Ey for different experimental conditions. For example, the function Eg could be
described as

Ep = Eop +(2/25) 10gyg ¢p — gz D(1) — D(C)] + gdcp + gdocy +corr (1.1



4 1 Introduction

where d; and d, denote functions of constant value in terms of some ionic molar
conductivities (Ay) and interaction coefficients. These functions are different for
every experimental condition studied and will be given later on when Cell B will
be treated at these conditions.

The function “corr” summarizes the Debye—Hiickel terms in the potential func-
tion Epy.

The total potential anomalies can be given as

AEp = —gzy [D(I) — D(C)] + gd,cg + gd,cy + corr (1.12)

If we want to determine Eqg graphically, the function Eg should be redefined
by introducing the total differential [5] for the total potential anomalies, AEg. It
means that this function should be separated in terms of the partial derivatives of the
independent variables (cy, cg and C), if the function is total differential.

The mixtures HY + AY + BY 5, are considered. We make an emf titration, car-
ried out as forward and back titrations using an amalgam indicator electrode, where
cy is kept constant and cy is varied. If the plots Eg — (g/z5) log;o cg versus cg coin-
cide, then AEp is an unique function of cg. Similarly, in a titration where cp is kept
constant and cy is varied, it can be shown by the coincidence of the plots Eg — (g/zp)
logio cp versus cy, for a forward and back titration, that AEg is an unique function
of cy as well. Moreover, if cy and cg go independently to zero when AEg goes
to zero, the function AEg is a total differential and can be defined as given below,
when both cg and cy are changing.

dAEp = [0AER/dcglcmydeg + [0 AER/dch]cm)dey + [0 AER/0C] ey, ca) AC
(1.13)

As[dAEg/dcgleny = [0Eg/0cglem) = i1 £2(C, cg, cn), cg, cx), we have

[0AEg/dcglemy = [0Eg/dcplean = [(0Eg/0D).01/dcg]leqn + [0Eg/dcs I 1
= SL(B, cp)
(1.14)

This function is identical with the slope of the plot E; = Eg — (g/z) log;o cg versus
cg, at constant cy. Moreover,

[0 AEg/dculem) = [0Eg/dculcm) = [(0Eg/dI) - 01/0culem) + [0Eg/dcu]e®)1
= SL(B, cn)
(1.15)
This equation is identical with the slope of the plot E's = Eg — (g/zg) log;¢ cp versus
cy, at constant cg. By integration, we obtain
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752 ¢(H) c(B)
AEgts2 — AEpTs1 = / dEp / [0AER/dch]c@)=0 decy + | [0AER/dcg]lem) des
751 0 0
(1.16)
Here, AEBT31 =0.
For the values of the integrals, we shall introduce the following notations
c(B)
F(B. cp) = / [0} /cs]eqn dep (1.17)
0
c(H)
FB, cy) = / [0Eg /0 es)=o0 den (1.18)
0
Hence, we can write
AEgts2 = F(B, cg) + F(B, cn) (1.19)
The total emf of cell B can then be given, if both cg and cy are varied
Ep = Eog" + (g/zs) log,, cg + F(B, cg) + F(B, cy) (1.20)

The function F(B, cy) is given in Table 2 in Ref. [3].
The function Ej; can be given as

E; = Eg — (g/zg) log,, cg = Eog — gzg[D(I) — D(C)] + gd;cp + gdacy + corr,
(1.21a)

The various F and slope functions have different values at the different experimental
conditions used. These will be given for every experimental cell studied.

The estimation of the slope functions will be demonstrated on the example of the
cell where [A*] = C M, is kept constant.

For the common anion concentration and the ionic strength, we have

Cy = Ca +CH + ZgCp (121b)
I=ca+ocn+(1/2)(z5 +25) cp (1.21¢c)

The value of the partial derivative in the function F(B, cg) is

SL(B. cg) = [0E} /dcslean = —gzsdD()(1/2)(ch + z5) + gdi + [dcorr/dcs L
(1.21d)
according to Eqgs. (1.14) and (1.21 a,c).
The term “corr” is defined by Eq. (19) in Part 2 in Ref. [4]. This was estimated
and was found to be negligible in 3 M Na(ClOy).



6 1 Introduction

Moreover, the value of the partial derivative in the function F(B, cy) is

SL(B, CH) = [aE;}/aCH]C(B) = —gZBdD(I) + gd2 + [Bcorr/acH]c(B) (122)

We give the term “corr” again, because it can have importance at lower C values.

x=1
corr = —g / [dDI*)/dx]®(x)dx /(WX + a) (1.23)
x=0
where
I*) = xI(TS2) + (1 — x) I(TS1) = xI + (1 — x) I(O), (1.24)

@, (x) is a function in the integral Eps and will be given in forthcoming chapters,
together with w and a.

The partial derivatives of “corr” are also given in Part 3A [4].

For the derivative in the integral, we have

dD(I*)/dx = [dD(I*)/dx]. DI*)/dx = [0.5115/21*1/2 (1+ 1.51*1/2)2]
x [I(TS2) — [(TS1)]

(1.25)

Hence, “corr” can be obtained by graphical integration. As dD(I*)/dI* is very small
and [I(TS2) — I(TS1)] = 0, this term is probably negligible.
The experimental constant Egg can be obtained by two plots.

Plot 1

The plot Egr = Eg — (g/zg) logio cg + gzg[D(I)— D(C)] — corr versus cg, at constant
cy, gives the conditional constant as intercept

Eopi = Eog + gdocypmV (1.26)
and the slope
SL(B, cg); = gd, mV.M™! (1.27)

on the basis of Eq. (1.11). From the intercept, the constant Egg can be calculated
by subtracting the term g d,cy using the ionic molar conductivities measured in the
present mixture and the necessary interaction coefficients involved. This plot is the
most convenient way for the determination of the constant Egg and is introduced for
the first time, here. The slope is valid only in this mixture and can be used to check
the theory.
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Plot 2

In the present practice, the plot E'g = Eg — (g/zg) logo cg versus cg, at constant ¢y,
is used for the graphical determination of the constant Egg and the slope function
SL(B, cg)», on the basis of the equation

Eg = Eos™ + (g/25) log,o cs + F(B, cn) + F(B, cp) (1.28)
For this plot, we have the conditional constant for the intercept
Eop> = Eos™ + F(B, cn) (1.29)
where
Eop™ = Egp + f1(C) (1.30)

Here, the term f;(C) is the partial derivative of AEg with respect to cx = C M.
This is given in Table 2 in Ref. [3]. The function F(B, cy) is also given there. These
functions are rather complicated for practical use. This plot is not recommended for
the determination of Egg.

For the slope, we have

the slope, = SL(B, cg)a (1.31)
as given by Eqgs. (1.14) and (1.21d). This slope is valid only in this mixture, and can
be used for checking the theory.

It is important to mention that the conditional constants, Egg; and Egp;, can not
be used in cells with complex formation, only Egg.

1.2.2 The Total Emf of Cell H

The total cell emf is according to definition
En = Eon + glog;, cy + AEg, mV (1.32a)
where AEy is the total potential anomalies, in mV, defined as
AEy = glog, furs> + Ep + Epr = glog fursz + E; (1.32b)
The theoretical equation for Ey, derived by the author [3, 4], can be described as
En = Eou + glog ocu — g[D(I) — D(C)] + gdscg + gd,ycn + corr (1.33)

where d3 and d4 define functions of constant value, in terms of some ionic molar
conductivities and interaction coefficients. They have different values at different
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experimental conditions and will be given when the experimental Cell H will be
treated at these conditions.
Now, the total potential anomalies can be given as

AEy = —g[D(I) — D(C)] + gd;cg + gd,cn + corr (1.34)

If we want to determine the experimental constant Egg graphically, the total
cell emf Ey should be redefined by introducing the total differential for the total
potential anomalies AEy. We use the same treatment as in the previous chapter. We
obtain

dAEy = [0AEn/dcglcwydes + [0AER/dch]cmyden + [0 AEy/9C] ), cr)dC
(1.35)

where

[0 AEn/9cg]euy = [0Ey/dck]ewm) = [(OEy/01).01/0cg]cm) + [0E;/dcslcmy.1
= SL(H, cp) (1.36)
This function is identical with the slope of the plot Ej; = Ey — g logiocu versus cg,
at constant cy. Moreover,
[0 AEw/0dculcw) = [0Ey/dculcm) = [(3Ey/d1).01/dculcm) + [0Ey/dcu]®).1
= SL(H, cy) (1.37)

This function is identical with the slope of the plot E;; — g logjo cy versus cy, at
constant g,
By integration, we obtain

TS2 c(H) c(B)

AEutso — AEnts1 = / dAEy = / [0E}/dcu]em)den + / [0Eg/dcB]en=odcs,
TSI 0 0
(1.38)
Here, AEHTSI =0
For the values of the integrals, we shall introduce the following notations
c(H)
F(H, CH) = / [BE’H/E)CH]C<B)ch (139)
0
c(B)
F(H, cg) = / [0E}/dcBlean=odcn (1.40)

0

For the total potential anomalies, we can write



1.2 Concentration of the H* or the Metal Ton BZ®* by Means of an Emf Cell 9

AEyts: = F(H, cy) + F(H, cp) (1.41)

The total emf of Cell H can then be given, if both cg and cy are varied
Ey = Eou* + glogy, cu + F(H, cg) + F(H, cp) (1.42)
The estimation of the slope functions given below, e.g. for the cell where
[AT] = CM, iskeptconstant
The function Ey, is defined as
Ey = Ey — glog,ocu = Eou — g[D(I) — D(C)] + gdscg + gdycn + corr (1.43)

From Egs. (1.36), (1.43) and (1.21 b,c), we obtain the slope function

SL(H, cg) = [0E};/dcpley = —(1/2)(zg + z)gdD(D) + gd; + [dcorr/dep]lom)
(1.44)
From Egs. (1.37), (1.43) and (1.21 b,c), we obtain the slope function

SL(H, cy) = [0Ey/dculem) = —gdD() + gd, + [dcorr/dcy]s). (1.45)
The constant Egyy can be determined in three ways.

Plot 1

In a potentiometric titration, where cg is kept constant and cy is varied, we plot the
data as Ej; = Eg — glog;qcu + g[D(I) — D(C)] —corr versus cy, at constant cg,
and we obtain a conditional constant as the intercept

Eon1 = Eon + gd;cg mV (1.46)
and the slope will be
SL(H, cy); = gd, mV.M ™! (1.47)

on the basis of Eq. (1.33). Egy can be obtained from the intercept by subtracting the
term gdscg, using ionic molar conductivities determined in the same mixture and
the interaction coefficients involved. The slope is valid only in this mixture and can
be used for checking the theory. This plot is the simplest way to get Egy.

If we do not have conductivity data, Eqy should be determined in the absence of
the metal ions BX®)*,
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Plot 2

In the present practice, the plot Ej; = Ey — g logjo ci versus cy, at constant cg, is
used for the determination of Egy, but not in the correct way. For the total cell emf,
the following equation is valid.

En = Eou™ + glog,y cu + F(H, cg) + F(H, cy) (1.48)

The intercept of this plot is a conditional constant which depends on cp_ conse-
quently, on By (total concentration) too.

Eomz = Eon™ + F(H, cp) (1.49)
where
Eou™ = Eou + £3(C) (1.50)

The term f3(C) is the partial derivative of the function AEy with respect to c4 = C.
This is given in Table 2 in Ref. [3] for [A*] = C M, constant. This is a complicated
function and is not suitable for practical use. This plot is not recommended for the
determination of Egy.

The slope of this plot is SL(H, cy),, defined by Eqgs. (1.37) and (1.45). The func-
tion F(H, cp) is given in Table 2 in Ref. [3] for cy= C M, constant. In the present
practice, the conditional constant Egy, is taken for the constant we are looking for.
This is wrong.

Neglect AEg and AEy could result in erroneous interpretation of emf data, espe-
cially in the suggestion of minor species, often polynuclear, and in the formation of
weak complexes.

The Third Method

If we do not have conductivity data, we can determine Egy in the absence of the
metal ions B“®*_ In this case, we should adjust By to the correct start values at the
end of the determination of Egy.

1.2.3 The Constant lonic Medium Method

In equilibrium studies, all solutions should contain a neutral salt of high concen-
tration, in order to stabilize the concentration, the conductivity and other physical
properties of the ions. Up to now, it was believed that the ionic medium ensures the
constancy of the activity factors of the ions. In the studies of the author, it was found
[3] that this not the case.

This method is called constant ionic medium type. The most frequently used
salts are: NaClQy, LiClO4 and NaCl. The emf studies can be carried out in three
ways.
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(a) The concentration of the cation of the ionic medium, [A*], can be kept constant.
This method is used, if anionic complexes are formed.

(b) The concentration of the anion of the ionic medium, [Y~], is kept constant. This
version is chosen, if cationic complexes are formed.

(c) The ionic strength (I) of the mixed solutions is constant and high.

The most frequently used concentrations of the ionic medium salt (C) are: C = 0.5,
1 and 3 M. These are suitable, because the change of the activity coefficients of the
ions are smaller than e.g. at C = 0.1 M. In the concentration range 0.5-3 M, the
interaction coefficients (¢”) in the expression for the ionic activity factors, logq fj
[cf. Egs. (1.12), (1.13), are constant [6]. In this range, more accurate log;o K values
can be obtained.

If C < 0.5 M, the ¢” values are changing with the ionic strength. Moreover, the
Debye-Hiickel term [cf. Eq. (2)], in the expressions for logg fj, is very high.

It is important to mention that the trace activity coefficient of ion J (denoted
f;'%°¢) is chosen to be 1, when ¢; — 0 in C M ionic medium as solvent. This is the
reference state of the ionic activity coefficients.

The different log;y K values, determined at the experimental conditions (a-c),
will be different, if the change of the composition of the ionic medium was neglected
at the calculation of log;y K. This is the result of the newest research in this field [3,
6-15].

Moreover, the determined log;y K values are the function of the ionic medium
too. This is the result of the contribution of the total potential anomalies, AEg or
AEH, to EB and EH.

Because of these facts, many values of log;o K, characterizing different equilib-
rium processes and determined earlier, can be erroneous, especially in the assump-
tion of minor species, often polynuclear, and in the formation of weak complexes.

Different formation constants, also called stability constants, determined up to
now, are summarized in several monographs, e.g. in Refs. [16—18].

1.3 On the Curve-Fitting Computer Treatment [2d]

Nowadays, computer programs, e.g. LETAGROP ETITR [19] and LAKE [20], min-

imizing least-square sums are used for the treatment of emf data. The determination

of the composition and the stability constants of the species formed are the goals.
The complex formation reaction to be studied can be defined as

pB”®* 4 qH + 1LY = B,H LI*®*4 (cpx) (1.51)
with the equilibrium constant, so-called concentration constant,

Boar = lepx]/(PhI) (1.52)
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where b, h, and 1 are the free, equilibrium concentrations for the B“®* H* and LY~
ions, respectively. The measured data are: Ey or Eg in mV.

During the curve-fitting computer treatment, a residual-squares sum is
minimized.

Residual-squares sum [2b]
Both variables of the experimental data, e.g. Ey = f(vr), Eg = f(vy) and n = logyg
(Bt/b) = f(vr), are subject to experimental error. Here, vt denotes ml added titrant.
In most programs, the independent variables, vy, pH, b, etc. are considered to be
correct, and all experimental uncertainty is assigned to the dependent variables, Ey,
EB’BT, etc.

The residual-squares sum U can be expressed by

U= ZiVVi(Yf:xp - }’calc)i2 - 2:iVVir2 (153)

where exp denotes experimental and calc stands for calculated.
wj is the statistical weight, and y is the dependent variable, being a function of some
parameters:

(a) common parameters (Bpq: and p, g, 1)
(b) group parameters (Egj, E;, ja, jb, Bt, L, €tc.)

where j, and j, denote liquid junction terms in acid (a) or base (b) solutions.
The total cell emf is defined up to now as

Ej = Eoy + (g/2y) log,y ¢y + E; (1.54)

The liquid junction term is generally assumed to be
Ej = jah + juKw/h (1.55)

Here a denotes acid, b base and K, is the ion product of water.
Anyhow, in the new version of LETAGROP, called LETAGROP ETITR NYTIT
[2d], the functions

E; = jah + juKw/h + jil +jmm (1.56)

Ej = jah + juKi/h + jiL + juM (1.57)

where m and M denote free and total metal ion concentrations, respectively, and
these terms can be selected from the subroutine EJBER.

As we can see, the potential contribution of the activity factors to the ideal elec-
trode potential, (g/zy) log;o firs2, and the composition change of the ionic medium
were not taken into account. These are dominating terms [3, 6—15]. Moreover, these
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authors did not recognize that the correction coefficients determined in mixtures of
strong electrolytes are not valid in equilibrium systems.

In minimizing U, the “best” values for the common parameters and various group
parameters (Bt, Lt, Eo 7, ja, jb, j1) are sought to give the best fit. Here, Br, L1, Hr
are total concentrations.

The quantity used in evaluation of the residual r can be: Eg, Ey pH, vy, L1, Z =
(Hr — h)/Bt or Z = (Lt — 1)/Bt and 7. It should be mentioned that in minimizing
secondary (transformed) variables, Z, 1, pH, random distribution of errors cannot be
expected. So, if possible, only primary variables, the quantities measured (Eg, Ey,
vr), should be considered in the statistical treatment.

Theoretically, there are some restrictions on the data if a correct minimum is to
be obtained.

(1) The model chosen must be correct, i.e. the species assumed to be present are
the correct ones.

(2) There are no systematic errors.

(3) The random errors in y have a normal (Gaussian) distribution.

(4) The weight w; assigned to each measurements y; is an exact measure of its
accuracy.

None of these conditions is usually strictly fulfilled.

In the present work, it will be investigated how large the total potential anomalies
(systematic errors) are in potentiometric titrations, and what effects they have on the
equilibrium constants to be determined. The correction coefficients are estimated
on exact theoretical basis, independently of some computer treatments. It should be
pointed out that the total potential anomalies, called systematic errors in the present
study, appear due to theoretical errors in Eg and Ey, which cause systematic errors
in the functions log;o [B“®*], log;o [H*] and are not caused by instrumental errors.

Anyhow, the authors of Ref. [2] conclude that if a systematic error is overlooked,
a least-squares adjustment becomes meaningless, as the residual function becomes
distorted.

1.4 On the Deduction of Theoretical Equations

Theoretical equations were deduced by E. Néher-Neumann for the calculation of
the total cell emf Ey and Ep including the total potential anomalies, AEg and AEy,
in Cells B and H, at different experimental conditions: [A*] = CM, [Y ]=CM
and I = C M, constant, respectively. These studies were published in a thesis and
in a series of articles [3, 4, 6-15]. Calculated and measured values of AEg and
AEy were compared for the different systems: mixtures of strong electrolytes and
equilibrium systems where complex formation takes place.

The original deductions of the equations concerning mixtures of strong elec-
trolytes and equilibrium systems were presented in the thesis of the doctor degree
of the author [4] and in Refs. [10, 11].
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In these deductions, the general assumptions given below were made.

The liquid junctions are of the continuous mixture and constant ionic medium
type. This means that the concentration of the ion J at some intermediate plane
in the transition layer of the junction, c;*, can be calculated as

cj = xcyrs2 + (1 — x)eyrsi (1.58)

The ionic molar conductivities in the transition layer (A;*) are assumed to be
constant. These are not known, and in the calculations, approximate values
measured experimentally in the test solution (Aj) have been used. The trace
ionic molar conductivities are used for the ions being present in minor concen-
trations, ¢y < 0.1 M, in the ionic medium used. Such measurements were done
by the author in mixtures of

Cd(ClO4), + HCIO4 + NaClOy4 [7 — 9].

The ionic activity coefficients can be calculated by the specific interaction the-
ory, SIT [21-28], as defined by Eqgs. (12, 13) which proved to be useful even
in case of complex formation. The interaction coefficients are considered to be
constant throughout the junction.

The equations are valid for the experimental conditions C = 0.5 — 3 M, at
[A*]=CM, [Y]=CM and I = C M, constant, respectively.

In the studies of the author, the following questions were considered.

Are the activity factors constant in the solutions studied? [3, 6-15]

Which factors depend the liquid junction potential on? In the studies of the for-
mation of metal ion complexes, many researchers believe that by the use of
constant total concentrations for the metal ions (Br), the liquid junction poten-
tial can be avoided. This reasoning is completely wrong.

Which experimental condition results in the best emf cell, where the total poten-
tial anomalies are on a minimum level? [3, 14, 15]

Is the suggestion of the formation of polynuclear complexes in the study of
metal ion complex equilibria and the assumption of dimer, trimer, etc. species
at the protolysis of the weak acids used as ligands, always motivated? [3, 11,
14, 15]

Why do change the equilibrium constants with the ionic medium? [14, 15]

Can we use the criterion Eyeasured — Ecatculated = 0.01 mV, in curve-fitting com-
puter programs? [3, 11, 14]

Are the ionic molar conductivities constant in liquid junctions of constant ionic
medium type? [7-9]
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Chapter 2

Emf Cells with Mixtures of Strong
Electrolytes and Liquid Junctions of the Type
AY | AY + HY + BY 3,

In all emf studies of this kind and in the determination of the concerning ionic molar
conductivities, the mixtures of HC1O4 + Cd(CIOy4), + NaClO4 were used in solutions
of the following compositions.

Mixture 1

cy = 0.025 M HCIQy, is kept constant,
cp was varied,

NaClQy in such concentrations that

(a) [A*] = 3 M, is kept constant,

(b) [Y'] =3 M, is kept constant,

(c) I =3 M, is kept constant, respectively.

Mixture 2

cg = 0.050 M Cd(ClOy),, is kept constant,

cy was varied,

X M NaClOy in such experimental conditions as above.

Equations, tables and figures presented in this chapter are reproduced with kind
permission of the Royal Society of Chemistry from the articles specified by the
reference numbers given after the title and subtitles of the chapter and by the texts
given under the tables and figures. The date of the copyright is identical with the
year of publishing the articles.

2.1 Studies on Emf Cells Where [A*] = C M, Constant [1]

The derived equations of this chapter can be used if the approximation In [(w/a)+1]
= w/a is valid, for small values of w/a [1]. Here,

w = Sts2 — Sts1 = zg c(AB + Ay) + cu(Ag + Ay) 2.1

a=C(a +1iy) (2.2

according to Egs. (3), (5) in Part 3A in Ref. [2].

E. Néher-Neumann, Advanced Potentiometry, 17
DOI 10.1007/978-1-4020-9525-2_2, © Springer Science+Business Media B.V. 2009
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The validity of this approximation should be checked by using the ionic molar
conductivities determined in the mixtures studied. This is generally the case, if the
ion concentrations are: cg and cg < 0.1 M, and using the ionic medium AY in
the mixtures studied, in the concentration range 0.5 < C < 3 M, according to the
calculations of the author.

2.1.1 Cell B Using an Amalgam/Ion-Selective Indicator Electrode

2.1.1.1 The Determination of Egg and Some Slope Functions

In this case, cy should be kept constant and cg varied. This can be done if we use
Mixture 1 where cp is varied within the range 5-50 milli molar (mM). For example,
50 ml solution Mixture 1 containing 5 mM Cd?** was titrated with solution S of the
composition: 0.025 M HClOy, 0.1 M Cd(ClOy),, 3 M NaClOy4. Both an amalgam
and a glass electrode were present in the test solution.

The total cell emf, Eg, is given by Eq. (1.11). The functions d; and d, have the
values given below.

dy =&"(B,Y) — Fo(Ag — zgry) — zptac”(A, Y) + tye”(B,Y) (2.3)

dy = ¢"(B,Y)/zg — Fo(hu — Ay) — tag” (A, Y) + tye”(H,Y) 2.4)
where

Fo = 1/[2.303 C(As + Ay)] 2.5)

ta = Aa/(Aa +Ay) and ty = Ay/(Aa + Ay) (2.6)

Moreover, in corr we have the function

@ (x) = x[cpgz(Ay — zZAB) + cu(Ay — An)] + C(hy — Ap) 2.7

First, the systematic error in the conditional constant Eogg; was estimated: gd,cy,
on the basis of Plot 1 (cf. Eq. (1.26)). The plot of the function Eg’ = Eg — (g/zg)
logio cg + gzg [D(I) — D(C)] versus cg, at constant cy, gives the conditional constant
Eog;. The error is presented in Table 2.1. The ionic molar conductivities determined
in Mixture 1 and summarized in Table 2.2 [3]; moreover, the necessary interaction
coefficients, given in Table 2.3, were used in the calculations. As is seen, the system-
atic error is relatively low (-0.38 mV), but it is not 0.01 mV. The slope of this plot is
SL(B,cp)1 = gd.
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Table 2.1 Survey of the total potential anomalies, in mV, appearing in Cells B and H, defined as
AEg* and AEy* due to the use of conditional constants, at the end of the determination of Eyg and
EOHv at 25°C

Experimental [Na*]=3M [ClIO4 7] = I1=3M,
condition constant, 3 M, constant constant
For Cell B:

gdacy —0.38 —0.61 —-0.71
SL(B,CB)ch 2.21 0.94 0
AEg* 1.83 0.33 —-0.71
For Cell H:

gdscp 2.01 0.56 —0.86
SL(H,cy); cu 0 —0.02 —0.02
AER* 2.01 0.54 —0.88

For Cell B: AEg* = gdycy + SL(B,cp)ics

The calculations were made for: cy = 0.025 M, cg = 0.050 M.
For Cell H: AEy* = gdscg + SL(H,cn)icn

The calculations were made for: cg = 0.050 M, cy = 1 x 1073 M.

Table 2.2 Survey of the values of the ionic molar conductivities in S cm? mol ion~! |charge|~! for
mixtures of 3.00 M NaClOy, 0.025 M HClOy, 0 < [Cd(ClO4);] < 0.187 M at 25.000 £ 0.005°C.
Presentation of some quantities (\yaqa3), ty, ta, etc.) which appear in the potential functions. Here,
Y denotes C10,4~, [Na*] = 3.00 M, is kept constant

0.014127 < [Cd(ClO4),] < 0.080 /M

Graphical analysis

e = 23.48
' = 170.20 + 4.20 30.98 < hyagaz) < 30.08
by
In the ranges 057 <ty = % <0.56
0 < [CA(CIO4)]< 0.086 M: Na - Avada)
red” = 7.54 — 0.90 = 6.64
s
0.086 < [Cd(Cl04),] < 0.187 M: 043 <tyg= — 0 <044
hed = 7.54 — 5.25 = 2.29 ANa - Aadds)
Acd — Zcdh
Computer Analysis 0,15 < G4 T M) 14

In the range 0 < [CA(CIO4),] < 0.086 M; — 2.303C(a + Avaaa)

A= 6.85, Nfj= 167.85, hna = 23.52
In the range 0.086 < [Cd(ClO4),] < 0.187 M;
A= 2.23, Nfj= 196.73, hna = 23.55

Here, the values of \yaqa3) change according to Ay,aq3) = 31.19 — [Cd**] x 13.87.
Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1998) Acta Chem Scand 52: 873-882 (Table 5).

Moreover, the total potential anomalies (excluded the Debye—Hiickel term) were
estimated, at the end of the determination of Ep, according to the definition

AE]XS = gdch + SL(B,CB)ICB (28)
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Table 2.3 Survey of some interaction coefficients on the molar (€, ¢”) and the molal (¢) scale

3 3

dm?solution kg solvent

mole solute mole solute
NaClO4 0.03; 0.045 [4] 0.03 [5]
LiClOy4 0.34 [6]
Ca(ClOy); 0.27 [7]
Mg(ClOy4), 0.33 [7]
NaHCO3; 0.01 [5]
HCI1O,4 0.18* 0.14 [7]
Cd(ClOy), 0.40 [4] 0.32 [4]
Zn(Cl0Oy), 0.38* 0.30 [9]
Pb(ClOy), 0.24* 0.15 [8]
Cu(ClOy), 0.39* 0.32 [7]
Fe(ClOy4); 0.56 [7]

*Recalculated by the author from the corresponding & value. Source:
Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1997) Acta Chem Scand 51: 1141-1154 (Table 6).

It was found that from the slope of this plot, SL(B,cg);cg = 2.21 mV, and AE} =
1.83 mV (cf. Table 2.1). This potential contribution is not negligible.

As a second step, we evaluated the data according to Plot 2. We plotted the func-
tion Eg’ = Eg — (g/zp) log)o cp versus cg, at constant cy.

The slope function SL(B,cg), was determined as given by Egs. (1.14) and
(1.21d). This gives the potential contribution of the B“®* ions to the total poten-
tial anomalies AEg. In this function, the term dD(I) appears. This can be given as

dD(I) = [aD(1)/8(D)]ey ey = 0.5115/[21V2(1 4 1.51'/%)%] (2.9)

and can be estimated by graphical integration. For Mixture 1, we obtained

c(B)
/ [ng(D]c(H) .dCB =0.63 CB mV (210)
0

The derivative of Eq. (2.10), with respect to cg, gives g dD(I) = 0.63 mV M~

The slope of the plot Eg’ = Eg — (g/zg) logjo cg versus cg, at constant cy, gives
the slope SL(B,cg). This plot is shown in Fig 2.1. The comparison with the calcu-
lated slope is given in Table 2.4. This slope was found to be 40.5 £+ 0.5 mV M~!
Cd**. As we can see from Table 2.4, the agreement is very good. This means that
the theory is correct, which is the fundament for this determination. A more detailed
analysis of the results will come at the end of the chapter.

If we make a potentiometric titration in Mixture 2, using an amalgam electrode
again, we can determine the slope function SL(B,cy),. This gives the potential
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ESH + AEH
Eog + AEg
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+
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Fig. 2.1 Determination of the experimental slope function SL(B,cp) and the conditional constant
Eog, = Egg* + F(B,cy). Moreover, the slope function SL(H,cp) is determined and the conditional
constant Eogo = Eog* + F(H,cp), for Mixture 1, where [Na*] = 3 M, is kept constant. Points
with symbols A were shifted along the ordinate by 14.30, open circles () by 977.34 and the
symbols [] B by 987.76. Filled symbols correspond to points from a reverse titration. Reproduced
by permission of the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand
51: 1141-1154 (Fig. 1)

Table 2.4 Survey of the calculated and measured slopes in mV M~!, for cell B and H, with the
experimental condition [Na*] = 3 M, constant, in Mixture 1. The graphical results for the ionic
molar conductivities of Table 2.2 was used. The term “corr” was neglected

Slope SL(B,cg)
cf. Eq. (1.21d)

Slope SL(H,cp)
cf. Eq. (1.44)

i dlogf
M] 377 +23.66 = 19.89
L BCB -
[OE
—D] 8.57
L aCB cu
" o(Ere —
M] —155+13.25=11.70
L aCB cn
Calculated slope (at [Cd>*]=71 mM) 40.16
Experimental slope 40.5+£0.5

—1.88 +21.29 = 19.41

8.57

—1.55+13.25=11.70

39.68
40.5+0.5

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E

(1997) Acta Chem Scand 51: 1141-1154 (Table 1).
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Table 2.5 Survey of the calculated and measured slopes in mV ML, for cell H and B, with the
experimental condition [Na*] = 3 M, constant, in Mixture 2. The ionic molar conductivities given
in Table 2.6 have been used in the calculations, assuming A¢i” to be valid. The term “corr” was
neglected

Slope SL(H,cy) Slope SL(B,cy)
of. Eq. (1.45) cf. Eq. (1.22)
r 3logf
(g/zgﬁ] —0.62 + 10.65 = 10.03 124+ 11.83 = 10.59
CH .
MOE
—D] ~18.46 —18.46
L 30].1 .
M9 (Epr —
M] —0.76 +5.96 = 5.20 520
L 8CH B
Calculated slope —-3.23 —2.67
Experimental slope —48+1

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Table 3).

contribution of the H* ions to the total potential anomalies of the amalgam elec-
trode. This slope function is defined by Eqgs. (1.15) and (1.22). The calculated value
of it is presented in Table 2.5. The ionic molar conductivities measured in Mixture
2 are presented in Table 2.6 [3].

2.1.1.2 The Estimation of the Systematic Errors in the Equilibrium
Constants, A logio Bpqr, Caused by the Use of the Conditional
Experimental Constant Egg;

This experimental conditional constant for Eog; has been determined in Mixture
1. We study the equilibrium process described by Egs. (1.51) and (1.52). Then we
have

logg Bpqr = logp[complex] — plog;; b — qlog;oh —rlog;y1 (2.11)

Inserting the expression for Egg; (cf. Eq. (1.26)) into Eg, valid for cells with complex
formation (cf. Ref. [4]), and expressing log;o b from it, we obtain

log;o b = (Ep — Egp — g dacu)(zs/g) + 5[D(I) — D(C)] — (z8/2)

2.12
Sy QB V)V — (z3/g) corr 12)

The systematic error in logoBpq Will be (cf. Egs. (2.11) and (2.12))
Alog,g Bpgr = —pAlogy b = p(gdacn) zs/g (2.13)

Equation (2.12) is valid in the preliminary data treatment, when only the presence
of the ions H*, B?®* LY~ A* and Y~ is considered. Here, Q(B,V) denotes func-
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Table 2.6 Survey of the values for the ionic molar conductivities in S cm? mol ion~! [charge| !,
valid in the mixtures of 3.00 M NaClOy4, 0.050 M Cd(CIO4),, 0.046 < [HCIO4] < 0.100 M at
25.000 £ 0.005°C. The validity of Ay,da3) Was assumed, describing the three-component system
studied. Presentation of some quantities like Ayaqq(3), ta, ty and so on which appear in the potential
functions. Here, Y denotes C1O,~. [Na*] = 3.00 M, is kept constant

0.046 < [HCIO4 /M < 0.102

Graphical analysis

Ay = 137.78 30.42< hyaqaz) < 30.69
Ay = 18.68 £ 1.12
AYa
g = 23.48 0.56 <ty = — O 56
ANa + Avadd3)
A
043 <tyg= — 2 <043

ANa + Avadd3)

AH — Ayadd(3) 0.9

0.29 < =
2.303 C(ANa + Ayadd3))

Computer Analysis

Ay = 13635
Aeq = 16.48
e = 23.52

Here, the values of Ayaqq3) change according to Ayaq3) = 30.41 + 2.80 x
[H*].

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1998) Acta Chem Scand 52: 873-882 (Table 7).

tions of constant value, in terms of some interaction coefficients and ionic molar
conductivities measured in the equilibrium solution studied. V denotes the equilib-
rium concentrations b, h, and 1 and the composition change of the ionic medium,
ACY =Cy — C.

Assuming values for the term g d, cyg mV, the hypothetical systematic errors
can be estimated. These are presented in Table 2.7. As is seen from this table, the
systematic errors are not negligible and are a function of cy.

With the Eop|value determined in Mixture 1, the systematic error, AlogoBpqr
was calculated for different p values. These are presented in Table 2.8. This is the
minimum error which can appear.

2.1.2 Cell H Using a Glass Indicator Electrode

2.1.2.1 The Determination of Egg and Some Slope Functions

If we study Cell H, using only a glass electrode, cg should be kept constant and cy
varied. This determination can be used in experiments where the formation of metal
ion complexes is studied (so-called main titration) and B is kept constant. This can
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Table 2.7 The estimation of the systematic error in the formation constants logjofBpqr, caused by
the neglected potential contribution of the H* ions to Egg

Cell B —pAlogb=pgd,cyzB)/g
For z(B) =2

Eos + gdocy /mV p=1 p=2 p=3
Eos + 0.50 0.017 0.034 0.050
Eog + 1.00 0.034 0.067 0.101
Eos +2.00 0.067 0.135 0.203
Eos +5.00 0.169 0.338 0.507
Eos + 7.00 0.236 0.473 0.710
For z(B) =3

Eog + gd; cy /mV p=1 p=2 p=3
Eog + 0.20 0.010 0.020 0.030
Eos + 0.50 0.025 0.050 0.075
Eog + 1.00 0.051 0.101 0.153
Eog +2.00 0.101 0.203 0.303
Eos +5.00 0.253 0.507 0.759
Eos + 7.00 0.355 0.710 1.065

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1998) Acta Chem Scand 52: 873-882 (Table 1).

be done as follows. We can use Mixture 2, where cy is varied within the range, e.g.
2—30 mM. This can be done through an acid-base titration.

In this case, e.g. vop = 50 ml solution Mixture 2, containing [H*]y = 30 mM
HCIOy, should be titrated with v; = v, ml solutions T; and T, using two burettes.
The composition of the titrating solutions should be:

Table 2.8 Estimation of the systematic errors in the equilibrium constants, Alog;oBpqr, appearing
due to the use of the conditional experimental constants Egg; (cell B) and Egn; (cell H), in logioBpqr

units at 25°C

Experimental conditions [Na*] = 3.00 M, is kept constant, For zg = 2

Cell B

Mixture 1:

cy = 0.025 M, constant
E()B] = E()B + gdz CH mV

Cell H

Mixture 2:

cg = 0.050 M, constant
EOHI = E()H + gd3CB mV

Systematic error/mV
EOB or EoH/mV

1OgIO.qur

in Egp;: gdocy = —0.38

EOBI +0.38

Systematic errors in 10g10Bpqgr
— pAlogo b =p(gd; cu)zp/g
p=1 p=2 p=3
—0.013 —0.026 —0.038

in Eopy;: gdscg = 2.01

Eou1 — 2.01

—qAlogio h = q(gd; cB)/g
q=1 q=2 qg=3
0.034 0.068 0.102
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T, : 2Bt M B(ClO4),, [H"];M HCIOy4, 3M NaClO,,
T2 0.1 M NaOH, (C — CNaOH) M NaClO4.

vi = v ~15 ml NaOH is necessary to reach the equivalence point. We should finish
the E, titration at around [H*] ~1 x 10~3 M, in order to avoid alkaline solutions,
which are not good for the glass electrode (sodium error).

The total cell emf for this cell is given by Eq. (1.43), the total potential anomalies,
AEH by

ABy = g dscpg + g dscy — g [D(I) — D(C)] (2.14)
These equations include the functions d; and d4. These are defined as

d3 = ZBS//(H, Y) — F()()\.B — ngy) — ZBtASU(A, Y) + tys//(B, Y) (2143)

dy = &"(H,Y) — FoOr — Ay) — tag”(A, Y) + tye”(H, Y) (2.14b)

The interpretation of the data can start with a Gran plot [5] in order to check the
acidity level of the start solution. This calculation method will be demonstrated at
the protolysis of a weak acid in Section 4.2.1.2.

The experimental constant Eqyg can be obtained by Plot 1. We plot the data as
Ex’ = Eg — g log)o cg + g[D(I) — DC] versus cy, at constant cg. The intercept will
be a conditional constant, Egy;, which depends on cg.

Eon1 = Eon + g dscg (2.15)

The term g d; cg was estimated for Mixture 2, and it was found to be 2.01 mV
(cf. Table 2.1) and not 0.01 mV, what is assumed to be the level of the uncer-
tainty of the data, using a curve-fitting computer program. The slope of this plot is
SL(H,cn)1 = gds.

The total potential anomalies (excluded the Debye—Hiickel term) were also esti-
mated, at the end of the determination of Egy, according to the definition

AEE =g d3CB + SL(H, CH)ICH (216)
The term SL(H,cy);cy was found to be zero, therefore, AEg* = 2.01 mV (cf.
Table 2.1).
The slope function SL(H,cg); can also be determined in Mixture 1.

We interpreted the data according to Plot 2 also, plotted the data as Ey'=Ey — g
logio cy versus cy, at constant cg. The intercept is the conditional constant Egp

Eom = Elyy + F(H, cg) (2.17)

The function F(H,cp) is given in Table 2 in Ref. [1].
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Fig. 2.2 Determination of the experimental slope function SL(H,cy) and the conditional constant
Eonz = Eou* + F(H,cp), for Mixture 2, where [Na*] = 3 M is kept constant. Reproduced by
permission of the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand
51: 1141-1154 (Fig. 2)

The slope of this plot is SL(H,cy), and is defined by Eqs. (1.37) and (1.45). This
plot is shown in Fig. 2.2. The slope was found to be —4.8 & 1 mV M~' H*. The
calculated and measured slopes were compared in Table 2.5. We can see from this
table, that the agreement is rather good. The necessary ionic molar conductivities
are given in Table 2.6. The term [g d D(I)].g) was estimated as before (cf. Eq.
(2.10)).
c(H)
/ [g dDM)]ce) deg = 0.62 cy (2.18)
0

It was found to be 0.62 mV.

The slope SL(H,cp), was also estimated in Mixture 1. It was obtained through
the plot Ey’ = Eg — g logjo cy versus cg, at constant cyg. This slope is defined by
Egs. (1.36), (1.44), and the intercept is
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Eom2 = Egy + F(H, cp) (2.19)

where
Efy = Eon + £3(C) (2.20)

The functions F(H,cy) and f3(C) are given in Table 2 in Ref. [1].

The experimental and theoretical slopes were found to be 40.5 & 0.5 and 39.7 mV
M~! H*, respectively. The plot is shown in Fig. 2.1. The comparison between mea-
sured and calculated slopes is given in Table 2.4. These results show that all ions
present in the test solution contribute to the potential of the indicator electrode.

2.1.2.2 The Estimation of the Systematic Errors in the Equilibrium Constant,
Alog19Bpqr, Caused by the Use of the Conditional Experimental
Constant EOHI

We shall follow the same treatment as in Cell B (cf. Section 2.1.1.2). We obtain

log,oh = (Eu—Eon—gds cg)/g+[D(D)—-D(O)]-(1/2)Zv QH, V)V —(1/g) corr,
(2.21)
where Q(H,V) denotes constant functions, again.
The systematic error in question will be, according to Egs. (1.46), (2.11) and
(2.21)

Alogg Bpgr = —qAlog;ph = q (g dsep)/g (2.22)

Assuming values for the term g d; cg mV, a hypothetical error can be estimated,
as given in Table 2.9. This systematic error causes the dependence of the S value
with cp, consequently with Bt too. This will be interpreted as the formation of
polynuclear complexes which are artefacts.

Table 2.9 The estimation of the systematic error in the formation constants logoBpqr, caused by
the neglected potential contribution of the B“®* ions to Epy

Cell H —qAlogh=qgdscpg/g

Eog + gd3 cg /mV q=1 q=2 q=3
Eog + 0.5 0.008 0.016 0.024
Eony + 1.00 0.017 0.034 0.051
Eog +2.00 0.034 0.067 0.102
Eon +5.00 0.084 0.169 0.252
Eog + 7.00 0.118 0.236 0.354
Eon + 10.00 0.169 0.338 0.507

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1998) Acta Chem Scand 52: 873-882 (Table 2).
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Table 2.10 Survey of the anionic transport numbers [6] for some electrolytes often used in emf
measurements

Electrolyte Concentration range/m ty~ (anionic)

HCIO, 0.100—3.475 0.17 (3.5-2.5 m)
0.16 (2.5—1.5m)
0.15 (1.5—0.1 m)

NaClOy4 0.690—3.495 0.57
LiCIO4 0.360—3.46; 0.65
NaCl 0.641-3.19¢ 0.64

1.598—3.19¢ 0.63

Source: Reproduced by permission of the author Douhéret G (1980)
from Biedermann G (deceased), Douhéret G Chemica Scripta 16: 138—
140 (Table I).

Table 2.11 The molar conductivities of some pure electrolytes [7] often used as ionic medium in
emf measurements, in S cm?.g mol ™!

3 M LiClO4 3 M NaClO4 1 M NaClOy4 0.5 M NaClOy4

52.53 54.60 71.10 85.12
3 M NaCl 3 M HCIO4 1 M HCIO4 3 M HCI
65.60 233.1 329.3 237.7

Source: Reproduced by permission of the author Douhéret G (1980)
from Biederman G (deceased), Douhéret G Chemica Scripta 16: 141—
143 (Table I).

The systematic error in Egy;, for the glass electrode in Mixture 2, was estimated
(cf. Table 2.1). It was found to be g cg d3 = 2.01 mV. This means that the smallest
systematic error in the measurement of Ey is 2.01 and not 0.01 mV.

Using this value, the experimental systematic error, Alogig Bpqr, Was calculated
for different q values. These are given in Table 2.8. As is seen, the systematic error
in the equilibrium constant changes with g, and it is not negligible.

The anionic transport numbers (ty) for some electrolytes, often used in emf mea-
surements, are given in Table 2.10 taken from Ref. [6]. The molar conductivities
(A) of some pure electrolytes, often used as ionic medium in emf measurements,
are presented in Table 2.11 [7].

2.2 Studies on Emf Cells Where [Y~] = C M, Constant [1]

The derived equations of this chapter can be used if the approximation In[(w/a) + 1]
= w/a is valid, for small values of w/a [1]. Here,

W = Sts2 — Sts1 = zg c(Ap — Aa) + CcH(An — Aa) (2.23)
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a=Sts; = C(ha + Ay) (2.24)

according to Egs. (4), (6) in Part 4 in Ref. [2].

The validity of this approximation should be checked by using the ionic molar
conductivities determined in the mixtures studied. This was found to be the case,
when the ion concentrations were: cg < 0.1 M and ccg < 0.1 M in the ionic medium
NaClOy and for the concentration range 0.5 < C <3 M.

In these systems, we have

CA = C— Zp CB — CH M (225)

I=C+cp(zh —2z8)/2 (2.26)

In the potential function Ep¢ and in the term “corr”, the function @ (x) is included.
This summarizes the Debye—Hiickel terms of the activity coefficients. In the present
experimental condition, it has the following value.

@ (x) = x [z cg(Aa — ZBAB) + cH(Aa — Ap)] + C(Ay — Ap) (2.27)

2.2.1 Cell B Using an Amalgam/Ion-Selective Indicator Electrode

2.2.1.1 The Determination of Egg and Some Slope Functions

The determination of Eopg can be done in a similar way as it was discussed earlier
in Section 2.1.1.1. This cell is also suitable for the determination of different slope
functions in order to investigate, e.g. the two contributions of the activity factors to
the total potential anomalies.

For this cell, the potential functions given below are valid. The total cell emf, Eg
mYV, is defined by Eq. (1.11), where

d; = —Fo(Ap — Aa zp) + ty[e"(B, Y) — &"(A,Y)zp] (2.28)

dy = —Fo(Au — Aa) + ty[e"(H, Y) — &"(A,Y)] (2.29)
According to Plot 1, for Mixture 1, the conditional constant
Eog1 = Eop + g d2 cy mV
can be determined as the intercept of the plot Es = Ep - (g/z) logip cg + g 7B
[D(I) — DC] versus cg, at constant cy. We estimated the systematic error gdcy.

This is given in Table 2.1. Then the total potential anomalies AEg* was calculated
according to Eq. (2.8). The result is given in Table 2.1. The necessary ionic molar
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Table 2.12  Survey of the values for the ionic molar conductivities () in S cm? (mol ion)~!
|charge|~! at 25.000 £ 0.005°C for

(1) Mixture 1: 0.025 M HCIQy, constant, X M NaClOy, 0 < [Cd(ClO4),] < 0.100 M
and [CIO4~] = 3 M, constant

(2) Mixture 2: 0.050 M Cd(ClOy4),, constant, X M NaClO,, 2.1073 M < [HCIO4] < 0.1 M
and [CIO4~] = 3 M, constant

Mixture 1 Mixture 2
ANa 23.48 23.48
AClOy43) 32.37* 30.38°
fy 5.89P
Aed” 0 480+ 2.7
A" 2159 £ 109 189.73

a: }\Y(S) =31.19+ f] V43 [BZ(B)+]

f) was calculated from the slope of the plot

103k versus [Cd**], at [H*] = 0.025 M, constant: zg(Ag" — ha + Cf;) = —11.60.

b: at ccq = 0.1 M, otherwise by, = 30.38 +2.76 [H*]

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1998) Acta Chem Scand 52: 1075-1080.

conductivities were determined by the author [8]. The values presented in Table 2.12
were obtained.

The knowledge of the systematic error in question can be used for the calculation
of Egp and the minimum error in logg Bpq:-

The slope of this plot, determined in Mixture 1, is

SL(B, cg); = g dymV M~} (Cd*") (2.30)

According to Plot 2, for Mixture 1, we plotted the data as E; = Eg — (g/zg) logjocs
versus cg, at constant cy. We obtain a conditional constant for the intercept

Eog> = Ejg + F(B, cn) (2.31)

where the involved functions are given in Table 9 in Ref. [1]. The slope of this
plot is SL(B,cg),. This function can be given, due to Eqgs. (1.14), (1.11) and (80) in
Ref. [1] as

SL(B, cg)> = [9Ey/dcplean = —gzs d D(I)(z5 — z8)/2 + gd,

(2.32)
+ [8COH/3CB]C(H)
The calculated value of it is given in Table 2.13.
The slope function SL(B,cy), can be determined in Mixture 2 with Cell B
through the plot Eg’ = Eg — (g/zg) log; cp versus cy, at constant cg. The inter-
cept of this plot is

Egp> = Ejg + F(B, cg) (2.33)
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Table 2.13 Survey of the calculated and measured slopes in mV ML, for cell B and H, at the
experimental condition [C1O,~ ] = 3 M, constant, in Mixture 1. The term “corr” is neglected

Slope SL(H,cp) cf. Eq. (2.37) Slope SL(B, cp) cf. Eq. (2.32)
d(glogf log f;
< (glog H)) 066 ((g/zB) og B)) 13
8CB o 8CB -
oE oE
(—D) 7.20 ( —D> 7.20
dcg cu dcgp oy
<E)(EDf — corr)) 1164 (8(EDf — corr)) 1164
8CB o 8CB H
Calculated total slope 18.18 Calculated total slope 17.52
Experimental slope 18.4 Experimental slope

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Table 7).

Table 2.14 Survey of the calculated and measured slopes in mV M~!, for cell B and H, at the
experimental condition [ClO4~ ] = 3 M, constant, in Mixture 2. The term “corr” is neglected

Slope SL(H,cy)ct. Eq. (2.35) Slope SL(B,cy) cf. Eq. (2.34)
d(glogfy) 0 (g/z8)logfp) 0
BCH = BCH .
oE E,
<d—D) —26.43 (a—‘)> —26.43
aCH B 3CH B
d(Epr — d(Eps —
( 9(Epy — corr) ) 5.00 < M) 5.00
BCH . 3CH c
Calculated total slope —21.43 Calculated total slope —21.43
Experimental slope —21.8 Experimental slope

Souce: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Table 8).

The involved functions are given in Table 9 in Ref. [1].
The slope of this plot will be, due to Egs. (1.15), (1.11) and (86) in Ref. [1] as

SL(B, cn)> = [0Eg/dcu]cm) = g da + [dcorr/dcu]c) (2.34)

The calculated value of it is given in Table 2.14.

2.2.1.2 The Estimation of the Systematic Errors in the Equilibrium Constant,
A logyp Bpqr, Caused by the Use of the Conditional Experimental
Constant Egg;

This was done as in Section 2.1.1.2. The results are presented in Table 2.15.



32 2 Emf Cells with Mixtures of Strong Electrolytes and Liquid Junctions

Table 2.15 The estimation of the systematic errors in the formation constants logioBpqr, caused
by the systematic errors in Egg (cell B) and Egy (cell H) under different experimental conditions

Cell B Cell H
Mixture 1: cy = 0.025 M Mixture 2: cg = 0.050 M
constant constant

Conditional constants/mV ~ Egg; = Egp + gcy dy Eon1 = Eon + gcp d3

Experimental conditions Systematic errors in logig Bpgr

p=1 p=2 p=3 q=1 g¢=2 q=3

[Na*] =3 M is kept
constant:

systematic error/mV
Eop resp. Egp/mV
AlogBpq.r

[ClO4~] =3 M is kept
constant:
systematic error/mV

in EOBI . gdzCH =-0.17
E()B] +0.17
negligible for z(B) = 2

in Egg; : gdycy = — 0.63

in E0H1: gd3CB =1.99
Eou1 — 1.99
0.034 0.067 0.102

in Egy; : gdscg = 0.56

Eop resp. Eog/mV Eop; + 0.63 Eog1 — 0.56

AlogBp g —0.017 —-0.034 —0.050 0.008 0.016 0.024
for z(B) =2

I =3 Mis kept

constant:

systematic error/mV in Egg; : gdpcy = — 0.71 in Egy; : gdscg = —0.86

Eop resp. Eog/mV Eog; +0.71 Eon; + 0.86

Alog Bpqr —0.024 —-0.048 —0.071 —-0.014 —-0.029 —0.043
for z(B)=2

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1999) Acta Chem Scand 53: 1-6 (Table 2).

2.2.2 Emf Studies in Cell H Using a Glass Indicator Electrode

2.2.2.1 The Determination of the Constant Egg and Some Slope Functions
In this cell, the following potential functions are valid.
The total cell emf, Ey mV, is defined by Eq. (1.33), where

d; = dy, is given by Eq. (2.28)
d4 = d, is given by Eq. (2.29)

The constant Eypy can be determined in Mixture 2 as before, in Section 2.1.2.1,
through Plot 1, as Ey’ = Ey — g log;o cy + g[D(I) — DC] versus cy, at constant cg.
The intercept is the conditional constant

Eon1 = Eon + g dscs
and the slope is

SL(H, cn); = g d4
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The term gdscg was estimated and is given in Table 2.1. The necessary ionic molar
conductivities are presented in Table 2.12. The total potential anomalies, AEy*,
were also calculated (cf. Eq. (2.16)) and are given in Table 2.1.

The data were evaluated according to Plot 2 also. The slope of the plot Ey’ = Ey
— g logjp cy versus cy, at constant cg gave

SL(H, cy)2 = [0Ey/dculem) = gds = gdy = [0Eg/dculem) = SL(B, cn)2
(2.35)
cf. Eq. (83) in Ref. [1].
The intercept of this plot is

Eome = Egy + F(H, cp) (2.36)

where the function F(H,cg) and Egy* is given in Table 9 in Ref. [1].

The slope function SL(H,cy), was determined by the author and is given by
Fig. 2.3. The calculated slope and the comparison between calculated and measured
values are presented in Table 2.14.

The slope function SL(H,cp), was determined in Mixture 1 also, through the plot
Ex’ = Eg — glog g cy versus cg, at constant cy, using a glass electrode. We obtained

SL(H, cg)> = [0E};/dcglemy = —g d D(I)(z§ — z8)/2 + g d3 + [dcorr/dcg |,
(2.37)
according to Egs. (1.36), (1.33) and (77) in Ref. [1]. The intercept of this plot is
Eon» = Ejy + F(H, cn) (2.38)

where the function F(H,cyy) and Eg* are given in Table 9 in Ref. [1].

EE)H + AEH
O FORWARD TITR.
mv - @ BACK TITR.
1

10

| | | | | | | | | |
0 20 40 60 80 100.1073 M [H*]

Fig. 2.3 Determination of the experimental slope function SL(H,cy) and the conditional constant
Eom, = Eog* + F(H,cp), for Mixture 2, where [ClO4~] = 3 M is kept constant. Reproduced by
permission of the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand
51: 1141-1154 (Fig. 4)
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E6H+AEH

mV [
10 -
9 —

O FORWARD TITR.

@ BACK TITR.

8 —

| | | | | | | | | |

0 20 40 60 80.10° M [Cd*]

Fig. 2.4 Determination of the experimental slope function SL(H,cg), and the conditional constant
Eomx = Eog™ + F(H,cy), for Mixture 1, where [C1O4~] = 3 M is kept constant. Reproduced by
permission of the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand
51: 1141-1154 (Fig. 3)

The slope function SL(H,cg), was determined by the author. This plot is pre-
sented in Fig. 2.4. The comparison between measured and calculated slopes is given
in Table 2.13.

As we can see from Table 2.1, the total potential anomalies for Cells B and H are
much smaller then those of the experimental condition [Na*] = 3 M, constant, and
the experimental uncertainties are not 0.01 mV.

2.2.2.2 The Estimation of the Systematic Errors in the Equilibrium Constants,
A logjo Bpgrs Caused by the Use of the Conditional Constant Egg;y

This can be done as in Section 2.1.2.2. These are presented in Table 2.15 (cf. Table
2.1 also). These systematic errors are half as high for the glass electrode than that
of the amalgam electrode.

2.3 Studies on Emf Cells Where the Ionic Strength (I) = C M,
Constant [1]

The derived equations of this chapter can be used if the approximation In [(w/a) +
1] = w/a is valid, for small values of w/a [1]. Here,
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W = Stsa — Sts1 = g zg(Ap + Ay) + cu(ru — Ay) — cs(ha + Ay) (zg +78)/2,
(2.39)

a= STSI = C()xA + Ay) (240)

The validity of this approximation should be checked by using the ionic molar con-
ductivities determined in the mixtures studied. This was found to be the case, if the
ion concentrations are: cyg < 0.1 M and cg < 0.1 M in the ionic medium NaClO4
and for0.5 <C <3 M.

The composition of the test solution (TS2) is:

cg = [B“®T] = [BY ) M

cy = [H'] = [HY]M

ca = C —cy — cp(zg +z)/2M (2.41)

cy = C+zg cg — cp(zg +78)/2M (2.42)

The composition of e.g. Mixture 1 can be established as follows.
I =3 M, constant, should be insured. The ionic strength for Mixture 1/Mixture 2
can be given as

I=(/2)ca+cu+cy+cp z%) = CM, constant (2.43)
where
Cy = AYT +Cyg+ 7 C (244)

Here, T denotes total, analytical concentration in M.
Inserting cy into Eq. (2.43) and expressing AYt from it, we obtain the concen-
tration of the ionic medium to be used.

AYT =C —cy — [(z5 +78)/2] cg M (2.45)

If NaOH (AOH) is added to the mixture also, e.g. at the determination of Epy
through an acid—base titration, we have

ca = AYt + AOHt (2.46)

and for the test solution

AY1 = C —cyy — [(z} + z8)/2] ¢ — (1/2) AOH (2.47)
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2.3.1 Emf Studies in Cell B Using an Amalgam Indicator Electrode

2.3.1.1 The Determination of Egg and Some Slope Functions

The determination of Egg can be done in a similar way as it was discussed in Section
2.1.1.1. For this cell, the potential functions given below are valid. The total cell emf,
Eg mV, is defined by the equation

EB = E(]B + (g/ZB) loglO Cg + g d]CB + g dZCH (248)
as D(I) — D(C) = 0. The functions d; and d, were found to be

di = &"(B,Y)(1 —zp) (1/2) — [Ag — zghy + (Ay — An) (2 + 28)/2] Fo — ta&”
(AY) (zg — z§) (1/2) + ty[¢"(B,Y) — £"(A, Y) (z§ + z)/2]
(2.49)

dy = —(Ag — Aa)Fo + ty[e"(H,Y) — ¢"(A,Y)] (2.50)

The conditional constant, Egg;, can be obtained as the intercept of the plot Eg = Eg
—(g/zp) log|o cp versus cg, at constant cy:

Eog1 = Eog + g docy mV

We estimated the systematic error g d, cy. This is given in Table 2.1. The necessary
ionic molar conductivities were determined by the author [9] for Mixture 1 and
Mixture 2. The values presented in Table 2.16 were obtained. The total potential
anomalies, AEg*, were also calculated (cf. Eq. (2.8)) and are given in Table 2.1.
With the systematic error in question, the value of Egg and the minimum error in
logio Bpqr can be calculated. The slope of this plot is

Table 2.16 Survey of the values for the ionic molar conductivities (Aj) in S.cm?. (mol ion)™!
|charge|~! at 25.000 =4 0.005°C for

(1) Mixture 1: 0.025 M HCIOy, constant, X M NaClOy4, 0 < [Cd(ClO4),] < 0.1 M, I =
3 M, constant.

(2) Mixture 2: 0.050 M Cd (ClO,),, constant, X M NaClOy, 2.10~3 M < [HCIO4] < 0.1 M and I
= 3 M, constant

Mixture 1 Mixture 2
ANa 23.48 23.48
A[ClOy43)] 31.19 — 15.03 [Cd**] 30.37 + 2.83 [H]
hed” 52.77 66.31 £+ 0.38
A" 235.08 £+ 1.60 179.91

Source: Reproduced by permission of the Royal Society of Chemistry
from Néher-Neumann E (1999) Acta Chem Scand 53: 1-6.
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Table 2.17 Survey of the calculated and measured slopes in mV M~ for cell H and B, at
the experimental condition I = 3 M, constant, in Mixture 1: [HC1O4] = 0.025 M, constant, 0 <
[Cd(Cl04),] < 0.1 M, and X M NaClOy4

Slope SL (H,cp) cf. Eq. (2.58) Slope SL (B,cg) cf. Eq. (2.51)
d logf, dlogf
(g og H> 1065 ((g/ZB) og B> 1183
BCB i BCB cu
oE dE,
(d—D> —2.03 <—D> —2.03
aCB cn aCB -
oE
( =t 11.11 PEnr 11.11
aCB - aCB cu
Calculated total slope —1.57 £ 0.06 Calculated total slope —2.75 £ 0.06
Experimental slope 1.6 Experimental slope 0+0.5

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Table 10).

SL(B, CB)I = [3E%/8CB]C(H) =g d1 (251)

The calculated and measured values for it can be found in Table 2.17. The value
SL(B,cg) = 0 £ 0.5 mV M~ Cd** was measured by Leden [10].

The slope of the plot Eg = Eg — (g/zp) log;o cp versus cy, at constant cg, deter-
mined in Mixture 2, gives

SL(B,cy) = [dEg/dcu]ce) = g da (2.52)
and for the intercept
Eog1 = Egp + gdjcgmV (2.53)

The calculated value for SL(B,cy) is shown in Table 2.18.

2.3.1.2 The Estimation of the Systematic Errors in the Equilibrium Constants,
A logio Bpqr, Caused by the Use of the Conditional Constant Egp;

This was done as discussed in Section 2.1.1.2. The results are presented in
Table 2.15.

2.3.2 Emf Studies in Cell H Using a Glass Indicator Electrode

For this system, the potential functions given below are valid. The total cell emf is

Eu = Eon + glog,gcu + g cg d3 + g cyds mV (2.54)
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Table 2.18 Survey of the calculated and measured slopes in mV M~!, for cell B and H, at the
experimental condition I = 3 M, constant, in Mixture 2: 0.05 M Cd(ClOy); is kept constant, 0.003
< [HCIO4] < 0.1 M and X M NaClOy4

Slope SL(H,cy) cf. Eq. (2.57) Slope SL(B,cy) cf. Eq. (2.52)
gd log fy 0 (g/zp)d log g 0
3CH . BCH .
oE, JE,
(—D) —2481 (—D) —24.81
3CH . 3CH s
0Eps 9En¢
( D‘) 5.01 ( D*) 5.01
8CH . 8CH s
Calculated total slope: —19.80 & 0.08 Calculated total slope: —19.80 £ 0.08

Experimental slope: —17.70

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Table 11).

where

dy = &"(H,Y) (zg — z3) (1/2) — [hg — zghy + (Ay — An) (2 +28)/2] Fo — ta&”
(AY) (zg — z§) (1/2) + ty[e"(B,Y) — "(A,Y) (2} + z8)/2]
(2.55)

dy = dy (2.56)

2.3.2.1 The Determination of Egg and Some Slope Functions

The conditional constant Egy; can be obtained as the intercept of the plot Ey = Ey
— g logyo cy versus cy, at constant cg, determined in Mixture 2 as

Eoni = Eon + g cg d3mV

The term gcgds was estimated and is given in Table 2.1. The necessary ionic molar
conductivities were measured by the author [9]. These are presented in Table 2.16.
The slope of this plot is

SL(H,cy) = [0Ey'/dculep) = g ds = g dy = [0Eg'/dcu]cm) = SL(B,cy) (2.57)

The total potential anomalies, AEy*, were calculated (cf. Eq. (2.16)) and are given
in Table 2.1. The slope function SL(H,cy) was determined by the author. The plot
is shown in Fig. 2.5. The experimental and calculated values for it are presented in
Table 2.18.

The plot Ey’ = Ey — g log)o cy versus cg, at constant cy, determined in Mixture
1, gives the slope function

SL(H, cg) = g ds (2.58)
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EOH + AEH
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Fig. 2.5 Determination of the experimental slope function SL(H, cy) and the conditional constant
Eon1 = Eou + g d; cg, for Mixture 2, where I = 3 M is kept constant. Reproduced by permission of
the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand 51: 1141-1154
(Fig. 6)

The intercept is

Eoni = Eou + g dscy (2.59)

This slope function was determined by the author. The plot is presented in
Fig. 2.6. The measured and calculated values for it can be found in Table 2.17.
The concerning ionic molar conductivities are given in Table 2.16.

2.3.2.2 The Estimation of the Systematic Errors in the Equilibrium Constants,
A log;Bpqr, Caused by the Use of the Conditional Constant Egy;

This estimation was done for Mixture 2, as discussed earlier in Section 2.1.2.2. The
results are presented in Table 2.15. In Cell H, this systematic error is half as high as
in Cell B.

2.4 Conclusion on Emf Studies of Mixtures of Strong Electrolytes

The conclusions which can be drawn from the emf studies on mixtures of strong
electrolytes in chapter 2 are summarized below.

(1) The individual slope functions determined at a given experimental condition,
show the potential contribution of the ideal diffusion potential (Ep) and the
different activity factor terms ((g/zy) logio fyrs2 + Epr) to AEj. Such slope
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Fig. 2.6 Determination of the experimental slope function SL(H,cg) and the conditional constant
Eoni = Eon + gds ¢y, for Mixture 1, where I = 3 M is kept constant. Reproduced by permission of
the Royal Society of Chemistry from Néher-Neumann E (1997) Acta Chem Scand 51: 1141-1154
(Fig. 5)

functions are e.g. SL(B,cp), as given in Table 2.19A, and SL(H,cy), as given
in Table 2.19B.

(1.1) From the study of SL(B,cp), using an amalgam indicator electrode and
determined at different experimental conditions, the following conclu-
sions can be obtained (cf. Table 2.19A).

Table 2.19A Survey of the participate potential terms to the slope function SL(B,cg), determined
in mixtures of HCIO4 + Cd(ClO4), + NaClOy4 (in Mixture 1) at different experimental conditions,
using cell B, in mV M~! Cd** at 25° C

Experimental conditions [A*] =C M, constant [Y~] =C M, constant 1= C M, constant

1 f)
<(g/ZB)3 g9 BTSZ) 19.89 ~132 ~11.83
3CB n
0E
<—D) 8.57 7.20 —2.03
8CB cn
E
<a Df) 11.70 11.64 1111
aCB cn
Calculated slope 40.16 17.52 —2.75
Experimental slope 40.5£0.5 0+0.5

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Tables 1, 7, 10).



2.4 Conclusion on Emf Studies of Mixtures of Strong Electrolytes 41

(a) The contribution of the term (g/zg) log;o faTs> to the slope is highest
at [A*] = C M, constant, and is around zero at [Y ] = C M, constant.

(b) The contribution of the term Ep, to this slope is highest and equal at
[A*] = C M, constant, and [Y~] = C M, constant, is smallest, around
zero, at I = C M, constant.

(c) The contribution of the term Epy is approximately equal at all exper-
imental conditions studied.

(d) The total change of the activity factors, (g/zg) logio fsrs2 + Eps, i
highest at [A*] = C M, constant, is a third of it at [Y'] = C M,
constant, and is around zero at I = C M, constant.

(e) The total value of the slope function SL(B,cg) is highest at [A*] = C
M, constant, is half as much at [Y~] = C M, constant, and is around
zero at I = C M, constant.

(f) For the amalgam electrode, the total potential anomalies, AEg*, is
smallest at [Y~] = C M, constant (cf. Table 2.1).

(1.2) From the study of SL(H,cy), using a glass indicator electrode and deter-
mined at different experimental conditions, the following conclusion can
be obtained (cf. Table 2.19B).

(a) The potential contribution of the term g log|o furs, to the slope is
highest at [A*] = C M constant, and is around zero at [Y] =
C M constant, and at I = C M constant. This is a contribution of the
activity coefficient, fyrs,, to the ideal electrode potential, defined by
the Nernst equation.

(b) The potential contribution of the term Ep to the slope is approxi-
mately equal at all experimental conditions studied, except [Y~] =
C M, constant.

Table 2.19B Survey of the participate potential terms to the slope function SL(H,cy), determined
in mixtures of HC1O4 + Cd(ClOy4); + NaClOy4 (in Mixture 2), at different experimental conditions,
using cell H, in mV M~! H*, at 25° C

Experimental conditions [A*] =C M, constant [Y~]=CM, constant 1= C M, constant

1 f
<7g3 %810 ““2) 10.03 0 0
()C].] 8
9Ep
— —18.46 —26.43 —21.48
aCH .
oE
< : Df) 5.20 5.00 5.01
()CH CB
Calculated slope -3.23 —21.43 —19.80
Experimental slope —48=+1 —21.8 —17.7

Source: Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1997) Acta Chem Scand 51: 1141-1154 (Tables 3, 8, 11).
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The contribution of the term Epy to the slope is approximately equal
at all experimental conditions studied.

The total change of the activity factors, g logio furs2 + Ept, is highest
at [A*] = C M, constant, and is smallest and equal at [Y™] = C M,
constant, and I = C M, constant.

The total value of the slope function SL(H,cy) is highest and equal
at [Y™] = C M, constant, and at I = C M, constant, and is very near
to zero at [A*] = C M, constant.

The systematic error in the conditional constant Eoy; is very high
at the experimental condition [A*] = C M, constant (2.01 mV), is a
fourth of it at [Y~"] = C M, constant, and is a little higher at | = C M,
constant (cf. Table 2.1).

For a glass electrode, the total potential anomalies are zero at every
experimental condition, if we avoid using the conditional constant
Eon (cf. Table 2.1).

Eoy should be determined in the absence of the metal ions B“®* and in the presence
of the ligand, e.g. HL, when we study the formation of metal ion complexes.

(2) Allions which are present in the test solution contribute as an extra term to the
ideal electrode potential of every measuring electrode. For the mixtures studied,
it was found that the total potential anomalies in Cells B and H can be given as
follows.

For Cell B:

AEg = —gzg [D() — D(C)] + g dacy + SL(B,cp)icp (2.60)

For Cell H:

AEy = —g [D() — D(O)] + g dscg + SL(H,cn)icn (2.61)

For the estimation of Eog and Egy, moreover, the calculated slope functions, we need
accurate conductivity data, which were determined in exactly the same mixtures
what were used in the emf studies, for the determination of Egg and Eyy.

(3) The good agreement between calculated and measured slopes (cf. Tables 2.20A
and 2.20B) shows that

(a) the theory, for the establishment of the theoretical equations for emf studies

(b)
(©)

for the estimation of the total potential anomalies, AEy, is correct, devel-
oped by the author [2,11].

The calculation methods used for the determination of the ionic molar con-
ductivities are correct as well, developed by the author [2].

By having these slope functions, we can calculate the real, minimum uncer-
tainty level of the emf data, to be used in curve-fitting computer treatment
of the data.
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Table 2.20A Survey of the total values of the slope functions which participate in AEg*, deter-
mined in mixtures of HCIO4 + Cd(ClO4), + NaClO, solutions, at different experimental condi-
tions, in mV M~ ion J, using cell B, at 25° C. The total potential anomalies for cell B are (reduced
by the Debye-Hiickel terms) AEg* = SL(B,cg); cg + SL(B,cu); cy mV

Experimental [A*]=3M, [Y"]1=3M, I1=3M,
conditions constant constant constant
Slopes

SL(B, CB) 1

Mixture 1

Calculated 43.93 18.84 —2.75
Experimental 443 £0.5 0+0.5
SLeale — SLexp —0.34 —-2.75
SL(B, CH)I

Mixture 2

Calculated — 143 —21.43 —19.80

Source: Reproduced by permission of the Royal Society of Chemistry
from Néher-Neumann E (1997) Acta Chem Scand 51: 1141-1154.

(4) Knowing the experimental slope functions and g d, cy /resp. g d; cg, we can
determine the accurate values for Egg and Eog, and we can calculate the sys-
tematic errors in equilibrium constants caused by the use of the conditional
constants given below.

Eog1 = Eog + g docn (2.62)

Eoni =Eon+gdscp (2.63)

Table 2.20B Survey of the total values of the slope functions which participate in AEg*, deter-
mined in mixtures of HC1O4 + Cd(ClO4), + NaClO; solutions, at different experimental condi-
tions, in mV M~! ion J, using cell B, at 25.00° C. The total potential anomalies for cell H are
(reduced by the Debye — Hiickel terms) AEy* = SL(H,cy);cy + SL(H,cp); cg, mV

Experimental [A*]=3M, [Y]=3M, 1=3M,
conditions constant constant constant
Slopes

SL(H,cn)i

Mixture 2

Calculated —2.61 —21.43 —19.80
Experimental —4.18+ 1 —21.8 —17.7
SLcaie — SLexp 1.57 0.37 —-2.10
SL(H,cg)1

Mixture 1

Calculated 41.5 18.84 —1.57
Experimental 424+ 0.5 19.06 1.6
SLcale — SLexp —0.88 —0.22 —3.17

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1997) Acta Chem Scand 51: 1141-1154.
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In this case, we can avoid the first suggestion of polynuclear complexes, when glass
indicator electrode is used.

During the studies of the formation of metal ion complexes, other systematic errors
will also appear due to the neglection of the total potential anomalies valid in
cells with complex formation. These new systematic errors can also result in the
suggestion of polynuclear complexes, or dimer, trimer, etc. species during the
study of the protolysis of weak acids also. These new errors will be discussed in
Chapter 4.

(5) On the experimental uncertainties of the total slope functions which participate
in the total potential anomalies (cf. Tables 2.20A and 2.20B).
For Cell B: the experimental uncertainty, SLcaic — SLexp, in the slope SL(B,cp)1,
is smallest (— 0.34 mV M~! Cd**) at [A*] = C M, constant, and is highest at I =
3 M, constant. It is difficult to determine a slope ~ 0 with higher accuracy. Here,
calc denotes calculated, exp experimental. The slope SL(B,cy); is smallest at
[Na*] = 3 M, constant (cf. Table 2.20A).
For Cell H: the experimental uncertainty in the slope SL(H,cn)1, SLcaic — SLexp
is smallest (0.37 mV M~! H*) at [Y-] = C M, constant. The slope SL(H,cg);
is highest at [A*] = C M, constant, and is smallest (around zero) at I = C M,
constant. The experimental uncertainty in it is smallest (— 0.22 mV M~ Cd**)
at [Y™] = C M, constant (cf. Table 2.2B).
Concerning all slope functions determined in these studies, the experimental
uncertainties are, in general, < 1 mV M ionJ. Taking into account the experi-
mental fact that ¢y < 0.1 M in potentiometric titrations, the slope functions stud-
ied could be determined with < 0.1 mV uncertainties. Slope functions which
have a value around zero could be determined with < 0.3 mV uncertainties.

(6) The total potential anomalies (reduced by the Debye—Hiickel term of the indica-
tor electrode), A Eg* and AEy*, appearing at the end of the determination of the
experimental constants Egg and Eop, are presented in Table 2.1. As is seen from
this table, AEx* is smallest (0.54 mV) at [C1O4~] = 3 M, constant, and AEg*
is smallest (0.33 mV) at the same experimental condition. This means that Cell
H is best (0 mV uncertainty) at all experimental conditions, in the estimation
of the Eoy values, if we determine them in the absence of the metal ions. This
term is highest (2.01 mV) at [Na*] = 3 M, constant, and at I = 3 M, constant is
—0.88 mV, if Egyy was determined in the presence of the B“®* ions. Moreover,
AEg* is highest at the experimental condition [Na*] = 3 M, constant.

These are the smallest possible systematic errors which appear in the total cell
emf during the determination of Egp and Eog, and not 0.01 mV. These should be
considered as the levels of uncertainties in the curve-fitting treatment of emf data by
a computer program, if we did not correct for them before.

(7) The estimation of the of the systematic errors in the formation constants, Alogig
Bpar> caused by the use of the conditional constants Egp; and Egpgy, under dif-
ferent experimental conditions, is presented in Tables 2.8 and 2.15.
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For Cell B, we obtained:

Alogo Bpqr = negligible for z(B) = 2 at [Na™] = 3 M, constant,
< [ClIO; ] =3M, constant, < I = 3M, constant.

For Cell H, we obtained:

Alog o Bpqr = smallest at [CIO, ] = 3M, constant,
<1 =3M, constant, < [Na™] = 3 M, constant.

These systematic errors depend on cg = Bt (the total concentration of the metal
ions used at the determination of Egy and during the study of the formation of the
metal ion complexes). Consequently, it will look as the formation of polynuclear
complexes, which are artefacts.

(8) The total potential contribution of the activity coefficients is not constant, in
spite of that the constant ionic medium method was used in the studies (cf.
Tables 2.4, 2.5, 2.13, 2.14, 2.17, 2.18). Their contribution to the ideal diffusion
potential (Ep¢) in the slopes is rather constant in one mixture, but is quite dif-
ferent in the other. The term (g/zy) logio fyrs2 in the slopes is rather high, in
general, rather constant in a given mixture and at a given experimental condi-
tion, and is quite different in another mixture. This contribution is ~ 0 mV M-!
at [Cl1O47] = 3 M, constant, in Mixtures 1 and 2, and at I = 3 M, constant, in
Mixture 2.
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Chapter 3
Determination of the Ionic Molar Conductivities

in Mixtures of the Strong Electrolytes
HClO4 + NaClO4 + Cd(ClO4)2

In order to calculate accurate values for Egg and Egy in emf studies, without sys-
tematic errors, as Eop = Eog; — gdacy and Eggy = Eog; — gdscg, moreover, for
the estimation of the systematic errors in the equilibrium constants, A log;, Bpqr, We
need to know the values of the ionic molar conductivities. The systematic errors in
the equilibrium constants are, if the species B,HyL, are formed:

For Cell B:

Alog g Bpgr = —pAlog;ob=p(gd; cy)zp/g and

for Cell H:
Alogyy Bpgr = —qAlog;oh =q(gds cp)/g

As is seen, in both cases, the knowledge of the systematic error terms, gdrcy and
gdscp, is necessary. For the calculation of these functions, we need to know the ionic
molar conductivities.

Equations, tables and figures presented in this chapter are reproduced with the
kind permission of the Royal Society of Chemistry from the articles specified by
the reference numbers given after the title and subtitles of the chapter and by the
texts given under the tables and figures. The date of the copyright is identical with
the year of publishing the article.

3.1 Introduction

In these studies, Mixture 1 and Mixture 2 were used as in the emf measurements.
The specific conductance of the test solutions, x, was measured in cm~! ohm™!
units = cell constant of the conductivity cell (cm~!)/ R (ohm), where R is the mea-
sured resistance of the solution in question.

Moreover,

10’ = Tyhy/z5/cy 3.1

where j denotes the ionic molar conductivity of the ion J is expressed in (S cm?
mol ion~! |charge|~!) . The molar conductivity of electrolyte RX, Agx, is expressed

E. Néher-Neumann, Advanced Potentiometry, 47
DOI 10.1007/978-1-4020-9525-2_3, © Springer Science+Business Media B.V. 2009
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in (S cm? mol™!). These units are generally omitted in the text for simplicity. c;
denotes the concentration of ion J in M. We introduce the following notations:

ca = [Na*], cy = [HT], cg = [Cd*T], ¢y = [CIO; ]
The conductivity of the mixtures studied can be given as

103 = zgcghg" + cphn" + CyAyadd3) + €aha 3.2)

where tr is trace, the index add(3) denotes \y in the three-component mixture, cal-
culated according to additivity, in terms of the ionic strength fractions, as

hyadd3) = Cahy(CMAY)/I + cyhy(CMHY)/1

+ [(zg? + z8)/2]cB Ay (C/zZsM BY ) /1 (3-3)

where

I= C—{—CH—i—(sz—i—zB) cg/2,for cpo = CM, constant, using the condition (3.4)

cy = C+cy + zges 3.5

A(CMHY) = ty(CMHY)A(CMHY) (3.6a)
2s(C/zgM BY ) = tg(C/zgM BY ,5))A(C/zZgM BY ,)) (3.6b)
M(CMAY) = ta(CMAY)A(CM AY) (3.6¢)

In the equations above, ty stands for the transport number of the ion J and A is the
molar conductivity of the electrolyte noted in (S cm? mol™!).
10? «, calculated according to additivity, is

103Kadd = CH)\H(C M HY) + CA)\A(C M AY) + CYxYadd(S) + zpCp )\B(C/ZBM BYZ(B))

3.7
The ionic molar conductivities were determined from the measured 10° k¥ mostly by
graphical methods.

3.2 Conductivity Measurements

3.2.1 Conductivity Measurements in Mixtures Where [Na*] = 3 M,
Constant [1]

3.2.1.1 Conductivity Measurements in Mixture 1 Where cg is Varied While cyg
is Kept Constant
The Percentage Deviations of Conductivity from Additivity

These deviations have been investigated through the plot of 10% (10« — 10%kaq4) /
103« versus cg. In these calculations, the approximation tcq [1.5 M Cd(ClOy),] =~
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tzn [1.5 M Zn(ClOy4),] = 0.319 was used, taken from Ref. [2a]. The value of
A(1.5 M Cd(ClOy),] was determined by the author (cf. Section 3.2.1.3.). For the
determination of the transport numbers, emf titrations were suggested by the author
in Ref. [3].

The plot in question is shown in Fig. 3.1. As is seen, the deviations from addi-
tivity are rather small, <1%, and they are negative. They can be described with the
help of two straight lines. As the deviations are a linear function of the cg, they can
be interpreted as the result of the presence of the Cd?* ions. Therefore, hcg™ will
be smaller than its value in the pure solution of 1.5 M Cd(ClOy), and it changes its
value at cg ~ 0.090 M. Moreover, the negative intercept is most probably due to the
decrease of \y value, compared to Ag(3 M HCIO,).

The Plot of 103 k Versus cg at [HC104] = 0.025 M, Constant

This plot is presented in Fig. 3.2. The conductivity of these mixtures is given by
Eq. (3.2). The validity of hy,dq3) Was assumed (cf. Eq. (3.3)).
The intercept of this plot is

CH'}\.Htr + CA)\-A + CYxYadd(2) = 169.15 (38)

at cg = 0 M. This represents the ionic molar conductivity in the two-component
system 0.025 M HCIO4 + 3 M NaClO,. As these concentrations are kept constant,
this mixture is functioning as a constant ionic medium in this system. This mixture
will be termed “actual medium”. Here, \n, can be considered as constant, being
equal to the value in 3 M NaClOy,. The ionic molar conductivity of the ClO4~ ions

o
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Fig. 3.1 Deviations of the measured conductivity (10%k) from additivity (10%k4qq), in %, as a func-
tion of [Cd?*], in the system 0.025 M HCIO4, 3 M NaClOy, 0 < [Cd(CIO4),] < 0.18 M at 25.000
=+ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1998) Acta Chem Scand 52: 873-882 (Fig. 2)
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Fig. 3.2 103k versus [Cd?*], for the determination of the ionic molar conductivities in the system
0.025 M HCIO4, 3 M NaClOy, 0 < [Cd(CIO4),] < 0.18 M. (k = the measured conductivity at
25.000 % 0.005°C) Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1998) Acta Chem Scand 52: 873-882 (Fig. 3)

in this two-component system, Ay,da2) = My MEP, can be calculated due to additivity
(cf. Eq. (3.3)). Therefore, we have

ha = 0.43 x 54.60 = 23.48

A MEP = 31.19

In this case, Ay" can be obtained from the intercept

Miy" = 170.20 % 4.20

This value is the result (R) of two identical experiments, where the intercept differed
by 0.1%.

The value of A" cannot be obtained with a very high accuracy using Eq. (3.8).
This can partly depend on the fact that in the calculation, the difference between
almost equal numbers was divided by a very small one. Therefore, a possible exper-
imental uncertainty in the position of the intercept will be very much magnified.
The result was obtained with an uncertainty of &+ 2.46%. Now, only A" to be
determined.
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The Plot of the Deviation of hcq'™ from hcq [ 1.5 M Cd(ClOy),] Versus cg

In the calculation of the deviation in question, h¢q [1.5 M Cd(ClO4),] = 23.6 x
0.319 = 7.5 was used. The deviation is defined as

AOg™) = 10°k —chuny " —cara—Ccyhvadas) —zacs A [C/zs MBY y5)] = —2zpcry
3.9)

and has been plotted as a function of cg. Here, those values of A4 and ;)" should
be used which have been determined in the previous section. This plot is shown
in Fig. 3.3. The deviation, r;, could be calculated from the slopes. The results are
presented in Table 2.2.

We can conclude from these results that the concentration of the Cd?* ions should
be <0.086 M when this system is studied, in order to ensure the constancy of Acq".
It is seen from Fig. 3.2 and Table 2.2 that the individual values of \; and the ratios
of some ionic molar conductivities, which appear in the slope values determined in
Chapter 2, are constant.

The data were also treated with the curve-fitting program MLAB [4]. Eq. (3.10)
was fitted to the data using the values Ag", A" and A, as parameters.

F(CB, CH) = 103K — CY}\-Yadd(3) = ZBCE’,'}\.B[r + CH)\.le + C)\.A (310)

The results are presented in Table 2.2.
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Fig. 3.3 The deviation of Acq" from its value in 1.5 M Cd(ClOy),, as a function of [Cd*],
in the system 0.025 M HCIO4, 3 M NaClO4, 0 < [Cd(ClO4)2] < 0.18 M at 25.000 £
0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1998) Acta Chem Scand 52: 873-882 (Fig. 4)
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3.2.1.2 Conductivity Measurements in Mixture 2 Where cg is Varied While cg
is Kept Constant

The treatment of the data was similar to that used in Section 3.2.1.1.

The Percentage Deviations of Conductivity from Additivity

The deviation function defined in “The Percentage Deviations of Conductivity from
Additivity” was plotted as a function of cy. This plot is shown in Fig. 3.4. The
presence of the H* ions causes negative deviations from additivity. The deviations
are a linear function of cy. This means that the ionic molar conductivities are either
constant or a linear function of cy.

The Plot of 103k Versus cg at [Cd(C104);] = 0.050 M, Constant

This plot is presented in Fig. 3.5 which is a complete straight line. Mathematically
it is described by Eq. (3.2). For this plot, we have

The intercept = caha + zpcphg" + Cyhyada) = 166.45 (3.11)

The intercept represents the properties of the two-component system 0.050 M
Cd(CIO4), + 3 M NaClOy. As these concentrations are kept constant, this mixture
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Fig. 3.4 Deviations of the measured conductivity (103k) from additivity (103k,qq), in %, as a
function of [H*], in the system 0.050 M Cd(ClOy),, 3 M NaClOy, 0.005 < [HCIO4] < 0.10 M
at 25.000 = 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1998) Acta Chem Scand 52: 873-882 (Fig. 5)
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Fig. 3.5 10°k versus [H*], for the determination of the ionic molar conductivities in the system
0.050 M Cd(ClQ4),, 3 M NaClO4 and 0.005 < [HCIO4] < 0.10 M, at 25.000 £ 0.005°C. Repro-
duced by permission of the Royal Society of Chemistry from Néher-Neumann E (1998) Acta Chem
Scand 52: 873-882 (Fig. 6)

can be considered as the actual medium used. Here, o can be considered to have
the same value as in 3 M NaClOy again. hyydz) = My™MEP, which can be calculated
from Eq. (3.3). Then hcq™ can be obtained from the intercept. Hence, we have:

g = 23.48, ayMP = 3040 and hcyr)" = 18.68 £ 1.12

This corresponds to 6% uncertainty, which is caused by 0.12% deviation in the
position of the intercept of two identical experiments.
Now, hg' should be estimated.

The Plot of the Deviation of Mg from Ayz(3 M HCIOj) Versus cg

This deviation is defined as
A)\le = 103K — CA)\.A — Cy)\y — ZBCB)\B — CH)\.H(CMHY) = :|:CHI'2 (312)

For the value of Ay (3 M HCIQy4), we have: 233.1 x 0.83 = 193.5. Here, those
values of hn, and hcgay" should be used which have been determined in the previous
section. For the ionic molar conductivity of the ClO,~ ions, both Ay™MEP, constant,
and Ay,dd(3), varying and calculated according to Eq. (3.3), have been tried.

The plot in question, using AyMEP, is presented in Fig. 3.6. The slope of this
straight line is identical with the deviation r,:
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Fig. 3.6 The deviation of g™ from its value in 3 M HCIOy, as a function of [H*], in the system
0.050 M Cd(ClO4)3, 3 M NaClQy, 0.005 < [HCIO4] < 0.10 M at 25.000 =+ 0.005°C. Reproduced
by permission of the Royal Society of Chemistry from Néher-Neumann E (1998) Acta Chem Scand
52: 873-882 (Fig. 7)

r, = —48.41 and Ay" = 193.5 — 48.41 = 145.0. These results have been refined
by using the curve-fitting computer program MLAB [4]. Substituting the concentra-
tion condition

Ccy = zpcg +ca +cn (3.13)

into Eq. (3.2), we obtain, omitting the index MED,

10%c = zpep (" + hy) + cuOn™ + hy) +ca(ha + Ay) (3.14)

with
the slope = g™ + Ay = 177.0 (3.15)

Eq. (3.14) was fitted to the data by adjusting Ay", My, Ag" and k4 as parameters. The
earlier results have been used as start values. The experimental slope (cf. Eq. (3.15))
was given as a condition “constraints” in the calculation. The results are presented
in Table 3.1.

The same plot can also be investigated using the assumption that the ionic
molar conductivity of the perchlorate ions can be described by \yadq(3). valid for
the three-component system and calculated according to Eq. (3.3). In this case, the
results given in Table 2.6 have been obtained. The data were also treated with the
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Table 3.1 Survey of the values for the ionic molar conductivities in S cm? (mol ion)~! |charge| !,
valid in the mixtures of 3.00 M NaClOy4, 0.050 M Cd(ClO4),, 0.0046 < [HCIO4] < 0.100 M at
25.000 = 0.005°C. Presentation of the molar conductivities Acqys, Axy and Anay, moreover, ty
and ty which appear in the potential functions. Eq. (26 b) in Ref. [1] was fitted to the experimental
data using the program MLAB [4]. The validity of AyMEP was assumed, denoted Ly here. [Na*] =
3.00 M, is kept constant

Ay = 146.60 ACdY2 =Nca" + Ay =47.83
ANa = 23.48 ANay = ANa + Ay = 53.88
Ay = 30.39 = — 056
YT YT M Ny
hegt = 17.43
M
Any = M + by = 177.0 tna = ﬁ =043

Source: Reproduced by permission of the Royal Society of Chem-
istry from Néher-Neumann E (1998) Acta Chem Scand 52: 873-882
(Table 6).

curve-fitting computer program MLAB [4]. Eq. (3.10) was fitted to the data using
the values A", A" and h4 as parameters. The results are shown in Table 2.6.

3.2.1.3 Conductivity Measurements in Mixture 3 Where Both cg and cyg
Are Varied

Conductivity measurements were carried out in Mixture 3 where both the concen-
trations cg and cy were varied equally in the range 0 — 0.110 M, using NaClOy, ionic
medium at [Na*] = 3 M constant. The measured conductivity data, 10%«, could be
interpreted only with the help of a curve-fitting computer program, e.g. MLAB [4].
Eq. (3.10) was fitted to the data. The results given below have been obtained.

For 0 < [Cd(C1O4),] < 0.060 M:

A" = 1611, A" = 122.72, hna = 23.97
For 0.060 < [Cd(Cl04)2] < 0.109 M:

hea® = 9.21, Ay = 117.52, Ana = 24.32

3.2.1.4 Conclusion Which Can Be Obtained from Tables 2.2 and 3.1

We can see from these tables that the ionic molar conductivities in Mixture 1 and
Mixture 2 are rather constant. This constancy is valid for a given set of experimental
conditions. The individual values of hcg" and Ayg" differ greatly in the different
mixtures. They cannot be interchanged. In the slope functions SL(B, cg), SL(B, cy)
and SL(H, cy), SL(H, cg) ratios of the ionic molar conductivities appear. As we
can see from Tables 2.2 and 3.1, these ratios are rather constant. The uncertainty of



56 3 Determination of the Ionic Molar Conductivities in Mixtures of the Strong Electrolytes

these values, due to the slight change in \yaqa(3) With composition, does not exceed
the uncertainty of the transport numbers and molar conductivities of the NaClO4
and HC1Oy solutions, obtained from separate experiments [5, 6], cf. Tables 2.10 and
2.11.

3.2.1.5 Measurement of the Molar Conductivity of Concentrated Aqueous
Cd(ClOy4); Solutions

In order to be able to calculate the deviations of conductivity from additivity in the
mixtures studied, we must know the molar conductivity and the transport numbers
of the pure components. Therefore, conductivity measurements have been carried
out in aqueous solutions of Cd(ClOy),, in the concentration range 0.76-1.5 M at
[H*] = 8.891x 1073 M, constant.

The conductivity of the test solution can be given as

103K = ZRCBAB + Cy Ay + CHAH (3.16)

Introducing the concentration condition

Cy = ZgCp +Cg (3.17)

we obtain
10° = zgcg(hg + hy) + ca(hg + My) (3.18)

Plotting 10% k versus cg, (hcq + My) can be calculated from the slope. This plot is
presented in Fig. 3.7. The function obtained could be divided into three regions, each
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Fig. 3.7 Determination of the molar conductivity of the aqeous solutions of Cd(ClOy),,
A Cd(ClOy),, in the concentration range 0.75 < [Cd(ClO4),] < 1.54 M at [HCIO4] =
8.891.10~% M, constant, and 25.000 & 0.005°C. Reproduced by permission of the Royal Society
of Chemistry from Néher-Neumann E (1998) Acta Chem Scand 52: 873-882 (Fig. 1)
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Table 3.2 Molar conductivity of the ageous solutions of pure Cd(ClOj), in the concentration range
0.75-1.5M

Cd(C104), +0.008891 HCIO,/M ACA(C104),/S cm? mol~!
0.75-1.03 41.1
1.03-1.29 323
1.29-1.50 23.6

Source: Reproduced by permission of the Royal Society of Chem-
istry from Néher-Neumann E (1998) Acta Chem Scand 52: 873-882
(Table 3).

of them could be described by a straight line. The results are given in Table 3.2. As
is seen, we could obtain the quantity A = (hcg + My) accurately. In these solutions,
the conductivity of the ClO4~ ions can slightly be influenced by the presence of
HCIO, at a constant level. This can be estimated as follows.

In these solutions, Ay can be calculated according to additivity, in terms of the
ionic strength fractions. The ionic strength is

I =cy+ cp(zs® + z)/2 (3.19)

and therefore, 5
Ay = [(zB" + zB)/2]lcB Ay (BY8)) /T + cuhy(HY)/I (3.20)

where the values of Ly (component) refer to the ionic molar conductivity of the Y~
ions in the pure solution of the components of the mixture in question, at the actual
level of [Y ™ Jiotal-

The order of magnitude of the last term in the previous equation was estimated
at 0.75 and 1.5 M concentrations of the Cd** ions, using the values Ay (1 M HY) =
329.3 x 0.15 = 51.0 and Ay (3 M HY) = 233.1 x 0.17 = 39.6. The result is
Ay(HCIO4)[H*]/ T = 0.20 and 0.08, respectively. The molar conductivity (A) of
HCIO4 at 1 M and 3 M levels and the corresponding transport numbers were taken
from Tables 2.10 and 2.11.

As is seen, the first decimal place of the value (hcq + Ay) = A is influenced
by the presence of 8.891 x 10~ M HCIO, in the solutions studied. If we give the
results with one decimal place accuracy, no further correction is necessary. If higher
accuracy is required, we should make the plot 103 k — ¢y (v + My) versus cg.

3.2.2 Conductivity Measurements in Mixtures
Where [CIO, ] = 3 M, Constant [7]

The ionic strength in these mixtures can be given, with the concentration condition
Cy = ZBCB + CH + Ca, as

I =cy+ca+ c(zg” + 28)/2 (3.21)
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3.2.2.1 Conductivity Measurements in Mixture 2 Where cyg Is Varied While
cg Is Kept Constant

The Percentage Deviations of the Conductivity from Additivity

These deviations have been investigated through a plot of 10> (10° x — 10°
Kada)/10%k versus cy (cf. Eq. (3.7). This plot is given in Fig. 3.8.

As is seen from this figure, the deviation function is linear, positive and almost
constant. The deviations are small, <2.5 %. As the deviations, here, are practically
of the same magnitude in the whole range of cy studied, it means that they appear
due to the presence of either the Cd?* or the C10,~ ions, as the concentration of these
ions is constant. Owing to the experiences gained in this laboratory during the study
of the conductivity of the systems HCIO4 — NaClO4 or LiClO,4 and HCI — NaCl and
the authors’ investigations made on the Cd(ClO4); — HC1O4 — NaClOy4 system, we
can assume, first, that the ionic molar conductivity of the common anion follows the
additivity. This can mean that the Cd>* ions seem to be responsible for the noticed
deviations, and hcg" is larger, here, than in 1.5 M Cd(ClQy),. The linearity of the
deviation function means that the ionic molar conductivities are either constant or a
linear function of the composition, in this system.

The Plot of 10° k Versus [H *] at [Cd(C1Og4)2] = 0.050 M, Constant

This plot is presented in Fig. 3.9. The basic equation for this system is given
by Eq. (3.2). For the values of \ya43), we obtained, according to additivity (cf.
Eq. (3.3)) for the three-component mixture
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Fig. 3.8 The percentage deviation of the measured conductivity (103 «) from additivity (10%k.4q)
as a function of [H*], in the system 0.050 M Cd(ClOy);, 0.002 < [HCIO4] < 0.1 M, X M NaClQy,
using [C1O4~] = 3 M, constant, at 25.000 £+ 0.005°C. Reproduced by permission of the Royal
Society of Chemistry from Néher-Neumann E (1998) Acta Chem Scand 52: 1075-1080 (Fig. 1)
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Fig. 3.9 10°k versus [H*], for the determination of the ionic molar conductivities in the system
0.050 M Cd(Cl104),, 0.002 < [HCIO4] < 0.10 M, X M NaClOy, using [C1O4~] = 3 M, constant,

at 25.000 £ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1998) Acta Chem Scand 52: 1075-1080 (Fig. 2)

Myadd3) = 30.38 4 2.76 ¢y = 30.38 = hyaaa) (3.22)

Here, the constant value of 30.38 represents the ionic molar conductivity of the
perchlorate ions in the two-component system 0.050 M Cd(ClOy), constant and
2.900 M NaClO4 (=[Na*],) at cg = 0. As the concentration of the ClO4~ ions is
constant and that of the H* ions is low (cy < 0.1 M), it can be assumed that Ayagd3)
is constant and is equal to Ayaqd(2). Inserting the concentration condition

Cy = ZgCg +Cy + Ca (3.23)

into Eq. (3.2), we obtain

10°c = zgcg(As" 4 Myada) + CHOW" + Myada2) + cA(ha + Ayaaay)  (3.24)
Hence, the intercept of this plot is

zgcg(Mg" 4 Myadd2) + [Na"o(ha + Mvada) = 164.30 (3.25)
Hence, the first estimated value for hcq" can be obtained from the intercept:
)\Cd(l)tr = 50.7

This value is much higher than h¢q in 1.5 M Cd(CIOy4),: 0.319 x 23.6 =17.5.
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The value of A" cannot be obtained with a high accuracy, due to a small uncer-
tainty in the position of the intercept. This can be estimated, comparing the values of
10? x in the common points in Mixture 1 and Mixture 2. Namely, in [Cd(ClO4),] =
0.050 M, and [HCIO4] = 0.025 M, which should be equal.

For these points, we have

10*« = 167.97 in Mixture 1 and
10°x = 168.51 in Mixture 2.

These numbers show that there is a 0.54 unit uncertainty in the position of the inter-
cept, which denotes 0.3% deviation in the conductivity. Repeating the calculation
with 10 k = 164.30—0.54 = 163.76, we obtain,

>\Cd(2) = 45.28.
Taking the average value as the result (denoted R), we have
hodr) = 48.0+£2.7

As is seen, this result includes £ 5.6% uncertainty.

For the estimation of \yz", we can use the value of the slope in question. For this
purpose, Eq. (3.2) must be redefined by inserting into it the special concentration
condition valid in this cell:

[A*]3 =C —zgcg —cn (3.26)
Therefore, we have
10°c = zgep(hg" — ha) + cu(hy™ = Aa) + Cha + Chyadas) (3.27)

Assuming that the constant value of \y,dq (2 is valid in this system, the slope of the
plot of 103 k versus cy, at constant cg, is

gt — A = 166.25 (3.28)
This difference is very accurate. Hence, we can calculate

M = 166.25 +23.48 = 189.73

Eq. (3.28) is not valid if \y,qq is not constant. The same value can also be obtained
for Ay" through the interpretation of the plot A(hy") versus cy (cf. Eq. (3.12)), if
the constant value of Avy,ad2) is used for the ionic molar conductivity of the per-
chlorate ions. This assumption, in this mixture, can be verified by the shape of the
deviation function, shown in Fig. 3.8. Here, the function has essentially the same
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values through the entire [H*] range studied. Hence, we can assume that h 5, Ay and
hcq" have the same values as at cy = 0 M. The negative sign of the almost flat slope
we have shows that hy" is slightly lower than in 3 M HC1O4: Ag" (3 M HCIO4) =
233.1 x 0.83 = 193.5 (cf. Tables 2.10 and 2.11).

3.2.2.2 Conductivity Measurements in Mixture 1 Where cg Is Varied While
cy Is Kept Constant

The Percentage Deviations of the Conductivity from Additivity

These deviations versus cg are shown in Fig. 3.10. As is seen, the deviations are
positive, a linear function of the concentration of the Cd?** ions and are <4% in the
concentration range studied.

In principle, both the Cd** and the perchlorate ions can be responsible for the
noticed deviations in the range of cg studied, as both hcg™ and hy,da3) are dependent
on [Cd**]. However, on considering the data, given as a plot 10° x versus [Cd**] in
Fig. 3.11, it is seen that the measured conductivity decreases with the concentration
of the Cd** ions. This is an unexpected result and it allows us to assume that the
positive deviations of Fig. 3.10 are most probably due to the increase of Ayaddae3)-
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Fig. 3.10 The deviation of the measured conductivity (10°k) from additivity (10%K4q4), in %, as a
function of [Cd**], in the system 0.025 M HCIO4, 0 < [Cd(ClO4),] < 0.1 M, X M NaClOy, using
[C104~] = 3 M, constant, at 25.000 £ 0.005°C. Reproduced by permission of the Royal Society
of Chemistry from Néher-Neumann E (1998) Acta Chem Scand 52: 1075-1080 (Fig. 3)
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Fig. 3.11 103k versus [Cd2*], for the determination of the ionic molar conductivities in the system
0.025 M HCIOy4, 0 < [Cd(ClO4),] < 0.1 M, X M NaClOy, using [CIOs~] = 3 M, constant, at
25.000 % 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1998) Acta Chem Scand 52: 1075-1080 (Fig. 4)

Such deviations have not been observed in the other systems studied (cf. Section
3.2.1. and Ref. [8]). The linearity of the deviation function shows that the ionic
molar conductivities are either constant or a linear function of cg.

The Plot of 103 k Versus cg at ¢ = 0.025 M, Constant

This plot is presented in Fig. 3.11, which is a complete straight line. According to
Eq. (3.2), the intercept of this plot is

ca(M" + Myada@)) + ca(ha + Myada)) = 168.55 (3.29)

The intercept represents the conductivity of the two-component system: 0.025 M
HCIOy, constant, and 2.975 M NaClQy. This value can be used for the estimation of
Mu". We can assume, again, that A, has the same value as in 3 M NaClOy. hyada2)
can be calculated due to the additivity, as before. Therefore, we have for this system

Ana = 23.48, )\Yadd(Z)/ =31.19, )\H(l) = 205.1

Taking into account the 0.54 unit uncertainty in the position of the intercept, with
168.55 + 0.54 = 169.09, an alternative value can be calculated:

)\H(z)tr = 226.80
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Taking the average value as the result,
Maw)" = 215.9 £10.9

This result includes £5.0% uncertainty.

For the estimation of Acq", the slope of the plot in question can be used. On the
basis of the deviation function presented before, we shall assume that hyaqq3) is @
linear function of the concentration of the Cd** ions and can be described as

Myadd3) = 31.19 £ f1zpcp (3.30)
Inserting this expression into Eq. (3.27), we obtain
10 = zgcg(hg"™ — ha & Cf}) + Cha + ey — X)) + C31.19 (3.3
Hence, the slope of the plot 103 k versus cg, at cg = 0.025 M, constant, is
zg(Ag" — ha £ Cf)) = —11.60 (3.32)

As is seen, now we have two unknown quantities, Ag" and f;, and only one equation.
For the determination of these quantities, we can use Eq. (3.32) and the experimental
slope function SL(H, cg),, as defined by Eq. (2.37) in Chapter 2, which was also
determined in this mixture by emf measurements.

The slope of the plot Ey — g logjo cy versus cg, at cy = 0.025 M, constant, was
found to be in a forward and back titration

SL(H, cg).exp = 18.4mVM~' Cd**

as shown in Table 2.13. Here, exp denotes experimental. The estimation of hc4" and
f; was done as follows.

As a first step, we assume that hvy,qq(3) decreases with an increase in ccq. On the
basis of the definition of hy,dq3) (cf. Eq. (3.3), we can write

)\-Yadd(S) = 31.19 — fllBCB (333)
=31.19 — [(zg + 1)/2)zshy(C/z5 MBY ,g))cp /I (3.34a)
=31.19 — 7.25 x 2[Cd*"] (3.34b)

at ccq = 0.1 M. The value f; = 7.25 results in

>\Yadd(3) =29.74
Mg = 39.43

using Eq. (3.32) for the calculation. With these ionic molar conductivities, the slope
function
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SL(H, cg), = 11.8mVM~! Cd**

can be calculated from Eqgs. (2.37) and (2.28) at ccqg = 0.1 M. As is seen, this slope

value differs very much from the experimental one. It seems that the conclusion of

the deviation function is valid, namely that the deviations are positive in this system.
As a second step, it was assumed that the equation

)\-Yadd(S) =31.19+ f1ZBCB (335)

describes correctly the ionic molar conductivity of the C1O4~ ions. This means that
the positive sign is valid in Egs. (3.30) and (3.32). Then several values were assumed
for hcq", and the corresponding f; values were calculated from Eq. (3.32). With
these values of hcq™ and hyuaqe3), the corresponding slope values, SL(H, cg),, were
calculated at cg = 0.1 M, using Eqgs. (2.37) and (2.28, as d3 = d;), and were com-
pared with the experimental one, as shown in Table 3.3. As is seen, assumption (c)
gives the correct value. It means that

-}\Cdlr =0, f;=25.89, Nyadd3) = 32.37, ty=0.58

in this mixture. This is a very unusual result. The concentration condition [C1O4~] =
3 M, constant, results in such a strong retardation of the Cd** ions in this mixture
that they do not move at all to the anode. This result is consistent with the plot of 10
Kk versus cg at cg = 0.025 M, constant (cf. Fig. 3.11). In this Figure, the conductivity
is decreasing, while the concentration of the Cd>* ions is changing in the range 0 —
0.1 M. This can happen only if the Cd** ions do not contribute at all to the value of
10%«.

In order to see the effect of the slight change of \y,dq3) With cg on the value of
the slope function, SL(H, cg), was calculated at cg = 0.050 M also. The result is

rea™ =0,  hyaaa) = 31.78, ty =0.57, SL(H, cp), = 18.17mV M~ Cd**

Table 3.3 Estimation of the value hc¢" in Mixture 1

Assumption hea™ f) SL(H,cp)cale. / mV/ M Cd**
a 5.00 4.22 17.41

1.00 5.56 18.03
c 0 5.89 18.18

Note: Here, calc. denotes calculated.

Source: Reproduced by permission of the Royal Society of Chem-
istry from Néher-Neumann E (1998) Acta Chem Scand 52: 1075-1080
(Table 1).
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As is seen, we obtain the same result as at cg = 0.1 M, because the ratios of the
ionic molar conductivities in Egs. (2.37) and (2.28) are constant, as was also noticed
earlier (cf. Tables 2.2 and 2.6).

All ionic molar conductivities, which have been determined in this chapter, are
collected in Table 2.12.

3.2.2.3 Conductivity Measurements in Mixture 3 Where Both cg and cyg
Are Varied

In this case, the measured conductivity data, 103k, can be interpreted in terms of
the ionic molar conductivities only with the help of a curve-fitting computer pro-
gram, e.g. MLAB [4]. In order to establish a suitable theoretical function which can
be fitted to the data, we can assume, again, that \y, is constant and equal to its
value in C M NaClO,. Moreover, hcq"™ and hyaq3) can be defined in general, as
follows:

)\Blr = f2 — f3 CB (336)
Myaddz) = My’ — facp (3.37)

where
MY = ty(CM AY)A(CM AY) (3.38)

Hence, we can transform the data, on the basis of Eq. (3.2), to form the experimental
function Feyp = 10% k — ca ha. Then for the calculated one, we have

Feae = zp cp(fy — f3¢8) + cuhu™ + ey (y” — f4cp) (3.39)

At the fitting, the four unknown parameters: f,, f3, f; and A" should be adjusted. As
a starting value for f,, we can take the value 2g?, valid in C/ zg M BY, ) solution:

)\% =1t (C/ZB M BYZ(B))A(C/ZB M BYZ(B)) (340)

For the calculation of h¢q’, the value of A[Cd(C104),] was measured by the author
in a broad concentration range (cf. Table 3.2). The transport number tcq can be
determined with the help of an emf cell, as is described in Ref. [3]. Similarly, as a
starting value for A", we can take that which is valid in 3 M HC1Oy (cf. Tables 2.10
and 2.11), Refs. [5, 6].
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3.2.3 Conductivity Measurements in Mixtures Where I = C M,
Constant [8]

Solutions, with this experimental condition, were prepared as it was discussed in
Section 2.3. We measure 10°«. The ionic strength in these mixtures can be given,
with the concentration condition cy = zg Cg + Cy + Ca, aS

I=cy+ca+cpzi+28)/2=CM (3.41)

Moreover, for the ion concentration ca and cy, we have

ca = C —cy — cp(z3 + z5)/2M AY (3.42)

cy = C 4 zgcp — cp(z3 + 78)/2M (3.43)

3.2.3.1 Conductivity Measurements in Mixture 1 Where cg Is Varied While
cg Is Kept Constant

The Percentage Deviations of Conductivity from Additivity

These deviations have been investigated as before (cf. “The Percentage Deviations
of the Conductivity from Additivity”). The plot in question is shown in Fig. 3.12. As
is seen, the deviation function is linear, positive and at around cg = 0.1 M reaches
6%. This mixture shows the highest deviation from additivity among all the mixtures
of HC1O4 + Cd(ClO4), + NaClO4 which were studied by the author.

The plot of 103 k Versus cg at cg = 0.025 M, Constant

This plot is shown in Fig. 3.13. The fundamental equation, which is valid here, is
10°¢ = zg cg A" + o Mg + Cy Ayadd + €A Aa (3.44)
For this plot,
the intercept = cyhy"™ + Cyhyaad) + MalAT] (3.45)
which is equal to 168.88 in experiment 1 and 169.33 in experiment 2. The intercept
represents the conductivity of the two-component system 0.025 M HCIO4 +2.975 M

NaClOQy. First, we can estimate the ionic molar conductivities valid in this system.
For this system, we have

Myadd) = Ca hy(3MNaCl0Oy)/1 + cyhy(3 MHCIO,)/1 = 31.19 (3.46)
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Fig. 3.12 The deviation of the measured conductivity (10°k) from additivity (10%k.qq), in %, as a
function of [Cd?*], in the system 0.025 M HCIOy4, 0 < [Cd(C104),] < 0.1 M and X M NaClOy,
using I = 3 M, constant, at 25.000 £ 0.005°C. Reproduced by permission of the Royal Society of
Chemistry from Néher-Neumann E (1999) Acta Chem Scand 53: 1-6 (Fig. 1)
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Fig. 3.13 10°k versus [Cd?*], for the determination of the ionic molar conductivities in the system
0.025 M HClOy4, 0 < [Cd(ClO4);] < 0.1 M and X M NaClOy, using I = 3 M, constant, at 25.000
=+ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann

E (1999

) Acta Chem Scand 53: 1-6 (Fig. 2)

This function can be calculated as in Section 3.1. Hence, Ag" can be obtained from
the intercept = 168.88 as

)" = 218.28
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As is seen, Ay is slightly higher than its value in 3 M HCIOy:
Ag(3MHCIO4) = 0.83 x 233.1 = 193.5 (cf. Tables 2.10 and 2.11).

A small uncertainty in the position of the intercept influences strongly the value of
2", as discussed in “The Plot of 10° « Versus [H*] at [Cd(C1O,),] = 0.050 M,
Constant”. This can be estimated as follows. We have two experiments (expt) in
Mixture 1 and one in Mixture 2. In the common points with the compositions cy =
0.025 M and cg = 0.050 M, the measured 10> k values should be equal. We have
Mixture 1 Mixture 2

10%¢166.93  (inexpt 1)
10°c167.27  (inexpt2) 167.20

According to this comparison, —0.27 unit total uncertainty (0.18 %) appears between
the corresponding 10° k values for Mixture 1 (expt 1) and Mixture 2, due to some
uncertainty in the position of the intercept in Fig. 3.13. Therefore, we choose expt 2
as the correct one (169.30 & 0.07) for the calculation of the final value of Ag" from
Eq. (3.45). Hence, we obtain

Mr)” = 235.08 + 1.60

The uncertainty in this result is £0.68%.

The Plot of 10° k — cy & Yadd(3) Versus cg, at cg = 0.025 M, Constant

The value of hcq"™ in this system was estimated as follows. Inserting the special con-
centration condition given by Eq. (3.42) into Eq. (3.44) and forming the difference
given in the title, we obtain

10’k — cyhyadd3) = cBlzehs" — Ma(zs® + 28)/2] + cu(hn'™ — ha) + Cha (3.47)
According to Section 3.1, we have

AYadd3) = calMy(3MNaClOy4)/T+ cghy(3 M HCIO4)/1

(3.48)
+ [ca(z + z8)/2]hy[1.5 M Cd(CIO,),]/1
The values obtained change linearly with composition, according to
Myadaz) = 31.19 — 15.03 [Cd*T] (3.49)

The molar conductivity of 1.5 M Cd(Cl0y), was measured by the author (cf. Section
3.2.1.5.). Moreover, the approximation tcq [1.5 M Cd(ClO4); ] = tz, [1.5 m (molal)
Zn(ClOy4), 1 = 0.319 [2a] was introduced.
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Fig. 3.14 U(Cd**) = 10%¢ — [Y~ (3] My versus [Cd?*], for the estimation of hcq" in the system
0.025 M HClOy4, 0 < [Cd(C1O4);] < 0.1 M and X M NaClOy, using I = 3 M, constant, at 25.000
+ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann
E (1999) Acta Chem Scand 53: 1-6 (Fig. 3)

The plot in question is shown in Fig. 3.14. Here, the slope is equal to
zghg" — ha(zg® +278)/2 = 35.10 (3.50)
From this slope, value we can calculate

e = 52.77

As is seen, the Cd?* ions are strongly accelerated in this mixture. Therefore, the
deviations are positive in Fig. 3.12.

Having these results, we can check how the constancy of the ionic molar con-
ductivities is fulfilled. As is seen, hcq™, g™ and Ay, are constant, while hyuaqe3)
changes slightly with the composition of the test solution.

This mixture is generally used in Ej titrations, where a B“®* ion-sensitive indi-
cator electrode is used. Here, the potential function given below is valid [Part 5 in
Ref. 9].

Eg’ = Eg — (g/zp)log,ocs = Eop + gd, cg + gd, cn (3.51)

The functions d; and d, are defined by Eqgs. (2.49) and (2.50), respectively. In this
function, Eg’, ratios of the following ionic molar conductivities appear:
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Table 3.4 The estimation of the uncertainties |d Eg| in Eg (cf. Eq. (3-51)), in mV M~! Cd** or
H*, caused by the change of \y(3) with the composition

[Cd**]in M: 7.679 x 1073 99.508 x 1073
31.08 > )"Y(3) > 29.70
—0.0356 > R(B*) > —0.0334
—2.10 > 59.16 R(B%*) mV 1/mol Cd** > —1.97

|d Eg| mV 1/mol Cd** = 0.13
—0.5158 < R(H*) < —0.5292
—30.52 < 59.16 R(H*) mV I/mol H* < —31.31

|d Eg| mV I/mol H* = 0.79

Source: Reproduced by permission of the Royal Society of Chemistry
from Néher-Neumann E (1999) Acta Chem Scand 53: 1-6 (Table 1).

RB"P) = —Fy[hs" — zphy + (hy — ha)(zp” + 28)/2] (3.52)
RHT) = —Fo(ha"™ — o) (3.53)

where Fy = 1/[2.303C(Aa + \y)]

Calculating these ratios at the beginning and at the end of the concentration range
of the Cd?* ions studied, we obtain the uncertainties given in Table 3.4. As it is seen
from this table, the ratios of the ionic molar conductivities in question are constant.
However, the function obtained for the total cell emf Ep is very sensitive to small
changes in these ratios. The uncertainties in Eg, denoted /dEg/, which appear due to
changes in \yadq@3), are 0.13 mV/M Cd 2+ which gives 0.01 mV atccqg = 0.1 M, and
0.79 mV/M H*, which gives 0.02 mV uncertainty at cg = 0.025 M. As is seen, the
uncertainties are of the same order of magnitude as those of the most accurate emf
measurements. Hence, the potential functions derived in Ref. [9] are valid for these
mixtures.

3.2.3.2 Conductivity Measurements in Mixture 2 Where cyg Is Varied While
cp Is Kept Constant

These conductivity data have been treated in a similar way as in Section 3.2.3.1.

The Percentage Deviations of Conductivity from Additivity

This deviation versus cy is shown in Fig. 3.15. The deviations are positive, a linear
function of cy and decrease. At cg = 0 M, we have large positive deviation due to
the increase of Acq" in this mixture, too. The small and negative slope shows that
' is slightly lower than in 3 M HCIOj.
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Fig. 3.15 The percentage deviation of the measured conductivity (10°k) from additivity (10%k,qq)
as a function of [H*], in the system 0.050 M Cd(ClOy4),, 0.002 < [HCIO4] < 0.1 M and X M
NaClOy, at I = 3 M, is kept constant, and 25.000 = 0.005°C. Reproduced by permission of the
Royal Society of Chemistry from Néher-Neumann E (1999) Acta Chem Scand 53: 1-6 (Fig. 4)

The Plot of 103 k Versus cy at cg = 0.050 M, Constant
This plot is presented in Fig. 3.16 which is a straight line. According to Eq. (3.44),
the intercept of this plot is

zpc " + [AT oA + cyhyaaa) = 163.1 (3.54)

This equation describes the conductivity of the two-component system 0.050 M
Cd(CIQy),, is kept constant, and 2.850 M NaClOy. The intercept can be used for
the estimation of hcq", if we assume that Ay, has the same value as in 3 M NaClOy4

and Avaad2)” 1s calculated according to additivity [cf. Eq. (3.48)]. Hence, we have
for this system:

ANa = 23.48, Myadd)* = 30.37.
Thus, we can calculate from the intercept
Neay” = 65.93

It was found to be 0.04 unit uncertainty in the position of the intercept. Hence, the
following final result could be calculated:
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Fig. 3.16 10%k versus [H*], for the determination of the ionic molar conductivities in the system
0.050 M Cd(ClO4),, 0.002 < [HCIO4] < 0.1 M and X M NaClOy, using I = 3 M, is kept constant,
at 25.000 £ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from Néher-
Neumann E (1999) Acta Chem Scand 53: 1-6 (Fig. 5)
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Fig. 3.17 UH") = 10°%« — [Y~3)]hy@) versus [HY], for the estimation of Ay™ in the system
0.050 M Cd(ClOy4);, 0.002 < [HCIO4] < 0.1 M and X M NaClOy, at I = 3 M, is kept con-
stant, and 25.000 £ 0.005°C. Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1999) Acta Chem Scand 53: 1-6 (Fig. 6)
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hear) = 66.31 £ 0.38

This corresponds to + 0.57% uncertainty.

The Plot of 10° k — cy : vadd3)~ Versus cg at cg = 0.050 M, Constant

This plot is presented in Fig. 3.17. On the basis of this plot and Eq. (3.47), the slope
is given by

A" — Ana = 156.43 (3.55)

From this, we can calculate
Ayt = 179.91

The values of hy,dq3)* have again been calculated due to the additivity. The val-
ues obtained can be described by the equation

hyadas)® = 30.37 4 2.83 [H*] (3.56)

The slight change in these values with [H*] does not influence the constancy of the
ratios R, which appear in the total cell emf Ey [cf. Egs. (3.51) — (3.53)].

3.2.3.3 Conductivity Measurements in Mixture 3 Where Both cg and cyg
Are Varied

In this case, the measured conductivity data can be interpreted in terms of the ionic

molar conductivities with the help of a curve-fitting computer program, e.g. MLAB

[4]. This can be done in a similar way as suggested in Sections 3.2.1.3 and 3.2.2.3.

In this treatment of the data, \yaqq3) can be used for the ionic molar conductivity of

the C1O4~ ions. We assume that \y, has the same value as in 3 M NaClO,.
Expressing hcg" in general as

)\Cdtr = f; 4+ (or—)fycp (3.57)

we can transform the data into the following form:
Foexp = 10°¢ — cyhyaadz) — Cha = cp{zg[fi + (or—)frcp]

— Malzg +28)/2} + caOhn™ — Xa)
on the basis of Eq. (3.47). Now, the function Fy.,, which consists of the right-hand
side of Eq. (3.58), can be fitted to the data Foex, by adjusting f;, f; and g as
parameters. Here, we can use hcq [1.5 M Cd(ClOyy, ] as a starting value for f;. The
subscript calc stands for calculated.

Values of the ionic molar conductivities which were determined in this section

are summarized in Table 2.16. All ionic molar conductivities which were determined
in Chapter 3 are presented in Tables 3.5 and 3.6.

(3.58)
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Table 3.5 Survey of the ionic molar conductivities in S cm? (mol ion)~!. |charge|~! units in the
mixtures of 0.025 M HCIOy, constant, X M NaClO4 and 0 < [Cd(ClOy4),] < 0.10 M at different
experimental conditions and 25.000 &£ 0.005°C (tr = trace)

Experimental [AT]=3M, [Y]=3M, I1=3M,
conditions constant constant constant
ANa 23.48 23.48 23.48
NMCl1Oy) a 32.37 b

hed” c 0 52.77
Ag” 174.40 205.21 217.93

Note: a: 31.19 — 13.9 [Cd**]

b: 31.19 — 15.03 [Cd**]

c: 0 < [Cd(ClIO4)2] < 86 mM: 7.54 — 0.90 = 6.64
86 < [Cd(ClO4);] < 187 mM: 7.54 — 5.25 =2.29

Table 3.6 Survey of the ionic molar conductivities (\) in S cm? (mol ion)‘lcharge‘1 unit in the
mixtures of 0.050 M Cd(ClOy,),, constant, X M NaClO4 and 1 — 2 < [HCIO4] < 100 mM at
different experimental conditions and 25.000 % 0.005°C (tr = trace)

Experimental [A*]=3M, [Y"1=3M, I1=3M,
conditions constant constant constant
ANa 23.48 23.48 23.48
AClO4add a b C

A" 137.78 189.73 179.91
hed” 17.57 50.68 65.93
Alternative, obtained by curve-fitting with the computer program MLAB
N Na 23.48

ACIO4MED 30.40

PNt 146.60

hea” 17.43

a:30.41 +2.80 [H*]
b: 30.38 + 2.76 [H*] ~ 30.38
¢:30.37 + 2.83 [H]

3.3 Conclusion on Conductivity Measurements

For the use of the potential functions derived, it is very important to check the con-
stancy of the ionic molar conductivities in the systems studied. Up to now, it was
not known how this should be done.

The author has suggested methods to interpret specific conductance data in terms
of the ionic molar conductivities in mixtures of strong electrolytes of constant ionic
medium type. Two type of mixtures of Cd(ClO4), + HCIO4 + NaClOy4, Mixture
1 and Mixture 2, defined in Chapter 2, have been studied at three experimental
conditions:
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(1) [Na*] =3 M, constant,
(2) [ClO47] =3 M, constant,
(3) I =3 M, constant.

The most important results of these measurements can be given as follows.

(1) The ionic molar conductivities are constant in most of the cases or a linear
function of the composition. But the slight change of for example A(ClO,4) with
the composition does not influence the constancy of the ratios of the ionic molar
conductivities which appear in the potential functions, if [Cd(C104),] < 0.1 M.

(2) The ionic molar conductivities are rather constant within one type of mixture,
but differ very much from those existing in another type. Therefore, they must
be determined in every test solution studied and they cannot be interchanged.

The constancy of the ionic molar conductivities is a surprising result. This is the
first investigation presented for the determination of the ionic molar conductivities,
with high accuracy, in concentrated electrolyte solutions, which include three com-
ponents and ions of higher charges than 1.

3.4 Experimental Details

The conductivity measurements were carried out according to Ref. [6]. A Wien
bridge of the Shedlovsky type [10] manufactured by the LKB Company, Stock-
holm, was used. A calibration certificate supplied by this company made it possible
to attain an accuracy of 0.01%. A dual-beam oscilloscope, type DM 64 from Tele-
quipment, was used as a zero instrument. The cells were calibrated as suggested
by Jones and Bradshaw [11]. The potassium chloride preparation was purified by
recrystallizations, until no trace of Mg?* could be detected. When the same solution
was in rapid succession measured with two or three of our cells, we have usually
obtained resistance values differing less than one part in 5.10%.

To minimize the adsorption error, we always employed lightly platinized plat-
inum electrodes. They have shown at the two frequencies available with the LKB
bridge, 1 and 2 kHz, identical resistance values.

The conductance measurements have been carried out with the flask cells of the
type developed by Shedlovsky [10] in 1932 for the study of the millimolar concen-
tration range. Biedermann and Douhéret have simplified somewhat Shedlovsky's
original design [10] by using ring-shaped electrodes [6], which are fastened to the
wall of the cell vessel by four glass rods sealed to the platinum surface. This elec-
trode construction makes the cell manufacturing much easier without resulting in
any appreciable loss of precision. Indeed, their cell constants changed less than 0.1%
in several years.

The accuracy of conductivity measurements can be increased by using properly
designed conductivity cells with large cell constants. The cathode and anode com-
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partment should be connected by a ca. 13 cm long capillary tube of about 3 mm
inner diameter.

The flask cell offers great advantages not only when efficiency is sought but also
for precision work in general.

Employing paraffin coated flasks, one can get in this way even with alkaline
solutions satisfactory conductivity data.

During the conductivity measurements, the temperature fluctuations in the bath
were kept below £0.005° C.
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Chapter 4

Studies on Emf Cells Where Complex Formation
Takes Place Using Liquid Junctions of the Type
AY | AY + HY + BY, ) + AL and — log; [H*]
<7

4.1 Deduction of the General Equations [1]

4.1.1 Introduction

Emf cells containing equilibrium solutions are in principle quite different from those
containing mixtures of strong electrolytes. Therefore, we use different notations in
these two types of cells.

In emf cells with mixtures of strong electrolytes, all ion concentrations can be
calculated by the mixing rule. There, the notations cg, cy, cy and cy were used
for the concentrations of the corresponding ions. The correction factors in the total
potential anomalies (AEg and AEy) have been denoted by d; and d, for Cell B and
by d3 and dy4 for Cell H, moreover, by the different slope functions.

In emf cells containing equilibrium systems, the equilibrium concentrations are
defined by the law of mass action. These will be denoted differently, e.g. V = b,
h, 1, etc. for the B“®*, H* and the ligand (LY") ions, respectively. The correction
factors in the total potential anomalies are fundamentally different also; these will
be denoted Q(B, V) and Q(H, V) for Cells B and H, respectively. These potential
functions cannot be interchanged with the slope functions, valid in mixtures of strong
electrolytes.

In the recent curve-fitting computer programs, they do not distinguish between
these two types of correction factors, because they do not have a special, well-
defined theory to calculate them.

The concentrations of the ions of the ionic medium (A*, Y7), ca and cy, and the
different total, analytical concentrations (B, Hr, Lt AYrt for the BzB* H* LY~
ions and the ionic medium, respectively) will be calculated by the mixing rule.

Equations, tables and figures presented in this chapter are reproduced with kind permission of (a)
the Royal Society of Chemistry and (b) the Springer Science and Business Media, from the articles
specified by the reference numbers given after the title and subtitles of the chapter, and by the texts
given under the tables and figures. The date of the copyright is identical with the year of publishing
the article.

E. Néher-Neumann, Advanced Potentiometry, 77
DOI 10.1007/978-1-4020-9525-2_4, © Springer Science+Business Media B.V. 2009



78 4 Studies on Emf Cells Where Complex Formation Takes Place Using Liquid Junctions

In the derived theoretical equations, the composition changes of the ionic medium
appear. These will be denoted as Acy = ca — C for the cation of the ionic medium
and Acy = cy — C for the anion of the ionic medium. The corresponding correction
terms, Q(B,Aca)Aca or/and Q(B,Acy)Acy for Cell B and Q(H,Acs)Acpa or/and
Q(H,Acy)Acy for Cell H, do not exist in curve-fitting computer programs. This is a
serious, principal error in them. These correction terms are dominating ones.

The functions Q(B, V) and Q(H, V) include the contribution of the activity fac-
tors fersy and fyrss to the ideal electrode potentials Eg and Epy, respectively, also.
The corresponding terms are also missing in the curve-fitting computer programs.
This is another serious error in them. These potential contributions are also domi-
nating.

The third serious source of systematic errors in recent curve-fitting computer
treatment is the use of the conditional constants Eog; = Epp + g dy cy and Epy; =
Eoy + g d; cg. It was already shown in Chapter 2 that the neglection of the later
contribution results in the suggestion of polynuclear complexes which do not exist.
Also, this does the neglect of the potential contributions caused by the composition
changes of the ionic medium. Hence, we can conclude that the curve-fitting criterion
widely used in the present practice, E (experimental) — E (calculated) = 0.01 mV, is
completely wrong. The real potential anomalies must be taken into account. These
will be derived in this chapter.

4.1.2 Definitions and Symbols Used in Equilibrium Systems

We shall study the following complex formation reactions:

qH +rL”"” = Hq L, @
pB +qH + L' = B, Hy L; (I
pB + qH,0 = B,(OH)q + qH (I

with the equilibrium constant (concentration constant)
Bpgr = [complex]/(b” h? 1), Iv)

where BY ) + HY + AL are the reacting compounds and AY is the ionic medium.
Here, p, g, r are integers. lonic charges in the chemical formulas are generally omit-
ted for simplicity. In reactions (I)—(III), the reaction product will be denoted as (i)
N;“M)=_if it is a negatively charged metal containing complex ion, and (i) PPV *,
if it is a positively charged metal containing complex ion. Uncharged species cannot
be considered in this theory.

We shall use Cells H and B, defined in Section 1.2. The total cell emf for Cells B
and H is
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Ep = Eop + (g/2g)10g;( b fprs2 + Ep + Ept 4.1
En = Eon + glog;o h furss + Ep + Ept 4.2)

where
Eju1,2) = Ep + Epy (4.3)

is the liquid junction potential, defined by Eq. (9) in the Definitions. . .
The composition of the test solution (TS2) at equilibrium can be given, if strong
complexes are formed with a ligand from a weak acid, as

h=[H"IM = Hf — Spq q Bpge bP WO I (4.4)

the equilibrium concentration of the H* ions in M, where Hy™ is the total, analytical
concentration of the H* ions in M, Bpqr 1s the equilibrium constant for the formation
reaction of the complexes (conditional, so-called concentration constant),

1= [L¥"]M = L — Spe  Spgr BP hITF 4.5)

the equilibrium concentration of the ligand, where Lt = [AyL] M, the total, analyt-
ical concentration of the ligand used,

il = SL"™7] = By By h? 1 with k > 2 (4.6)

equilibrium concentration of the species of the protolysis of the acid HyL
with k >2,
b= [B“®*]M = Bt — Zpq p Bpgr P KO I" 4.7

equilibrium concentration of the central metal ion, where By = [B” B)+] M is the
total, analytical concentration of the central metal ion,

Tinj = SINNTIM = By Bpgr BP W1, withj = 1,2, ... (4.8)
equilibrium concentration of the complex ions noted,
%ipi = TP PT I M = Spg Bpgr P WO T, withi = 1,2, ... (4.9)

equilibrium concentration of the complex ions noted. In the equations above, Bpy
bP h4 1" = [complex], equilibrium concentration.

Potentiometric titrations are generally carried out at three different experimental
conditions: (i) [A*] = C M, is kept constant, (i) [Y"] = C M, is kept constant and
(iii) I = C M, is kept constant. These conditions will result in different total potential
anomalies.

For the concentration of the ions of the ionic medium in the test solution, ca and
Cy, the following fundamental functions are valid, if the complexing agent AyL is
used for the increase of the pH of the test solution during the main titration. For Cell
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H, the constant Egy is assumed to be determined through an acid-base titration with
NaOH.

ca = [AY] + AOHt + yLt (4.10)
cy = [AY] + zg Br + HYp = cy — AOHy — yL;y + HY1 4+ z5Br  (4.11)

If [A*] = C M, is kept constant,
cy =C — AOHt — yLt + HYT 4+ zgBr = C + Acy (4.12)

If [Y] = CM, is kept constant,
ca =C—HYt — zgBr + yLt + AOHt = C + Acp (4.13)

If I = C M, is kept constant, we have for the ionic strength

I1=C=(1/2) (HYr +ca +cy +zg>Br+y> Ly) (4.14)

Inserting cy from the left-hand side of Eq. (4.11) into Eq. (4.14), and also c from
Eq. (4.10), we have

I =C = HYr+[AY]+(1/2) (zg*+2) Br+(1/2) (y*+y) Lt+(1/2) AOHy (4.15)
From Eq. (4.15), we can get, for the concentration of the ionic medium to be used,

[AY] = C—HYt —(1/2) (z8” +z8) Br — (1/2) (¥’ +y) Lt — (1/2) AOHr (4.16)
According to Eq. (4.10), we have

ca = C —HYr — (1/2) (zs* + 28) Br — (1/2) (y2 +y) Lt +y Lt + (1/2) AOHy
=C+ ACA
4.17)
and from Eq. (4.11), we have

¢y = C+25 Br — (1/2) (25> +25) Br — (1/2) (¥° +y) Lt — (1/2) AOHy (4.18)

In the equations above [cf. Egs. (4.12), (4.13), (4.14), (4.15), (4.16), (4.17) and
(4.18)], Aca = ca — C is the changes in the composition of the ionic medium, Acy
= cy — C is the changes of the composition of the ionic medium, and HYt = [HY]
M is the total analytical concentration of the strong acid used.

In the test solution, we have [HyL] which denotes the equilibrium concentration
of the non-dissociated acid corresponding to the ligand LY~, in M, h, b, I, Xy I,
% nj, X; p; are the free, equilibrium concentrations as defined above.

The equilibrium concentrations depend upon each other through the equilibrium
constants B, defined by the mass action law. As is seen from the cell composition,
all the equilibrium concentrations are depending upon h, among other parameters.
h, which is considered to be the main variable, can always be measured (Cell H). b
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can be either measured, e.g. with the help of an amalgam or an ion-selective elec-
trode (Cell B), or calculated as given in the composition of the cell. The different
equilibrium concentrations, such as h, b, I, Iy,nj and p; withk =2,3,4,...,j =1,
2,3,...,1i=1,2,3, ..., can be calculated from the corresponding equilibrium
constants determined at the preliminary interpretation of the data, using an incom-
plete AE; function, and from the known, actual total concentrations. Preliminary
equilibrium constants can be obtained by standard methods [2—4] or by a suitable
computer program [5]. The total, analytical concentrations can be calculated on the
basis of the mixing rule.

The concentration terms Acy and Aca appear due to the changes in the composi-
tion of the ionic medium; consequently, they are different for each of the experimen-
tal conditions (i)—(iii). These terms depend only on total, analytical concentrations.

As we can see from the functions given for cy and ca in the cell composition
[cf. Egs. (4.10), (4.11), (4.12), (4.13), (4.14), (4.15), (4.16), (4.17) and (4.18)], here,
the free, equilibrium concentrations of the potential-determining ions (h, b) have
no direct relationships with the concentrations of the anion or cation of the ionic
medium, cy and cp, respectively. The situation was quite different in cells with
mixtures of strong electrolytes. Now, e.g. cy is a function of the change in the com-
position of the medium, Acy. Hence, AE; will be the function of the changes in the
composition of the ionic medium, Acy and Acy.

It should be mentioned that the presence of the undissociated molecules in the
test solution, HyL, can also have an effect on Ey and Eg owing to different possible
reasons. These should be kept under control by carrying out the titrations in appro-
priate ways as it will be discussed later on. However, this contribution depends on
the equilibrium concentration of the undissociated acid, [HyL], and not on its total
concentration.

The total potential anomalies depend on (among other properties) all the con-
centrations of the ions present in the mixture of the two terminal solutions. Conse-
quently, AE; depends on the experimental condition chosen and also on the type of
chemical processes taking place in the test solution.

4.1.3 Deduction of the Potential Functions Ep, Eps, Eg and Ey

The ion concentrations at some intermediate plane of the transition layer will be
established by the mixing of the equilibrium solution (TS2) and the bridge solution,
C M AY (TS1). The preliminary equilibrium concentrations of the complexes and
the ligand in the test solution is supposed to be known and can be obtained from
a preliminary treatment of the data as described below. If equilibrium has already
been reached in the test solution, it seems to be reasonable to assume that the equi-
librium concentrations of the reacting species, according to Egs. (I) (II) and (III), are
affected in the same way by the dilution occurring in the transition layer. Therefore,
it will be assumed that these concentrations in the transition layer can be calculated
according to the model of linear mixing

¢ =[]l = x ¢cyrs2 + (1 — X) ¢yrsi 4.19)
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Hence, we have b* =xb,h* =xhand I* =x 1.

Consequently, the equilibrium concentration of the complexes in the transition
layer, [cpx*], with the general composition ByHyL,, can be written in general,
according to the mass action law. In equilibrium studies, in general, first the so-
called concentration constants are determined in the cell which are valid on the
concentration scale, at a constant C level of the ionic medium. These B,q values
include the contribution of the activity coefficients which are considered to be con-
stant at constant C and will be taken into account in a second step when the By,
values found are extrapolated to zero ionic strength [6]. Hence, we can write

[cpX*] = Bpqr b™ W 1 = B (xb)P (xh)d (x 1) = Byqe bP hd I x(PFatD)

= [cpx] xP+a+D (4.20)

where [cpx] is the preliminary equilibrium concentration of the complex species in
the test solution. Considering our special notation used for the description of the
concentration of the complexes, we can write

Tip* = 3 pi xPH O = 5, p xO 4.21)
Ej l’lj* = Zj Ilj X(p+q+r)(j) = Ej Ilj XuG) (422)
T L = Sy L x0T ® = 3 x® (4.23)

where u(i) = (p + q + r)(i) is the sum of the integers in the chemical formula for the
species P;“™)* u(j) = (p + q + 1)(j) is the same kind of sum for the species N;”N)-
and u(k) = ( q + r)(k) is the same kind of sum for the species L, *™-.

According to the concentration model suggested above for the transition layer,
the mass action law is fulfilled too. Therefore, we can expect very real AE; values
even for cells with the formation of strong complexes.

The concentration of the ions of the ionic medium in the transition layer can be
expressed according to Eq. (4.19), again. For example, for the experimental condi-
tion [A*] = C M, constant, we have

CA*ZCM

cy*=C+xHYr+2zg Br —yLr)=C+ xAcy (4.24)

4.1.4 Calculation of the Ideal Diffusion Potential, Ey, in Cells
with Complex Formation

We can rewrite the definition of Ep, given by Eq. (7) in Definitions and symbols, as

TS2

Ep=—¢g / i(1/zy) ty* legm et (4.25a)
TS1
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by making the substitution d log;o ¢; = (1/2.303) d In c;. Moreover, we have, for the
transport numbers in the transition layer, t;*, cf. Eq. (15) in Definitions and symbols

4" = |zslA] e /{Zs|z]AT ¢} (4.25b)

and introducing the approximation A} = Aj, the ionic molar conductivities in the
text solution (TS2)

N = ZjAy ¢i|zs] = Zy(Ay 5|25 et + Z5(Ay 5™ |25 Dan (4.25¢)
where cat = cation, an = anion.

Considering

dlncy* =dcy*/c)* (4.26)

the function Ep can be written as

TS2
Ep = —(g/2.303) /(I/N)[chat d ceat™ — Zan Aan d Can*] (4.27)

TS1

Substituting the derivatives of the ion concentrations in the transition layer into Eq.
(4.27), we obtain

T52,x=1
Ep = —(g/2.303) / (1/N)

TS1,x=0

X[Ax h+ Ag b+ Zidp; u(i) p; x"D=1—Ap 1 — B> 2) A u(k) ¢ x¥0O-1

. (4.28)
—Zj)\,Nj u(j)nj xU@O-1 4 Aa dca™ — Ay dey™] dx

The last two terms under the integral in Eq. (4.28) concern the ions of the ionic
medium, different for every experimental condition used out of (i)—(iii), e.g. for [A*]
= CM, constant, Ap dcp* =0, and — Ay dcy™ = — Ay Acy. Similarly, the function
N [cf. Eq. (4.25¢)] should also be expressed in terms of the ion concentrations in the
transition layer. This function can always be written in the form

N = wx+a+ (> 2) Al zek x"® + Sikpi|zpi [pix"D + Zianglzng nx"? (4.29a)
where for [A*] = C M, constant, we have
W = )\.Hh + )\.L|ZL|1 + )LBZBb + )LyACY (429b)

a=COa +Ay) (4.29¢)
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Hence, Eq. (4.28) can be integrated graphically. This should be done for every titra-
tion point, as the potential term Ep is a function of the actual ion concentrations.
Hence,

EH (01" EB) =f (h, b, 1, E(kzz) lk, Ei Pi, Zj nj, ACY or/and ACA).

4.1.5 The Suggested Function for Ep for the Preliminary
Treatment of Emf Data

For the establishment of the preliminary chemical model and equilibrium constants,
we can use an approximate function for Ep, taking into account only the dominating
species, LY~, Y=, A*, B“®P* and the H* ions. Therefore, a simplified version of the
function, given by Eq. (4.28), can be integrated in the following form:

x=1
Ep = —(g/2.303) /(GZ/N) dx (4.30)
x=0
where N can be approximated by
N=wx+a 4.31)

The content of the function 6, will be given in forthcoming chapters for every spe-
cial cell studied. Equation (4.30) can be integrated according to Eq. (18) in Part 2 of
Ref. [7]:

x=1

-8 / [0/(wx +a)ldx = —(g6/w) In[(w/a) + 1] (4.32a)

x=0

The result is
Ep = —(g6,/2.303w In[(w/a) + 1] (4.32b)

For small values of w/a, we obtain
Ep = —g6,/(2.303a) (4.33)

As an alternative method for the integration of Eq. (4.30), we can use the formulas
of Hendersson [8—10]:

Ep = —(g/2.303)[(Urs2 — Urs1)/(Sts2 — Sts1)11n(Sts2/Sts1) (4.33a)

where the functions U and S are defined in Definitions and Symbols Often Used. . .
We obtain
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Ep = —(g/2.303)[(Urs2 — Urs1)/wlIn[(w/a) + 1] (4.33b)

For small values of w/a, we can write, using the approximation In[(w/a)+1] = w/a,
Ep = —(g/2.303)(Urs2 — Uts1)/a (4.33¢)

4.1.6 Calculation of the Contribution of the Activity Coefficients
to the Ideal Diffusion Potential, Epy, in Cells
with Complex Formation

According to the definition of Ep¢ given by Eq. (8) in Definitions and symbols often
used, we have

TS2
Epr = —¢ / 25 (" /zy) dlog, £, (4.34a)
TS1
x=I
Epr = —¢g /(l/N)[xth dlog,, fyi + xbig dlog,, fg'+

x=0

ca*ia dlog o f5 — xIAL d logyo fi* — cy*Ay d log o fy + Zipix"VAp; d logo fpi—
B> 2) hx "o d logyo fif — Ty mx" Py d log, ]

(4.34b)
Here, the functions denoting the ion concentrations cy*™ and cy™ are different in
cells with different experimental conditions. The values of log;, fj can be estimated,
again, with the help of the specific interaction theory [6, 11-17]. These functions
will be given in forthcoming chapters for every cell with the chosen experimental
condition out of (i)—(iii) [7, 18, 19]. Substituting the corresponding d log,, f; values

into Eq. (4.34b), the integral can be evaluated graphically for every experimental
point.

4.1.7 The Suggested Function for Eyy for the Preliminary
Treatment of Emf Data

We can suggest a simplified function for Epy, again, taking into account only the
dominating species, B“®*, 1Y~ Y~, A*, and the H* ions. In this case, the approx-
imate function for Ep¢ can always be integrated in the form

x=1

Epr = corr — g / [®3x dx/(wx + a) + 03dx/(WX + a)] (4.35a)

x=0
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where the term “corr” is defined by Eq. (1.23). The value of the integral is given by
Eq. (31) in Ref. [10]. The content of the functions ®(x) (appearing in corr), ®3 and
05 will be given for every experimental cell with the chosen condition out of (i)—(iii)
in forthcoming chapters.

Hence, we have

x=1

corr = —g / [d D (I*)/dx]® (x) dx /(WX + a) (4.35b)
x=0
Eps = corr — (gd3/w) + {g[®3a — 3w]/w?} In[(w/a) + 1] (4.35¢)

For small values of w/a, we obtain

Eps = corr — gbs/a

= fh(h, b, 1, Aca or/fandAcy, C). (4.36)

4.1.8 The Total Cell Emf in Cells with Complex Formation

4.1.8.1 The Total Emf of Cell B with an Amalgam Indicator Electrode

The total emf of Cell B can be described by Eq. (4.1). The total potential anomalies,
AEg, are

AEp = Ep — (g/zp)log,y b = (g/zp) log, frs2 + Ep + Epr 4.37)

The approximate function of Eg can always be written in the following form, for the
preliminary treatment of emf data and for small values of w/a:

Ep = Eop + (g/zp) log,y b — g zg [D(I) — D(C)] + Xy Q (B, V) V +corr (4.38a)

where Q(B, V) is a function which defines a constant in terms of some interac-
tion coefficients and ionic molar conductivities measured in the equilibrium solution
studied, and V is h, b, 1, Acy or/and Acy, the ion concentrations taken into account
in the equilibrium solution. D(I), the Debye—Hiickel term, is given by Eq. (2) in Ref.
[10] as

D) = 0.51151"2/(1 + 1.51'?) (4.38b)

D(C) is the Debye—Hiickel term in C M AY (TS1).

The terms X, Q(B, V)V give the potential contributions of the ions present in the
transition layer, to AEj, reduced by the Debye—Hiickel terms. They cannot be deter-
mined experimentally, in contrast to the slope functions, e.g. SL(B, cg) and SL(B,
cy), valid in mixtures of strong electrolytes, but they can be calculated. The term
“corr” includes the Debye—Hiickel terms of the activity factors for the considered
ions in the transition layer.
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If it was found in a separate experiment that the undissociated molecules of
HyL also influence the potential of the measuring electrode, Eq. (4.38a) should be
extended with a proper term, e.g. SL(B, HyL) [Hy L]. The slope function SL(B,
HyL) denotes the slope of the plot Eg — (g/zp) log;y b versus [HyL], at constant
[HY], e.g. 50 mM, and [BY,g,], and varying [H,L].

From Eq. (4.38a), b can be calculated by successive approximations, from the
constant Egg and the terms Xy Q (B, V) V. The functions Q(B, V) will be given in
forthcoming chapters for every special cell studied.

4.1.8.2 The Total Emf of Cell H with a H*-Sensitive Indicator Electrode

The total emf of this cell can be described by Eq. (4.2). The total potential anomaly,
AEy, is given by

AEy = Ey — gloglo h= glOglO fu + Ep + Epr (4.39)

The approximate function for Ey can always be written in the following way, for
the preliminary treatment of the emf data and for small values of w/a:

Ey = Eoy + glog,oh — g [DA) — D(C)] + Sy Q(H, V)V +corr  (4.40)

where Q(H, V) is the same type of function as Q(B, V) and represents a constant.

From Eq. (4.40), h can be calculated by successive approximations from the con-
stant Eoy and the terms Xy Q (H, V) V. The functions Q(H, V) will be given in
forthcoming chapters for every special cell studied.

If it was found in a separate experiment that the undissociated molecules of HyL
also influence Ey, Eq. (4.40) should be extended with a proper term, again, e.g.
SL(H, HyL)[HyL]. Here, SL(H, HyL) denotes the slope of the plot Ey — g log,,cu
versus [HyL], at constant [HY], e.g. 50 mM, and [BY ], and at varying [H,L].

4.1.9 The Validity of the Equations

(1) The different functions are derived on the molar concentration scale and are
valid there.

(2) The equations used for the calculation of the activity factor contribution to the
total cell emf assume constant interaction coefficients. These have experimen-
tally been proved to be true in the range 0.5 < I < 3 M for cationic charges < 3
(cf. the Section “On the difficulties. . .” in Part 1 of Ref. [7]). If these interaction
coefficients prove to be functions of the ionic strength, new AE; functions have
to be derived using Pitzer's model (cf. the above-mentioned section in Part 1
of Ref. [7]) for the estimation of the ionic activity factors. Hence, the constant
concentration of the ionic medium used, or I, denoted C, should be equal to or
higher than 0.5 M.
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In the integration of the ideal diffusion potential term, Ep (the Henderson term)
and Epy, the ionic molar conductivities have been assumed to be constants.
This can be tested experimentally from the slope functions. The constancy of
Ay, Aa, Aj, Al and A" (here, tr = trace) can be tested by determining the exper-
imental slope functions, e.g. SL(H, cy) and SL(H, cg), presented in Ref. [10]
and in forthcoming chapters, and SL(H, 1). Alternatively, the slopes SL(B, cy)
and SL(B, cp) can also be tested. The slope of the plots given below define the
slope functions:

(a) En — g log,ocu versus cy, at constant cg, defines SL(H, cy)s.

(b) En — glog,,cu versus cg, at constant cy, defines SL(H, cg)».

(¢) Ep —(g/z)log,,cp versus cp, at constant cy, defines SL(B, cg)s.

(d) Ep — (g/zB)log;,cp versus cy, at constant cg, defines SL(B, cp)».

() Ey — g log,ycu versus 1 = [LY7], at constant or very low [H*], defines
SL(H, 1).

The slope functions depend only on some of the ionic molar conductivities of
the system studied. If they are constant in the concentration range investigated,
we obtain a straight line for the slope functions summarized under (a)—(e).

The magnitude of the ionic molar conductivities mentioned above can also
be accurately determined by conductivity measurements.
The value of —log,,[H"] of the test solution is supposed to be < 7. In alka-
line solutions, new interaction coefficients should be introduced for the inter-
actions between the cations of the test solution and the OH™ ion. Therefore,
the following terms will appear in the logjy f; values and in the potential
functions:

(i) €"(A, OH)[OH ], inlog,, fa
(ii) &”(A, OH)Aca, inlog,fon, if [Y'] = CM,constant, and I = CM,
constant,
(iii) &”(P;, OH)[OH], inlog, fpi
(iv) &”(P;, OH) p; and ¢”(B, OH) b in log,, fou.

If the concentrations [OH ], p; and b are< 1073 M, these interaction terms
are probably negligible. If the value for the interaction term &”(A, OH)Ac, is
equal or less than 0.01, then this is negligible as well. In this case, the equations
derived for the acid range are valid in alkaline solutions as well, leaving out the
terms ¢”(H, Y) h, ¢”(H, L) 1 and ¢”(H, Nj) h, of course. Moreover, log,,[H*]
should be replaced by log;, Ky, — log;,[OH™]. Here, K, is the ionic product of
water. However, if the composition change of the ionic medium is large, new
potential functions must be derived.

The highest value that can be used for [BY,,] in connection with the use of
the functions AEj is limited by the requirement that Ag should be constant. This
can be verified from the experimental slope functions SL(H, cg) or SL(B, cp),
as discussed under point (3).

The highest total ligand concentration recommended, Ly, is limited by the
requirement that Ay should be constant. This can also be tested from the
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experimental slope function SL(H, 1), as discussed under point (3). The con-
stancy of A" can also be investigated by conductivity measurements in the mix-
tures of AY +Ay L at the experimental conditions [A*] = C M, constant, [Y~]
= C M, constant, and I = C M, constant, respectively.

(7) The constancy of the ionic molar conductivities in the test solution (Aj), used
as approximations for the A} values in the transition layer, is proved to be true
only in junctions of constant ionic medium type, as was shown in Refs. [20-22].
Therefore, the equations to be presented in this series are valid only for these
cases.

The usefulness of the model for the calculation of the total potential anomalies in
the preliminary data treatment will be tested in Section 4.2.1.3 in the protolysis of
the acetic acid and in the first step of the protolysis of ascorbic acid.

4.2 Emf Cells Where [A*] = C M, Is Kept Constant [23]

In this chapter, the appearance of the total potential anomalies will be studied in
cells where complex formation takes place in the system AY-HY-BY,p)-AyL. We
assume that the equilibrium processes I-III occur in the cells, as given in Section
4.1. Definitions and Symbols used in equilibrium systems are also defined there.
Emf cells of the same construction can be used as in Chapter 1. The composition of
the test solution is given in Section 4.1.

The titrations can be carried out in different ways. Some possibilities are summa-
rized in Appendix 1 of this chapter. It is important to realize that the different ways
of making the titration will result in different data sets. The total potential anoma-
lies depend on the experimental conditions used. The equilibrium concentration
of the undissosiated acid HyL is different in different titrations. These uncharged
molecules isolate the ions from each other differently in the test solution. Therefore,
the ionic molar conductivities can be very different in the different titrations result-
ing in systematic errors of varying magnitude. The proof of this hypothesis will be
given in a forthcoming chapter.

The determination of the constants Egg and Egy should be done as described in
Chapter 2. We derive the equations for the case when AL is used as a complexing
agent at constant or varied total concentrations. For other cases (using HyL and
AOH), the term yLt should be replaced by caour, the total concentration of the
alkali metal hydroxide used. In this case, Egg should be determined in a solution
where cy is kept constant, and in the presence of the ligand HL respective H,L at
constant concentration.

According to the newest results obtained by the author, potentiometric titrations
should be carried out by using a buffer solution as a titrating solution, where the
concentration of the acid component (HL, H,L or AHL) should be kept constant
during the titration. In the case of HL, H,L, Egy should also be determined in the
presence of the ligand, c,.;q = X M, is kept constant.
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The original deduction of the equations was done in Refs. [7, 23]. Here, only the
final results are given for the total cell emf.

4.2.1 Potential Functions for the Formation of Strong Complexes

4.2.1.1 The Study of the Formation of Metal Ion Complexes
The Total Emf of Cell B for Small Values of w/a

Here, an amalgam or an ion-selective indicator electrode is used.

Equations have been derived for the total cell emf, Eg, partly without approxima-
tions (Section 4.1) and partly assuming only the presence of the H*, B“®)+ Ly— A~
and Y~ ions [23]. The later case is used for the preliminary data treatment. We
obtained in Section 4.1

Ep = Egg + (g/z8)1og,yb — g zg [D() — D(C)] 4+ Sy Q (B, V)V + corr (4.41)

where
V=b, h, 1, Acy

W = Sts2 — S1s1 = h)»;_rl +b ZB)\E + AvyAcy + |ZL|1)\E (4.42a)

a=Ca+ Ay) (4.42b)

and corr is given by Egs. (1.23), (1.24) and (1.25).

The activity coefficients in the transition layer, log,, f;*, and in the non-ideal
electrode potential term, were calculated according to the specific interaction theory,
SIT [6, 11-17], cf. Egs. (12), (13). The reference state is chosen in such a way that
the trace activity coefficients f;" — 1 as c; — 0in C M AY as solvent. Hence, we
can write for some intermediate plane in the transition layer

log,, fi* = —72[D(I*) — D(C)] + [Ze"(J, L) I* + Zie”"(J, N n;* + ", Y)

(cy” = O)lea + [¢"(J, H) h* + £"(J, B) b* + Zie"(J, Pi) pi*lan
(4.43)
cf. Egs. (12)—(14b) in Ref. [23]. Here, [...]c, = the terms to be used if J is a cation
+ [...Jan = the terms to be used if J is an anion. D (I*) is the Debye—Hiickel term in
the transition layer. (I*) is defined by Eq. (1.24).
In Cell B, the different Q(B, V) functions have the following values:

Q(B,h) = —g FoAyy + g tye"(H, Y) (4.44)
Q(B,b) = —g FoAly + g tve"(B,Y) (4.45)

Q(B. 1) = (g/zp)e"(B, L) + g FoA{ — g tae”(A, L) (4.46)
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Q(B, Acy) = (g/zp)e"(B,Y) + g Fody — g tag"(A,Y) (4.47)

ACY =Cy — C= -y LT + HYT + zp BT (448)

from Eq. (4.12). This term gives the composition change of the ionic medium.

If it was found in a separate experiment that the potential of the measuring elec-
trode, Eg, is influenced by the presence of the HyL molecules also, due to e.g.
adsorption, Eq. (4.41) should be extended by the term SL(B, acid) [HyL]r. In this
case, we have

AEg = —g 75[D(I) — D(C)] + =y Q(B, V) V + SL(B, acid)[HyL] + corr (4.49)

The slope function SL(B, acid) can be determined by titrating solution S of the
composition 50 mM HY + 0.1 M BY,g) + C M AY with solution T of the compo-
sition 50 mM HY + 0.100 M BY ) + 0.1 M HyL + C M AY. The slope of the plot
Ep — (g/zp)log o b + gzg[D(I) — D(C)] versus [HyL]r, at constant cy, cg and ca,
gives SL(B, acid).

According to these results, Egs. (4.41), (4.49) are the correct functions for the
calculation of the free, equilibrium concentration of the metal ion, b, for small val-
ues of w/a. This can be done by successive approximations in the knowledge of
Eop and the functions Q(B, V). It is important to remember that a conditional con-
stant, denoted Eop; or Egp, in Chapter 2, cannot be used here. The estimation of the
functions Q(B, V) will be presented in a following chapter.

As is seen, the total potential anomalies, AEg, depends on the ion concentra-
tions and the deviation of the anion concentration of the ionic medium from the
composition of the ionic medium, and not on total concentrations.

In Eq. (4.41), the term “corr” gives only a minor contribution to AEg, if the
composition of the ionic medium is not changed drastically. It has been proved to
be negligible [7, 10], e.g. in the cell containing mixtures of strong electrolytes with
the experimental condition [A*] = 3 M, constant. For the estimation of the term
“corr”, the knowledge of the trace (tr) ionic molar conductivities for the dominating
species in the equilibrium solution, such as A§, Af; and A", is necessary. How to get
this information will be discussed in a following chapter. This estimation has to be
made for a titration where C, Byyax and Ly are used, as in the complex formation.

When using the functions presented above for the estimation of AEg and Eg, the
poles of the cell must be considered. For cells which have poles opposite to those
defined here, for Cells B and H, the function Eg and Ey must be taken with the
opposite sign.

The Total Emf of Cell H for Small Values of w/a

Here, a H* ion sensitive indicator electrode is used.

For the preliminary treatment of emf data, we can derive an approximate function
for Ey using the same reasoning and conditions as in Section 4.2.1.1. Hence, we
obtain for the total cell emf
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Eu = Eoy + glog,oh — g[D() — D(O)] + =,Q(H, V)V + corr, (4.50)

where V = b, h, 1 and Acy. Moreover,

Q(H, h) = —g FoAf + g tye”(H, Y) 4.51)
Q(H, b) = —g FoAf + gtye”"(B,Y) (4.52)
QH, 1) = g&"(H,L) + g FoA{ — gtag”(A, L) (4.53)
Q(H, Acy) = g¢"(H, Y) + g Fooy — g tag”(A,Y) (4.54)
Moreover, we have
AEp = —g [D(I) — D(C)] + X, Q(H, V)V + corr (4.55)

For the composition change of the ionic medium, we have, from Eq. (4.12),
Acy =cy —C=—AOHt —y Ly +HY1 + z5Br (4.56)
We calculated
Q(H, Acy) = 14.77 mV M~ ! Acy for NaClO, ionic medium.

If it was found in some separate experiments that the cell emf is influenced by the
presence of the HyL. molecules as well, Eq. (4.50) should be extended as follows.

Ex = Eon +g log,oh—g [DI) —D(O)]+ Xy QH, V)V + SL(H, acid)[HyL] + corr
(4.57)
where [HyL] denotes equilibrium and not total concentration. The slope function
SL(H, acid) stands for the slope of the plot Eg — g log;o h + g [D(I) — D(C)] versus
Cacid » at constant [HY], e.g. 0.050 M HCIlOy, and cy, = C M, constant.
In this case, we have for the total potential anomalies:

AEy = —g [D(I) — D(O)] + £, Q(H, V)V + SL(H, acid)[H,L] 4 corr  (4.58)

It should be noted that the magnitude of this slope depends on the way the titration
is carried out.

According to this result, Eq. (4.50) or (4.57) is the correct function for the cal-
culation of the free, equilibrium concentration of the H* ions, h, for small values
of w/a. This can be done by successive approximations, knowing Eoy and the func-
tions Q(H, V). Eoy should be determined at the beginning of the titration, as it was
discussed in Chapter 2.

We should remember that a conditional constant, denoted either Egy; or Egpp in
Chapter 2, cannot be used here. The functions Q(B, V) and Q(H, V) can be estimated
as it will be discussed in the next section.
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The term ““corr” is given by Egs. (1.23), (1.24) and (1.25), where the function
@ (x); is included. This is defined as (cf. Eq. (15) in Ref. [23])

@ (x) = x(—hiy — 73 b + AcyAy + y* 1Ar) + C(hy — An) (4.59)

The term “corr” can be neglected here [7, 10].

The Estimation of the Functions Q(H, b) Respective Q(B, b)

We have two possibilities.

Estimation Through Conductivity Measurements of AY;, A, Aa and Ly

These ionic molar conductivities are included in the functions in question. The con-
ductivity of the electrolyte mixture given below should be measured by accurate
measurements:

0 <cp < Brmax

1 < cyg <5 mM, constant, or a level should be used which prevents the hydrolysis
and complex formation of the B“®* jons,

[HyL] M undissociated acid, constant,

C M AY, keeping [AT] = C M, constant.

Here, Brmax denotes the maximum level of the total, analytical concentration used
for BY,g) during the study of the equilibrium system. It is important to mention
that the same levels of the complexing agent HyL should be studied as those used
in the study of complex formation. As is seen, both cg and cy are varied during
this titration. The conductivity data can be interpreted in terms of the ionic molar
conductivities only with the help of a curve-fitting computer program, e.g. MLAB
[24], and using the unknown Aj values as parameters. This treatment has already
been described in Chapter 3.

Estimation by Slope Functions

We should measure the experimental slope function SL(H, c)iexp in the mixture in
question, using constant level for cy. This is the slope of the plot 1: Ey — g logjo cy
+ g [D(I) — D(C) ] — corr versus cg, at constant cy. Hence, we have

SL(H, cg); = g d3 (4.602)

where dj is given by Eq. (2.14a). Then we should form and calculate the difference
function Q(H, b) — SL(H, cg);. Hence, we obtain

Q(H, b) = SL(H, ¢cp); ¢yp + the difference function (4.60b)
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where the difference function is

—gzge"(H,Y) — g zg FoAy + g zp tas” (A, Y) (4.60c)
and exp denotes experimental.

The function Q(B, b) can be estimated similarly, through the slope function SL(B,
cp); = gd;, where d; is given by Eq. (2.3).

The Estimation of A", A5 and Ay in Mixtures of Strong Electrolytes

The function Q(H, 1) includes the term A_". This can be estimated in two ways.

Estimation Through Conductivity Measurements

The conductivity, 103k, can be measured in the mixtures of

0 = [AyL] = LTmax
[HyL] M undissociated acid, constant,

AY, keeping [AT] = C M, constant.
From this data, A" can be estimated in a similar way as it was used for the estima-
tion of Acg", discussed in Section 3.2.1. We assume that Ay has the same value as in

C M AY solution. A5 should be calculated in terms of the ionic strength fractions.
The ionic strength in this mixture is

I=[AY] + Lr(y + y*)/2 (4.612)
Hence, we have
AN = 3, (C M AY)[AY]/T + Aa(C/y M A, L)Lr(y + y*)/2 1 (4.61b)
According to the additivity, we have
10% = CAX™ + cyry (CM AY) + y LtAn(C/y M A L) (4.62)

We assume that the deviations from additivity are due to the deviation of A" from
its value in C/y M AL solution, denoted as

This deviation is described by the following function:

A = 10°c—CAX™ —cy Ay (CM AY)—y LA (C/yM AJL) = £y L1y (4.64)
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Here, 10°« denotes the measured conductivity of the mixture studied. Plotting
A(AL"™) versus Lr, ry can be calculated from the slope. Then we have

A‘Lr =AM(C/yMAJL) — 1, (4.65)
where
AL(C/yMAJL) = t.(C/y M AJL)A(C/y M AyL) (4.66)

The transport numbers in C/y M solution of the pure electrolyte AyL, t and ta, can
be determined with the help of an emf cell (cf. Ref. [25]), if the pK, values of the
corresponding acid are well separated.

The Estimation of A" or Q(H, 1) by Using Slope Functions

An approximate value can be obtained for the ligand L~ or HL™ from the exper-
imental slope function SL(H, 1). This is defined by Eq. (4.89) for the ligand L~,
determined by emf measurements, as it will be discussed in “Titration by Adding a
Buffer Solution”. Having the experimental slope function, we can act in two ways.

(a) Using the definition of the slope function, the value of A" can directly be cal-
culated from the known function.

(b) We form and calculate the difference function Q(H, 1) — SL(H, 1) on the basis of
the definitions. Then Q(H, 1) = SL(H, 1), + the difference function.

This estimation requires the assumption that the ionic molar conductivities have the
same values in both functions, namely, in the two solutions which they have been
determined in. Therefore, the experiments, done for obtaining SL(H, 1) and to study
the complex formation, must be carried out practically in the same way. In these
calculations, for the values of Ap and Ay, we can use those which are valid in C M
ionic medium AY.

During the study of the equilibrium system, the equilibrium concentration of the
ligand, 1 = [L™], is changed while [A*] = C M, is kept constant, and 10~ < [H*]
<1073 M. During the determination of the slope function SL(H, 1), the [H*] is kept
at a constant or negligible level, by using the buffer system HL - L™ , and [A*] = C
M, constant, while [L7] is changed in the range 0 — Lt M. Therefore, we can hope
that A" has the same value in both systems.

It is important to emphasize that Q(H, L) and SL(H, 1) are two different functions
and they cannot be interchanged.

The Effect of the Composition Changes of the Ionic Medium on the Total
Potential Anomalies and on the Equilibrium Constants

This effect will be investigated in both mV and in logio Bpgr units.
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The Effect on the Total Potential Anomalies AEg and on Alogig Bpyr

The function Q(B,Acy ) can be calculated according to its definition [cf. Eq. (4.47)].
Acy for Cell B is given by Eq. (4.48).
For NaClO, ionic medium and B = Cd?*, we can calculate, in mV M~ Acy:

Q(B, Acy) =11.83 +4.88 —0.76 = 15.95
This value is the sum of the following terms
(g/z8)¢"(B,Y) = 11.83
ghy/[2.303 C(Aa + Ay)] = 4.88
—gtae”(A,Y) = —0.76,
due to the introduction of the approximations for the transport numbers
ty = Ay/(Aa + Ay) = ty(3 M NaClOy4) = 0.57

and

ta = Aa/(Aa + Ay) = ta(3 M NaClOy4) = 0.43

These transport numbers are given in Table 2.10. As is seen, this potential contribu-
tion is a dominating term, and it cannot be neglected, as it is done in the curve-fitting
computer programs.

According to the definition of Acy, given by Eq. (4.48), this concentration term
depends on By and L. This means that the equilibrium constants calculated con-
tain a systematic error which depends on Bt and L. This looks like the formation
of polynuclear complexes, with the composition BHqL;, and the emf data will be
interpreted according to this.

The composition change of the ionic medium can be estimated in advance, when
planning the titration.

The systematic errors in the equilibrium constants, A logg ,qur(z), caused by the
composition change of the ionic medium, and e.g. for Cell B, can be estimated from
the equations given below.

logo Bpgr = logglcomplex] — qlog;oh — plog o b —rlog,1 (4.67a)

log,ob = (Eg —Eop)(z5/g) + 25 [DI) —D(C)]— (z5/2) Xy Q(B, V)V —(zp/g) corr
(4.67b)

Alogy By = —pAlog;ob = p(za/g) Q (B, Acy)Acy (4.67¢)

This effect is zg times higher than in Cell H.
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The Effects on the Total Potential Anomalies AEy and on A logig Bpgr

The function Q(H, Acy) can be calculated according to its definition (cf. Eq. (4.54).
It is = 14.77 mV M~ Acy for NaClO, ionic medium. The composition change of
the ionic medium for Cell H, Acy, is given by Eq. (4.56). For the change of the
equilibrium constants with the composition change of the ionic medium, we have

log;oh = (Ex — Eon)/g + [D(D) — D(O)] — (1/2)%, Q(H, V)V — corr/g (4.68a)

where
V =>b, h, 1, Acy and

Alogyg Bpe® = —qAlog;oh = q(1/2)Q(H, Acy)Acy (4.68b)

due to Eqgs. (4.50) and (4.67a). It is assumed that Eqy was determined in the absence
of the metal ions.

The effect of the composition changes in mV, Q(H,Acy) Acy, and that on the
equilibrium constants for Cell H, was estimated for four titrations, generally used in
potentiometric titrations. The complexing agent AL is assumed to be used with B
= Cd**. Moreover, the approximation

ACY;ZB BT—yLT

was introduced, as HYt = AOHr at the end of the Eg titration. The results are
presented in Table 4.1.

As is seen from this table, the systematic errors are not 0.01 mV, for zg = 2, and
they are changing with By, as well as it does Alog;g ’3qu(2) also. Consequently, this
error will be interpreted as the formation of polynuclear complexes.

Table 4.1 The effect of the composition changes of 3 M NaClOy4 on the equilibrium constants,
when strong complexes are formed in cell H, for two sets of usual emf titrations, at 25°C and
[Na*] = 3 M, constant

Br Lr ~Acy Q(H,Acy)Acy Alogio Bpgr®

M M M mV q=1 q=2 q=3
Forzg =2

0.01 0.05 —0.03 —0.44 —0.007 -0.014 —0.021
0.03 0.10 —0.04 —0.59 —0.010 —0.020 —0.030
0.05 0.15 —0.05 —0.74 —0.012 —0.024 —0.036
0.10 0.30 —0.10 —1.48 —0.025 —0.050 —0.075
Forzg =3

0.01 0.05 —0.02 —-0.29 —0.005 —0.010 —0.015
0.03 0.10 —0.01 —0.15 —0.002 —0.004 —0.006
0.05 0.15 0 0 0 0 0

0.10 0.30 0 0 0 0 0
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In order to reach the level of uncertainty of AEy = 0.01 mV for the total potential
anomalies, besides the contributions of the composition change of the ionic medium,
Q(H, b) b and Q(H, 1) 1, must be also taken into account. The term Q(H, h) h is
probably negligible, as [H*] < 103 M. These terms can be estimated as it was
discussed earlier in this chapter.

4.2.1.2 Survey of the Potential Functions for the Protolysis
of the Weak Acid HL

The following protolysis equilibrium is studied:

HL = H" 4 L, with the protolysis constant K; = [HT][L"]/[HL].  (4.69)
We shall use the same cell as before, with a glass or H,(g) indicator electrode. First,
the constant Egy should be determined, in the presence of the acid HL of constant

level. Vg ml solution Sy with the composition

So : HYy = 25 mM strong acid, HCIO4
cuL = [HL] M weak acid, to be kept constant

cayo = [AY]=CM
should be titrated with v; = v, ml solutions S; and S, of the composition

S, :HY, =[H"] M, is present in trace amounts
2 cy.M weak acid
cayl =CMAY
S5 : caom2 = [AOH]

cav2 = [AY] = C — caonz
Here, the following potential function is valid

Ey = Eou+glog,, HF 1—g[DI)—D(C)]+SL(H, cy)[H* ]+SL(H, acid)[HL]y+corr
(4.70)

The intercept of the plot Ey* = Ey — g log;o [H*] + g [D(I) — D(C)] — SL(H, acid)

[HL]t — corr versus [H*] will result in Egy. The slope of this plot is SL(H, cg).
The Egy determination should be evaluated with the help of a Gran plot [26],

in order to determine the equivalence point and to check the acidity level of the
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starting solution, Hy. The concentration of the H* ions can be calculated during this
titration as

[H*] = (voHo + viHi — v2 caom2)/vr = (VE — V2)Caon2/VT 4.71)

where vr = vy + v + v, ml.
If Vg ml solution S, is added in the equivalence point, then we have

vo Hop + vi H; = Vg caone mmol OH ™ added 4.72)
Defining
Exy* =Ey+ g [DA) — D(C)] — SL(H, acid)[HL]y — SL(H, cy) [H']
=Eon + glog,o[H"] = Eou + glog,o[(Ve — v2)/vr] + glog,, caom2
4.73)

Dividing this equation by g and taking the antilogarithm of it, we obtain the Gran
function:

F[ = VT antiloglo(EHx/g) = antilOgIO(EQH/g) X CAOH2 X (VE — V2) (474)

If the function F; is plotted against v», the straight line obtained should be extrapo-
lated to F; = 0 on the v, axel. In the cross point,

Vg — v, = 0, hence, Vg = v, ml AOH2 added.

From this value for Vg and Eq. (4.72), Hy can be calculated.
The protolysis of the weak acid HL can be studied in two ways.

a) We titrate with dilute NaOH solution and the concentration of the weak acid is
kept constant.
b) We carry out the titration by adding a buffer solution HL — AL.

Titration by Adding Dilute NaOH Solution
We continue with the addition of v; = v, ml solution S; and S,; after that we
decreased the volume of the test solution to vo* by sucking out a portion of it with a
calibrated pipette. We have the species H*, L™, HL, A* and Y~ in the test solution.
The knowledge of the functions given below is useful.
ca = CM = cay + AOHt (4.752)
Cy = C+ HYT — AOHT =C+ ACY (475b)

Acy = HYr — AOHy (4.75¢)
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I=C+(1/2)(h+ Acy +1y?) (4.75d)

w = hig + AyAcy +y 1AL (4.75¢)

@, (x) = x[—hiy + AyAcy + 1AL y* 14 Chy — Aa) (4.75f)
a=C(ha+ Ay) (4.76)

‘We obtained for the total cell emf for small values of w/a
En = Eon + glog,o h + SL(H, acid)[HL] + AEjy, 4.77)

where

AEq = glog,, furs2+Ep+Epr = —g[DI)-D(C)+QH, DI4+QH, Acy)Acy+-corr
(4.78)

Here, [HL] denotes equilibrium concentration.

h can be calculated from Egs. (4.77) and (4.78) by successive approximations,

knowing Egy and the potential functions involved.

Titration by Adding a Buffer Solution

The experimental constant Egy should be determined, first, in the absence of the
weak acid HL. This should be done as described in the previous section. When the
[H*] = 1073

M in the test solution, the Egy titration is considered to be fulfilled. Then we titrate
with solution S,* of the composition: 0.1 M HL, 1.8 M AL = Ly and 1.2 M AY.

The concentration of the acid component HL, in the solution S,*, has to be cho-
sen in such a way that 3 < - log;o [H*] < 9 in the test solution. Hence, neither
the H* nor the OH™ ions are present in dominating concentration, and they can be
neglected when calculating the potential contributions of the different ions present,
to AEy. The influence of the HL molecules on the potential of the measuring elec-
trode has to be taken into account. If the pH of the test solution studied is less
than 9, then a glass electrode can be used. Otherwise, a hydrogen gas electrode is
necessary.

The following functions can be useful to know:

ca = CM, constant = cay + AOHt + Lt 4.79)
Cy = C— AOHT — LT + HYT (480)
ACY =Cy — C= HYT — AOHT — LT = _LT (481)

as HYt — AOHt = 0 at the end of the E titration.
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I=C+(1/2)(h=0) (4.82)

w = hiyg + (AL — Ay)Lp (4.83)

log ;o furs: = —[D(I) — D(C)] + ¢”(H, L)Lt — ¢"(H, Y)L (4.84)
@1(x) = x[~hAg + (AL — Ay)L1] + COy — Aa) (4.85)

According to the earlier treatment of the problem, we obtain [cf. Egs. (4.77), (4.78)]
for the total cell emf, Ey, and for small values of w/a:

Ey = Eou+glog,, h+SL(H, acid)[HL]+SL(H, DI —g[DI)—D(C)]+corr (4.86)
and

AEy = gloglO futsa + Ep + Epr

= —g[D(I) — D(C)] + SL(H, acid)[HL] + SL(H, D)l 4 corr (4.87)

where SL(H, 1) is the slope of the plot Ey” versus 1 = [L7] = Lt. Considering
Egs. (4.77) and (4.78), we have

Ey” = Ey — glog,,h + g[D({) — D(C)] — SL(H, cacid)[HL] — corr

= Eou + Q(H, DI + Q(H, Acy)Acy (4.88)

Considering Egs. (4.53), (4.54) and Acy, we obtain for the calculated slope func-
tion
SL(H,1) =dEy"/d]1
=gle"(H,L) — ¢"(H, Y)] — g Fo(Ay — AL) — g tale”(A, L) — &"(A, Y)]
(4.89)
In order to get the experimental slope function SL(H, 1), the expression

logIO[HJr] = loglo Kl - loglo(csalt/cacid) (490)

obtained for the buffer system (cf. Section 1.1) should be inserted into Eq. (4.86).
Then we obtain

En” = Ey + g[D(I) — D(C)] — SL(H, acid)cycia — corr + g1og;(Csaic/Cacia)
= constant + SL(H, )Lt
4.91)
where

constant = Egy 4+ glog;( K| (4.92)

As is seen, the slope of the plot Ey” versus Lt gives SL(H, 1) and from the intercept
= constant, the protolysis constant log;o K; can be obtained with high accuracy, in
a broad concentration range. This graphical method is the correct way for the deter-
mination of log;y Kj, and this treatment does not result in the suggestion of non-
existing dimer, trimer, etc. species. If we treat the data with a curve-fitting computer
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program, without giving the correct value for SL(H, 1), we cannot explain the titra-
tions without the suggestion of dimer, trimer, etc. species.

It is important to emphasize that Egs. (4.91) and (4.92) are valid only in the case
when a buffer solution of a suitable concentration was used as a titrating solution.
In this case, the approximations [HL] = c,q and [L7] = 1 = ¢y are valid, if cgy
>> Caeig. This is not the case when we titrate with dilute NaOH and a solution con-
taining HL. In this case, the function Q(H, 1) describes the potential contribution of
the ligand in the preliminary data treatment. Therefore, the function SL(H, 1) must
be recalculated to Q(H, 1). For this treatment, the difference function given below
should be formed, first.

QH,1=L")—-SLH,1=L") =Eq.(4.53) — Eq.(4.89)

4,
=ge"(H,Y) 4+ g Fory — gtag”(A,Y) (4.932)

Then using the known value for the experimental slope function, we can calculate

Q(H, 1) = SL(H, 1)y, + the difference function. (4.93b)

Some of the interaction coefficients which are needed can be found in Table 2.3.
A more extended summary of them, on the molal concentration scale, is given in
Table 4.2. In Ref. [25], emf cells are suggested for the determination of some inter-
action coefficients.

Table 4.2 Survey of some molal interaction coefficients, €(i, k), between the species i and k.
Unknown ¢ (i, k) values have been approximated with the interaction coefficients between the ions
j and 1 in the second column. ¢ is assumed constant in the ionic strength range 0.5 m<I<3.5 m [6]

ik i, 1 e
(Ho**,C1047) 0.49
(La**,Cl04)—(Lu**,Cl04 ) 0.47—0.52
(Y**,ClD) 0.28
(Y?*,HCO3 ") (Y**,Cl)

(Y3*,ClO47) (Ho**,C1047)

(Fe**,Cl1047) 0.56
(H*,C1047) 0.14
(YCO3*,C1047) 0.17
(HgCI*,C10,47) 0.20
(CdCI*,Cl047) 0.19
(CdSCN™*,C10,47) 0.24
(CdI*,Cl0,47) 0.23
(Cd**,Cl047) [(Ca** Mg ,Co%*,Cu**,Zu?* Hg?"),Cl0,4 7] 0.27—-0.34
(YHCO3**,C1047) 0.39
(FeSCN?*,C10,47) 0.45
(FeOH>*,C10,7) 0.38
(Y,COs*,Cl047) 0.80
(Fe,(OH),**,C1047) 0.82
(Pbs(OH)4**,C1047) 0.02

(Pb?*,Cl047) 0.16
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4.2.1.3 Experimental Studies
The Study of the H* - Hascorbate™ System

After the determination of the constant Egy, as it is described in Section 4.2.1.2.,
the protolysis of the ascorbic acid was studied by potentiometric titration with a
buffer system (cf. “Titration by Adding a Buffer Solution”). The equilibrium system
studied is

H,Asc = Hasc™ + H', K| = [Hasc™][H"]/[H,Asc]

We used a glass electrode as indicator electrode. NaClOy4 ionic medium was used in
all experiments at [Na*] = 3 M, constant.

Studies at Constant Level of HyAsc

In one experiment, we chose [HyAsc]p = 0.29749 M, is kept constant. Here,
H,Asc denotes ascorbic acid, F formal, analytical concentration. The buffer sys-
tem 0.29749 M H,Asc, 1.6 M NaHAsc and 1.4 M NaClO4 was used in the burette.
The concentration of the HAsc™ ions was varied in the test solution within the range
0 — 0.7 M. The graphical treatment of the data is shown in Fig. 4.1, based upon
Egs. (4.91), (4.92). Here, we obtained the slope function from the slope of this plot

SL(H, HAsc) = —7.6 mV M~! HAsc™

-257

-255

—253 -

0.1 0.3 0.5 0.7 [NaHAsc]g M

Fig. 4.1 The determination of the slope function SL(H, HAsc) and the first protolysis constant of
the ascorbic acid, logo Ky, at [HyAsc]g = 0.29749 M, is kept constant, and [Na*] = 3 M, is kept
constant. The plot of Eg” vs. [NaHAsc]g is based upon Eq. (4.91). Filled symbols denote back
titration. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1999) Acta Chem Scand 53: 557-574 (Fig. 1)
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valid in the buffer system. From the intercept of the plot given in Fig. 4.1, the fol-
lowing value was obtained for the protolysis constant

log,o Ki = —4.348 £ 0.002

This slope function was recalculated to the function Q(H, 1), according to
Egs. (4.93 a, b). We obtained

D = s -+ difference function = —7.6 + 14.8 = 7.2m ~Hasc™
Q(H, 1) = SLH l)exp diffi fi i 7.6+ 14.8 =72mV M 'H

Here, the notation 1 = [HAsc™] M is valid.

This function is valid if we titrate with dilute NaOH and a solution containing
H,Asc. In this case, we must take into account the potential contributions given in
Table 4.3. Hence, the total systematic error at [NaHAsc] = 1 M is — 7.6 mV. If we do
not take into account these effects, we must suggest the formation of dimer, trimer,
etc. species, in order to explain the data.

In another experiment, we chose [HyAsc]g = 0.1 M, is kept constant. We titrated
with the buffer solution 0.1 M H;Asc, 1.8 M NaHAsc and 1.2 M NaClOy4. The
concentration of the salt, NaHAsc, in the test solution was varied within the range 0
— 0.8 M. The evaluation of this titration is shown in Fig. 4.2. The graphical treatment
of the data resulted in

SL(H, HAsc) = —8.1 mV M~ ' NaHAsc
log,, K; = —4.359 £ 0.002
As we can see, 0.011 unit difference appears between the protolysis constants

obtained up to now. This can be the result of some changes in the contribution of
the Hy Asc molecules, and/or the change of the value of Egy.

Table 4.3 Survey of the potential contributions to the total potential anomalies in the H* — HAsc™
system, when dilute NaOH and H, Asc solutions were used in the burette

a) The effect of the undissociated molecules H, Asc

at [HyAsc]=1M [HyAsc] =0 M

13 mV 13 x [HpAsc][27] —— O0mV
b) The effect of the ligand HAsc™

at [NaHAsc] =0 M [NaHAsc]=1M

OmV__ Q(H, HAsc)[HAsc] 7.2 mV
¢) The effect of the composition change of the ionic medium

0mV. QH,Acy) Acy —14.77 mV

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1999) Acta Chem Scand 53: 557-574 (Table 3).
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Fig. 4.2 The determination E,
of the slope function SL(H, mv
HAsc) and the first protolysis
constant of the ascorbic acid,

logo Ky, at [HyAsclg = _o73
0.100 M, is kept constant, and

[Na*] =3 M, is kept

constant. The plot of Ey” vs.
[NaHAsc]r is based upon Eq. _o71
(4.91). Filled symbols denote

back titration. Reproduced by
permission of the Royal

Society of Chemistry from _269
Néher-Neumann E (1999)

Acta Chem Scand 53: L 1 1 1 1 1 1 I I
557-574 (Fig. 2) 0.1 0.3 0.5 0.7 [NaHAsc]g M

Study at Constant Ratio of ¢acid/Csair

A titration was carried out at constant C,iq/Csy ratio, too, which was equal to
0.18620. The constant Egy was determined in the absence of H, Asc. During the
main titration, we used the following solution in the burette: 0.29941 M H,Asc,
1.60799 M NaHAsc and 1.39201 M NaClQOy. The salt concentration in the test solu-
tion was varied within the range 0 — 0.7 M. The evaluation of this titration is shown
in Fig. 4.3. The graphical treatment of the data resulted in the following results:

SL(H, HAsc) = —9.6 mV M~ HAsc™
log,o K; = —4.359 4 0.002

—260

-255

1 1
0.1 0.3 0.5 [NaHAsc]s M

—250 1 1 1 1

Fig. 4.3 The determination of the slope function SL(H, HAsc) and the first protolysis constant of
the ascorbic acid, logio Ky, at constant (Cycia/Csare) ratio, which was equal to 0.18620, and [Na*] =
3 M, is kept constant. The plot Ey” vs. [NaHAsc]k is based upon Eq. (4.91). Filled symbols denote
back titration. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann
E (1999) Acta Chem Scand 53: 557-574 (Fig. 3)
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As is seen, all data could be explained by the equilibrium
H,Asc = H" + Hasc™, log;o K; = —4.359 4 0.002

which could be obtained in a broad concentration range, without the suggestion of
dimer, trimer, etc. species.

These titration data were also treated with linear regression analysis. Equation
(4.91) was fitted to the data. We obtained very similar results to those discussed
above.

For the forward titration:

SL(H, HAsc) = —9.8 mV M~ HAsc™
log,, K; = —4.356

For the back titration we obtained:

SL(H, HAsc) = —8.8 mV M~ HAsc™
log,, K = —4.366

The average of logg K; = - 4.361 £ 0.005

This system was also studied by Whalberg and Ulmgren [27] in the concentration
range 0< [HyAsc]r < 1 M. The data were explained by assuming the following
equilibrium processes:

(i) for [HoAsclr <0.1 M

Hasc™ + H" = HyAsc, log,, 81 = 4.359 & 0.006

Hasc™ = Asc® +HT, log,, fi1 = —11.342 £ 0.007
(i) for [HpAsclt > 0.25M

2Hasc™ + H" = H3Asc; , log,o B2 = 4.45 £0.04

2Hasc™ + 2H' = HjAscy, log;, B2 = 8.56 £ 0.05

As is seen, our result for log;o K; is exactly the same as that obtained in Ref.
[27] at a low concentration of HyAsc, namely < 0.1 M. Hence, we can conclude
that the species H3Asc,™ and HyAsc, are artefacts. They appear due to the neglect
of important potential contributions at the explanation of the data. In Table 4.3, all
the potential contributions to the total potential anomalies are gathered which are
important in this system.

The log;y K; value in this system should be correctly calculated as given below
[cf. Eq. (4.91)]
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log,, K; = (1/2){Ey — Eon — SL(H, HL)[HL]¢ — SL(H, L)[AL]§ — corr}

+ [D(I) - D(C)] - loglo[cacid/csah] (494)

By the neglect of the effect of the ligand ions on log;y K;, SL(H, L) [AL]E, the
caused systematic error in log;g K; will be for the acid Hy L

Alog,,K; = qAlog,oh = q(1/g)SLH, L)[AL]r (4.95)

This will result in monotonously increasing equilibrium constant, as is seen from
Table 4.4. This effect will be interpreted as the formation of dimer, trimer, etc.
species, which are artefacts.

As is seen, the value of the slope function SL(H, HAsc™) changes slightly with the
experimental conditions. This is probably due to the influence of the undissociated
molecules H, Asc, which is not constant. Therefore, the titrations for the determina-
tion of SL(H, 1) and the study of metal complex formation must be carried out in the
same way.

Checking the Value of the Slope Function SL(H, H>Asc)

The slope function SL(H, HyAsc) = 13 mV M! H, Asc was determined in Ref. [27],
on the basis of the change of Eoy with [HyAsc]r. This slope function was checked
by the author in the following mixture: 10 mM HCIOy4, 0.100 M Cd(CIO4 and 3 M
NaClOy . All of these concentrations were kept constant and H, Asc was varied in
the range 0.15 — 0.3 M. Here, we obtained

Table 4.4 The estimation of the systematic error in the first dissociation constant of the ascorbic
acid (log;pK;) caused by the neglection of the potential contribution of the Hascorbate™ ions to
AEy: SL(H, HAsc™)[HAsc™]Jg in mV and logjo units, using NaClOy ionic medium at [Na*] =
3 M, constant. The slope SL(H, HAsc™)= —8.1 mVM~! was used

[NaHAsc]g /M the neglected effect / mV Alog ki [cf. Eq. (4. 95)]

0.028 299 -0.23 —0.004
0.055 720 —0.45 —0.007
0.082 305 —0.66 —0.010
0.108 089 —0.87 —0.015
0.203 915 —1.65 —0.028
0.328 867 —2.66 —0.045
0.410 435 —-3.32 —0.056
0.527 949 —4.27 —0.072
0.614 539 —4.98 —0.084
0.741 072 —6.00 —0.101

The correct value is at [NaHAsc]g = 0 M: —4.359+ 0.002

Wahlberg and Ulmgren found at low concentrations: —4.359+ 0.006. [27]
Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1999) Acta Chem Scand 53: 557-574 (Table 4).
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SL(H, HyAsc) = 22.9 mV M~! HyAsc.

As is seen, the value of this slope function changes with the experimental conditions.

The Study of the H*—Acetate™ System
Study at Constant Ratio of ¢acid/Csalr

A potentiometric titration was carried out at constant ratio of cCacjg/Csar , Which was
equal to 0.100. The buffer solution 0.3 M HAc (denotes acetic acid) and 3.000 M
NaAc was used in the burette. The salt concentration in the test solution was varied
within the range 0 — 1.3 M. The data were evaluated graphically, on the basis of
Eq. (4.91). For the slope function SL(H, HAc), the value 6.7 mV M~' HAc was
used, determined by the author in a cell free from liquid junctions and at [HC1O4]
= 50 mM kept constant. The plot is shown in Fig. 4.4. The results given in Table
4.5 were obtained. The slope values SL(H, Ac) are valid in the buffer system used,
while the function Q(H, Ac) in the case when dilute NaOH and HAc solutions are
used in two burettes. From the intercept of the plot in question [cf. Eq. (4.91)], the
following constant was obtained for the protolysis of acetic acid in 3 M Na(ClO4):

log,o Ki = —5.026 = 0.002

In the “Stability Constants” [28], the following values can be found:

—5.02 £0.01 [29]
—5.01 [30]

log;o Ki

-365

-360

-355 -

—350 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.3 0.5 0.7 0.9 1.1[NaAc]g M

Fig. 44 The determination of the slope function SL(H, Ac) and the protolysis constant of the
acetic acid, logjo K;, at constant ratio of (Cycia/Csar) Which was equal to 0.1000, and [Na*] = 3 M,
is kept constant. The plot Eg” vs. [NaAc]g is based upon Eq. (4.91). Filled symbols denote back
titration. Reproduced by permission of the Royal Society of Chemistry from Néher-Neumann E
(1999) Acta Chem Scand 53: 557-574 (Fig. 4)
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Table 4.5 The determination of the slope function SL(H, Ac) and the function Q(H, Ac), using
the plot defined by Eq. (4.91)

[NaAclg M SL(H, Ac) mV/M NaAc Q(H, Ac) mV/M NaAc
0—0.58 -9.1 5.6
0.58 — 1.3 -7.7 7.1

Source: Reproduced by permission of the Royal Society of Chemistry from
Néher-Neumann E (1999) Acta Chem Scand 53:557-574 (Table 5).

This titration data were also treated by linear regression analysis. Equation (4.91)
was fitted to the data. The following results were obtained.
For the forward titration:

0 < [NaAc] < 0.58 M
SL(H, Ac) = —9.3mV M~ ' Ac™
log, K = —5.024
0.58 < [NaAc] < 1.3 M
SL(H, Ac) = —7.8 mVM ! Ac™
log,o K; = —5.039
For the back titration:
SL(H, Ac) = —8.0mV M~! Ac™
log,, K; = —5.035

For the average value we obtained: log;y K; = - 5.033 &£ 0.006.

As is seen, the same log;o K; value was obtained as it was published by other
scientists for low concentrations of HAct. No dimers or trimers were found, even
though such species were reported in the literature. The neglection of the effect
of the acetate ions on log;o K; will result in monotonously increasing equilibrium
constant, as is seen from Table 4.6. This can be interpreted as the formation of dimer
species, which are artefacts.

Persson has investigated [30] this system in NaClOy4 ionic medium at [ = 3 M,
constant, in an emf cell with poles opposite to those discussed here. For the [NaAc]r,
the following values were used: 1000, 500, 250, 100, 50, 25, and 10 mM. The given
constant was found in both a cell without and with liquid junction. In both cases, the
author could describe the measurements by assuming the presence of the species
HAc, Ac™, HAc,™ and (HAc),. However, he pointed out that the formation of the
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Table 4.6 The estimation of the systematic error in the dissociation constant of the acetic acid
(log1pK)caused by the neglection of the potential contribution of the Acetate™ ions to Ey: SL(H,
Ac)[Ac™ g in mV and log units, using NaClO,4 ionic meduim at [Na*] = 3 M, constant

[NaAc]p /M The neglected effect / mV log K; + A log K [cf. Eqn. (66)]

0.047 408 —0.43 —5.036
0.093 341 —0.85 —5.039
0.264 822 241 —5.060
0.552 207 —5.02 -5.112
1.069 835 —8.24 —5.180
1.322 198 —10.18 —5.212

The correct value is at [NaAc]g = 0 M: —5.0262£0.002. Reproduced by permission
of the Royal Society of Chemistry from Néher-Neumann E (1999) Acta Chem
Scand 53:557-574 (Table 6).

dimers is the result of the neglected diffusion potential and the changes of the activ-
ity factors. This conclusion is correct. The potential anomalies given below have
existed in his system, in a cell with liquid junction:

SL(H, HAc) = —6.7 mV M~'HAc and SL(H, Ac) = 7.7 mV M~! NaAc

As is seen, the maximum value of the systematic error, at [NaAc]y = 1 M, is 7.7 mV
in this study. This is the explanation for the formation of the dimers.

In Persson's cell, free from liquid junctions, the following potential contributions
have existed, which he neglected.

Ey =Eon — g 10g10[H+] — g log;o fu — g log;,[Cl7] — g log,, fc

(4.962)
— SL(H, HAc)[HAc]
We can write according to the specific interaction theory [6, 11-17]
log,, fu = — [DI) — D3)] + &"(H, ClOg)(cy — 3
g0 fu (D) —D@3)] ( 4)(cy —3) (4.96b)

+ ¢”(H, Ac)[NaAc]r + ¢’ (H, CD[C17]

log,o for = —[D(I) — D(3)] + &"(Na, Cl)(cna — 3) + ¢”(H, C[HT]  (4.96¢)

As is seen, these activity factors are not constant. Here, ¢” (H, ClO4) = 0.18 liter
solution mol™' solute, ¢”(H, Ac) = 0.12 liter solution mol~! solute and &”(Na, Cl) =
0.03 liter solution mol~' solute, determined by the author [31].

As is seen, the systematic errors are of different kinds and magnitudes in the two
cells studied by Persson. Consequently, he has found different equilibrium constants
for the dimers in the two different cells.
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Study at Constant Level of HAc

Some titrations were carried out at constant level of acetic acid too, where the slope
function SL(H, Ac) was studied. The purpose of these experiments was to show how
the magnitude of this slope function changes with the experimental conditions.

In one case, we chose [HAc]g = 0.010 M, is kept constant. Here, we obtained
the following slope functions.

0 < [NaAc]r <90 mM,

SL(H, Ac) = —28.2mV M~ Ac™

90 < [NaAc]g < 215 mM,

SL(H, Ac) = —11.2mV M Ac™

215 < [NaAc]g < 450 mM,

SL(H, Ac) = —83mVM ! Ac™

In another titration, we chose [HAc]r = 1.000 M, is kept constant. The slope func-
tion

SL(H, Ac) = —9.5mV M~ ! Ac™

was obtained in the concentration range 0 < [NaAc]g < 250 mM. These variations
in the slope correspond to the change of the ionic molar conductivities. This should
be checked by conductivity measurements. According to the opinion of the author,
this phenomenon can be connected either to the different isolation effects of the
undissociated molecules HL in the different titrations or to the change of the activity
factor of these molecules.

It can be noted that Olin and Svanstrom have also studied [32] the appearance
of the liquid junction potential in the H*-Acetate™ system, using buffer solutions
at different cycig/Csqie ratios, which were kept constant during the titrations of one
series. They evaluated the data graphically, in a similar way as we did. It is seen
from their plots, also, that the slope function SL(H, Ac) is different at the differ-
ent ratios studied. Moreover, they have modelled the influence of varying liquid
junction potentials and activity coefficients on calculated stability constants of the
Pb?*-benzoate, Cd**-benzoate and Pb**-acetate complexes. They found that “lig-
uid junction potentials and activity coefficient changes can have considerable effect
on the numerical values of stability constants obtained from emf measurements of
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central ion concentrations. Realistic estimates of the uncertainties in these constants
can therefore be obtained only by a study of these influences”.

Checking the Value of the Slope Function SL(H, HAc)
The value of the slope function SL(H, HAc) was also checked in two different cells.
(a) In a cell with liquid junction, the test solution contained [HC1O4] = 50 mM,

kept constant, 3 M NaClOy, kept constant, and [HAc]r was varied in the range:
0 —0.45 M. Here, we obtained

0 < [HAc]r < 180 mM,
SL(H, HAc) = 2.2 mV M~ ! HAc
180 < [HAc]r < 450 mM,
SL(H, HAc) = 3.0 mV M~ HAc

(b) In the cell given below, free from liquid junctions,
Ag, AgCl | Test solution | glass electrode
at [HCIO4] = 50 mM, kept constant, and [CI"] = 10 mM, kept constant, the
following results were obtained:

0 < [HAc]g <90 mM,
SL(H, HAc) = 7.4 mV M~ HAc
90 < [HAc]r < 390 mM,
SL(H, HAc) = 8.4 mV M~! HAc

As is seen, the potential contribution of the undissociated molecules HL to AEy is
not clear and not constant. Therefore, experiments in which slope functions and the
protolysis constant of HL are determined, and the formation of metal ion complexes
are studied, must be carried out under the same experimental conditions. The author
suggests that one should carry out potentiometric titrations in such a way that a
buffer solution is used as a titrating solution, in which the concentration of the HL
molecules is kept constant during the titration.

4.2.1.4 Survey of the Potential Functions for the Calculation of the Second
Protolysis Constant of the Weak Acid H,L

Deduction for pK,- pK; > 5§

The treatment which is going to be described, here, is valid for the case when the
protolysis constants log;o K; and log;o K, are well separated, namely, by at least 5
logio units.
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We shall study the equilibrium
HL™ = H'+L*, K,=[H"][L>]/[HL] (4.97)

in the ionic medium AY at the experimental condition that [A*] = C M, is kept con-
stant. First, we determine the constant Egy in the absence of the ligand, as discussed
in Section 4.2.1.2, for the case when a buffer titrating solution is used in the main
titration. The composition of this can be: 0.2 M AHL + 1 M A;L + 0.8 M AY. In
our equilibrium solution, the following ions are present: H", [HL™] = c,iq, 1 = [L*]
= ¢t = L1, Y~ and A* both at the concentration of C M. The acidity of the test
solution can be calculated as

10g10[H+] = 10g10 K, — loglo(csalt/cacid) (4.98)

The composition of the test solution is also described in Section 4.1. In the deduc-
tion, the species H* and L>~ are considered as components, and HL™ as a complex
denoted Ly_, in the general treatment.

Two deductions were made:

a) according to the “Deduction of the general equations” (cf. Section 4.1.),
b) using the known slope functions SL(H, HL™) and SL(H, L), the later to be
presented here.

Deduction According to the General Theory

The potential functions Ep , Ep and the total cell emf, Eyy , were derived. Knowing
these functions, we have

log,o Ko =(1/g) [Ex — g logo(Cacid/Csai) — & 10g;( furs2 — Ep — Epf — EgH]
(4.99)

As these functions are rather complicated, we prefer the determination of log;o K»
through the slope functions.

Determination of log;o K> Using Known Slope Functions

logio K; can also be determined in the buffer system AHL — AL given above, from
the known slope function SL(H, HL") and SL(H, L>"). The potentiometric titration
can be carried out at the constant ratio of c,.q/Csai. In this case, the test solution is
essentially a mixture of the strong electrolytes AHL, A,L and AY. We have the same
species present as given above. The total cell emf in this system is

Euy =EoH + g log;ph — g [DA) — D(C)] + SL(H, HL™) cacia

5 (4.100)
+ SL(H, L") cgq + corr
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Inserting logjoh from Eq. (4.98) into this equation, we can form the function Ey”
and neglect corr

EHH = EH + g logl()(csalt/cacid) + g [D(I) - D(C)] - SL(H7 HL?)CaCid

. (4.101)
= Eon + g log o Ko + SL(H, L™7) cgaie

The slope SL(H, HL") can be determined as in the buffer system H, Asc — NaHAsc,
described in “Titration by Adding a Buffer Solution”, according to Eq. (4.91). Plot-
ting the function Eg” versus cgy, logio K, can be calculated from the intercept. The
slope of this plot is SL(H, L*)exp.

For the calculation of the theoretical slope function SL (H, L>), the potential
function for the total cell emf has been derived. For the system AHL + A,L + AY
and small values of (w/a), we have

W = h)\,H + ACY)»Y + HLTi)uHL|ZHL| + yLT)‘L (4102)

log, firs: = —[D() — D(C)] + &” (H,L) Lt 4+ ¢” (H, HL) HL1~ + Acy £”(H, Y)
(4.103)

CD] (X) =X [_h)\,H —+ HLTi)\.HL + LT)LL y2 —+ ACYA,Y] =+ C ()"Y —_ A,A) (4104)

For the total cell emf in Cell H, we obtain Eq. (4.100), where the function SL(H,
HL") is defined by Eq. (4.89) and the theoretical function SL(H, L?") is

SL(H,L> ) =g [¢"(H,L) —y &"(H, V)] + g (AL — yAy)/

- , (4.105)
[2.303 C (a4 Ay)] — g t, [€(A, L) — y £"(A, Y)]

Here, y = absolute value of z;. These equations are valid for the buffer system
studied. If we use AOH and H,L or AL titrating solutions, we have to recalculate
SL(H, L>) into Q(H, L*"). We form the difference function Q(H, L>") — SL(H, L>")
= Eq. (4.53) — Eq. (4.105). From here, we obtain

QMH,L*") = SLH, L™ )exp+gy &"(H, Y) + gy Fy Ay —g tay " (A, Y) (4.106)

where
exp denotes experimental, Fy is given by Eq. (2.5), ta by Eq. (2.6).

Deduction for pK,- pK; < 5

If the two steps of the protolysis of H,L are not well separated, only a brutto disso-
ciation constant can be calculated:

Bor =K1Ky = [HT? [L*"]/[H,L] (4.107a)
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If this is the case, it can be seen from the shape of a titration curve obtained from a
titration with dilute NaOH solution. The jumps in the plot of Ey versus v ml NaOH
added show the number of equivalence points we have in the system. If we have
only one, then only B¢ can be determined. This can be done as to be described
in “Deduction for pK; - pK;< 5” in Section 4.3.1.4. In this case, we should use a
buffer titrating solution of the composition, e.g.:

Cacid = [HL] = 0.1 M H,L,
Csat L7 ] =Ly = I M AL,

C-2Lr MAY.

4.2.2 Emf Studies on Weak Complex Formation
at [A*] = C M, Constant

Such studies include investigations on both mixtures of strong electrolytes (for the
determination of the experimental constants Egg and Egy) and equilibrium systems.
This means emf studies on the strong electrolyte mixtures HY — AY — BY gy and
on the equilibrium systems HY - BY,g) — AY — A L. These studies were described
in the previous chapters, concerning formation of strong complexes.

Weak complex formation means that the average number of moles of H* or
OH groups bound per Br, defined as Z = (Hy — h)/Bt or Z = (h — Hy)/Br, respec-
tively, is very low. For example, 0 < Z < 0.02 at the hydrolysis of the La** ion [33].
It is assumed that the species B,(OH), are formed. These species bound only 1-2
% of the total metal ion concentration, B, in weak metal ion complexes. In order
to measure such small effects accurately, it is necessary to use high metal ion con-
centrations. Such method was developed by Hietanen and Sillén [34], the so-called
“self-medium method” for the experimental condition [Y~] = C M, constant. This
will be discussed in the next chapter.

If we want to use this experimental condition, [A*] = C M, constant, Bt = 0.1 —
0.2 M can be used for the concentration of the central metal ion. In these cases, the
approximation b = [B“®*] = [BY,g,] = Br = cg M can be used, first. This means
that the formation of weak metal ion complexes is neglected, at first. But we cannot
neglect the contribution of the total potential anomalies. Especially important are,
e.g. with Cell H, the composition change of the inert ionic medium, the potential
term Q(H,Acy)Acy, the terms gdscp at the determination of Egy, and Q(H, cg)Br.
As conductivity data are generally not available, Eoy should be determined in the
absence of the B“B)* jons. Conditional experimental constants, Egg; and Egy, can-
not be used.

With the approximation mentioned above, the system is reduced to be the mixture
of strong electrolytes. Only the species B“®* 1Y~ A* and Y~ are considered. This is
the same condition as used at the formation of strong complexes for the preliminary
data treatment. The derived equations for Eg and Ey are valid here, as well.
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For example, for a titration with Cell B, where weak complexes are formed with a
ligand from a weak acid, if HyL. and AOH are used in separate burettes, the following
potential functions are valid.

The composition of the test solution (TS2) is:

h=[H"IM; b=[B®F =B M; I=[LY"|M

ca =[AT] = C = [AY] + AOHy (4.107b)
Cy = C-— AOHT +zg Cg + HYT (41070)
ACY =Cy — C= Zp Cp + R* (4107d)
where
R* = HYt — AOHT (41076)

For the total cell emf, we have

Ep = Eos + (g/2z8) logjpcs + Zv Q(B, V)V

where V=b = cg, h, 1, andAcy
The function Q(B, cp) is given by Eq. (4.45) and Q(B, Acy) by Eq. (4.47). The
total potential contribution of the B“®* jons to Ej is:

Q(B, cp) cg + Q(B, Acy) zg cg = Q(B, cp)* ¢ (4.1071)

Considering Egs, (4.45), (4.47) and (4.107 d), we obtain

Q(B, cp)* = ge"(B,Y) + g Fy(zsry — Ap) + g tye"(B, Y) — g zp tac"(A, Y)
(4.107)g
Moreover, we have

Q(B, Acy) R* = Q(B, R") R* = [(g/zp)e"(B, Y) + g FoAY — g tae” (A, )] RY,
(4.107)h
Q@B, 1) is given by Eq. (4.46).
Hence, the total potential anomalies are

AEg = —g zg [D(I) — D(O)] + Q(B, cg)* cg + Q(B, DI + Q(B, R*)R* + corr
(4.1071)

In Ref. [18], a number of titrations were investigated by the author, where weak
complexes are formed, using Cells B and H, respectively. Potential functions are
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derived. Conditional Eoy is supposed to be determined. This is wrong. The state-
ment that the potential contributions of the B “®)* jons to Ey, gds cg and the term
QO(H, cp)cp, can be incorporated into Eyy, is the result of a misunderstanding. The
reported formation of polynuclear complexes is erroneous. These terms are constant
in a given titration, but are different in another. These contributions are a function of
b= Br. This causes a large systematic error in Egy and in the equilibrium constants.

4.3 Emf Cells Where [Y ] = C M, Constant [35]

We study the equilibrium processes

qH+rL¥" = H,L, 0))
pB+qH+rL’ =B, Hy L, (ID)
pB+qH,0 =B, (OH), +qH (I1D)

in the system BY,g)- HY — AyL — AY using Cells B and H. We consider, first,
only the presence of the H*, B“B* LY~ A* and Y~ ions, for the preliminary data
treatment. The composition of the test solution in equilibrium is given in Section 4.1.
Definitions and symbols used in equilibrium solutions are also given there. The ion
concentrations of the ionic medium in the test solution are, after the determination
of the constants Egg and Egy, respectively,

for CELL B:
cy =CM =[AY]+HYt +z5 By (4.108a)
[AY] =C —HYt — z3 Bt (4.108b)
ca=[AY]+yLt=C—-HYr—2zg Br+yLr (4.108¢)
Acp=cy—C=—-HYr—zgBr+yLr (4.108d)
For CELL H:

CA = [AY] + y LT + AOHT =C-— HYT — 7 BT + yLT + AOHT (4109)

ACA=CA—C:AOHT—HYT—ZBBT+yLT;—ZB BT+yLT (4110)

We follow the same treatment as in Section 4.2.
For the activity factors we have, at some intermediate plane in the transition layer
without approximation,
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log, fj = — 22 [D(I*) — D(O)] + [Zke”(J, L) I* + 2ie”(J, Njnj*Jea
+[e"(J, H)h* + &"(J, B)b* + &"(J, A) (ca™ — C) + Zie"(J, P)pi*lan
(4.110a)
where [...].a = the terms to be used if J is a cation,
[...]an = the terms to be used if J is an anion.
I* is defined by Eq. (1.24).

The sum of the Debye—Hiickel coefficients in the potential function Epy is

®; (x) = x(—hig — zg?brg — Acara + 1212 A) + C(hy — Aa)  (4.110Db)

4.3.1 Emf Studies Where Strong Complexes Are Formed

4.3.1.1 Studies on the Formation of Metal Ion Complexes According to
Section 4.2.1.1

The Total Emf for Cell B

The total emf for Cell B is given by Eq. (4.41), where V. = h, b, 1, Aca. Aca
is defined by Eq. (4.108d), and the Q(B, V) functions by Eqgs. (4.44), (4.45) and
(4.46). Moreover,

Q(B, Aca) = —g Aa/[2.303 C (Ap + Ay)] + g tye”(A,Y) @.111)

The Total Emf for Cell H

The total emf for Cell H is given by Eq. (4.57), where V = b, h, 1, Acja, again.
Acy is defined by Eq. (4.110), and the functions Q(H, V) by Eqgs. (4.51), (4.52) and
(4.53). Moreover,

Q(H, Acp) = Q(B, Acp), cf. Eq.(4.111.)
The value of this function was found to be, for NaClO, ionic medium:
Q(H, Acy) = —2.67mV M~! (Acy)

This is much smaller than the effect of the composition changes of the ionic medium
at the experimental condition [Na*] = 3 M, constant.

The Effect of the Composition Changes of the Ionic Medium on the Total
Potential Anomalies and on the Equilibrium Constants for Cell H

The effect of the composition change of 3 M NaClOy, defined as Q(H,Acp) Aca,
on the equilibrium constants, Alogig Bper'” = q (1/g) Q(H,Aca) Aca, for two sets
of usual emf titrations where Bt < 0.1 M, is given in Table 4.7.
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Table 4.7 The effect of the composition changes of 3 M NaClOy4 on the equilibrium constants,
when strong complexes are formed in Cell H, for two sets of usual emf titrations, at t = 25°C and
[CIO4~]= C M, is kept constant

Alogio Bpgr® = q(1/g) Q(H, Acy) Aca

Bt M Lt M ~AcaM Q(H, Acy)AcamV q=1 q=2 q=3
Forzg =2

0.010 0.050 0.03 —0.08 —0.001 —0.003 —0.004
0.030 0.100 0.04 —0.11 —0.002 —0.004 —0.006
0.050 0.150 0.05 —0.13 —0.002 —0.004 —0.006
0.100 0.300 0.100 —-0.27 —0.004 —0.009 —-0.012
Forzg =3

0.010 0.050 0.02 —0.05 0 0 0
0.030 0.100 0.01 —0.03 0 0 0
0.050 0.150 0 0 0 0 0
0.100 0.300 0 0 0 0 0

As is seen from this table, the systematic errors in Ey are small for zg = 2 and
change within the range (— 0.08) — (— 0.27) mV, and the corresponding systematic
errors in the equilibrium constants are also small. For zg = 3, these errors are nearly
zero. This cell and the experimental conditions used are the best for studying
metal ion complex formation.

In order to reach AEy = 0.01 mV for the total potential anomalies, a small cor-
rection is necessary for the composition change of the ionic medium, Q(H,Acy)
Acy, and the potential contributions of the BZB* and LY~ ions to AEy, namely,
Q(H, b) b and Q(H, 1) I , must also be taken into account. The term Q(H, h) h is
probably negligible. The terms mentioned can be estimated through the difference
functions

(a) Q(H, 1) — SL(H, 1), and knowing SL(H, Dexp [cf. Egs. (4.53), (4.129), (4.130)
and (4.131)],
(b) Q(H, b) - SL(H, cg)1, and knowing SL(H, c)iexp-

Hence,

Q(H, b) — SL(H, cg); = Eq. (4.52) — g Eq. (2.28) = —g z5Aa/[2.303 C (ks

+ Ay)] + g tye”(A,Y) zg = difference function
4.112)
From here,

Q(H, b) = SL(H, cg)1exp + the difference function (4.113)

where
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SL(H, cB)1exp is the slope of the plot Ey' = En — glog,ycu + g [D() — D(C)]
versus cg, at constant ¢y, determined in Mixture 1.
SL(H, cg); = g d;, where d3 = d; given by Eq. (2.28).

4.3.1.2 Survey of the Potential Functions for the Protolysis of the Weak Acid
HL, According to Section 4.2.1.2

The following protolysis equilibrium is studied
HL=H"+L", K;=[H"][L]/[HL] (4.114)
This can be done in two ways:

(a) by titration with dilute NaOH solution, when the concentration of the weak acid
is kept constant during the titration,
(b) by titration with a buffer solution HL — AL.

Titration by Adding Dilute NaOH Solution

First, the experimental constant Egy should be determined through an acid — base
titration, in the presence of HL of a constant level (cf. Section 4.2.1.2.). The titration
should be evaluated with a Gran plot [26]. Then we can decrease the volume of the
test solution (to vo*) by sucking out a portion of solution with a calibrated pipette.
After that, two solutions should be added, in equal volumes, with the composition:
S, :HY; =[H"], is present in trace amounts
ZCHL = [HL]
cayr = C — HY,, the concentration of the ionic medium
Sz : caon2 = [AOH]
cayz =CM

For the composition of the ionic medium in the test solution, we have now

cy =[Y ] =CM, is kept constant = [AY] + HYt (4.115a)
ca =[AT]=C —HYr+AOH: M = C + Acy (4.115b)

where
Acpy =cpa —C=AOHt — HY¢ (4.115¢)

The necessary equations for the deduction of the value AEy, valid in this system,
can be obtained from the potential functions derived for metal ion complex forma-
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tion, presented in Ref. [35]. Here, we give only the final results for some important
functions. We have the species

H*, L=, HL, A*and Y in the test solution.
I=C+(1/2) (h+ Acy +1y%)
w = hig + Acara +yl AL
logo fursa = —[D(I) — D(C)] +¢"(H,L)1
@) (x) = x (~hiy — Acaha +140y") + C (hy = 1a)
a=C(ha +Ay)

For small values of w/a we obtained:

Ey = Eon + g log;gh — g [D() — D(C)] + g ¢"(H, L) 1 — g Fo[hiy + Acara
—1aL] — g tag” (A, L)1 + g ty[e”(H, Y) h+ £”(A, Y)Aca] + corr

(4.116)
This equation can even be written as
EH = EOH +g logw h+ AEH (41 ]73.)
where
AEy = g log,o f +Ep +Epr= —g [DA) — DC)] + QH, 1) 1 +
n = g log, furs2 + Ep + Epy g [D(I) — D(O)] + Q(H, 1) @.117b)

Q (H, Aca)Aca + SL(H, acid) [HL] + corr

From Egs. (4.117a) and (4.117b), h can be calculated by successive approximations
knowing Egy and the functions which are included. The function Q(H, 1) can be
calculated by Eq. (4.53), from the ionic molar conductivities involved and measured
in the equilibrium solution studied, as well as some interaction coefficients. Another
possibility is to estimate an approximate Q(H, 1) function through the slope function
SL(H, 1) [cf. Eq. (4.129)] to be determined below. The function Q(H,Acya) can be
calculated from Eq. (4.111), as Q(H,Aca ) = Q(B,Aca), as it was found in Ref.
[35]. The slope function SL(H, acid) can be obtained as the slope of the plot Ey —
g logio h versus [HyL]r, at constant cy, in a solution where, e.g. [HY] = 0.050 M,
constant, and [Y~] = C M, is kept constant.

Knowing h, the equilibrium constant, logio K, can be obtained by either graph-
ical methods or a curve-fitting computer program.

Titration by Adding a Buffer Solution

After the determination of Ey, in the absence of HL, we can continue the titration
by adding a buffer solution of the composition: e.g. 0.1 M HL, 1.8 M AL, CM AY.
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For the composition of the ionic medium in the test solution, we have

cy =[Y ] =CM,is kept constant, = [AY] + HY
ACA = CA —C =yLT+AOHT —HYT

where AOHt — HY 1 = 0 at the end of the E( — titration. As [AL] = Lt >> [HL],
the approximations valid in a buffer system can be used (cf. Section 1.1) and

1Oglo[HJr] = log(, Ky — log;y(Csalt/Cacid) 4.119)

The deduction of Ey was done in Ref. [35]. Here, we give only the final results for
some important functions.

I=C+(1/2)(h+yLr+ AOHt — HYt + y* Ly (4.120)
logy furs2 = —[D(I) — D(O)] + ¢"(H, L) Ly (4.122)

@ (x) = x[-h Ag —Aa(y LT+ AOHy —HYT)+y2 Lr AL]+C (Ay —An) (4.123)
For small values of w/a, we obtain

Eq = Eoy + g logjoh — g [D() — D(C)] + ge”(H, L) Ly — g Fylh Ay
+ )uA(y LT + AOHT — HYT) — LT)VL] — g tAE//(A, L)LT + g ty[S//(HY)h

+¢&"(A, Y)(y Lt + AOHt — HY1)] + corr
(4.124)

According to an earlier treatment of the problem, we have, considering h = 0,

En = Eog + g log;oh + SL(H, acid) [HL] — g [DJ) — D(C)] 4+ SL(H, 1) 1 4 corr

(4.125)
where
AEy = g logo fars2 + Ep + Epr = —g [D) — D(C)] + SL(H, D 1 4.126)
+ SL(H, acid) caeia + corr ’
Inserting g log;o h from Eq. (4.119) into Eq. (4.125), we have
Ey” = En + g log;(Csar/Cacia) + g [D(I) — D(C)] — SL(H, acid)cycia @.127)

— corr = Eoy + g log;o K; + SL(H, 1) Lt
where

the intercept = constant = Egy + g log;, K| (4.128)
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Plotting Ey” versus 1 = Lr, the slope is SL(H, 1). From the intercept, the protolysis
constant, logjo Kj, can be calculated.
The theoretical slope function can be obtained as

SLH,)=dEy"/d1=ge"(H,L) — g Fy(yAa —AL)—g tac”(A, L) + g tye" (A, Y) y
(4.129)

cf. Eqs. (4.124) and (4.127). If we want to recalculate SL(H, 1) into an approximate

function of Q(H, 1), we should calculate the difference function as given below.

Q(H, 1) — SL(H,1) = Eq. (4.53) — Eq. (4.129) = g Fola y — g tye" (A, Y) y
(4.130)
Then we have

Q(H. 1) = SL(H, Dexp + g Fora y — gy tye"(A, Y) (4.131)

where exp denotes experimental.

For the calculation of the slope function SI(H, 1), we need the ionic molar con-
ductivities determined in the present mixture. It can be done in a similar way as dis-
cussed in “Estimation Through Conductivity Measurements” of Section 4.2.1.1.2.
and in Ref. [21].

The experimental value for SL(H, 1) can be obtained through the graphical treat-
ment discussed above. In order to improve the constancy of the ionic molar con-
ductivities involved in the slope function SL(H, 1), the linearity of the experimental
slope must be checked.

The interaction coefficient ¢”(H, L) and £”(A, L) can be determined by emf titra-
tions as suggested by the author in Ref. [31].

In order to be able to calculate accurate functions of Q(H, V), we need to carry
out conductivity measurements.

4.3.1.3 Experimental Studies

The Determination of log;y K; for the Acetic Acid and the Slope Function
SL(H, Acetate™) in a HAc-NaAc Buffer

Constant Level of HAc is Used

First, Eoyy should be determined through an acid—base titration, at a constant level of
HAc, e.g. 0.1 M. For this titration, the following function is valid.

Ey = Eou + g log,oh — g [DA) — D(C)] 4 SL(H, acid) [CH;COOH]y

(4.132)
+ g cy(dy = dp) + corr
where the function dy is given by Eq. (2.29). Plotting {Ex — g logjo h + g [D(I) -
D(C)] — SL(H, acid) [CH3COOH]r — corr} versus cy, we shall obtain Egy as the
intercept at cy = 0. This value is as accurate as possible, and it is not a conditional
constant.
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Then we can add a solution from the burette with the composition, e.g. 0.100 M
CH;COOH, 1.8 M CH3COONa and 3 M NaClO,. We plot the data according to Eq.
(4.127) as Ey” versus 1 = Lt. The slope of this plot is SL(H, CH3;COO"~) accord-
ing to Egs. (4.127), (4.128) and (4.129). The protolysis constant log;y K; can be
obtained from the intercept.

Constant Ratio of cacia / Csair 15 Used

This case has been investigated by the author.

We determine the experimental constant, Egy, in the absence of the weak acid,
CH;COOH. Then we add a solution from the burette with the composition: 0.300 M
CH5;COOH, 1.5 M CH5COONa and 3 M NaClQy. The concentration of the salt was
varied in the test solution in the range: 0 - 0.7 M. We plot the data according to Eq.
(4.127). The slope of the plot Eg” versus Lt is SL(H, CH3COO "), the intercept =
Eon + g logjo K. This plot is given in Fig. 4.5.

We obtain:

SL(H, CH3;CO0") = —10.5 mV M~ /(CH;CO0")

log,, K; = —5.017 £0.014
Q(H, CH;CO0™) = —7.8 mV M~ (CH;COO™), cf. Tables 2.10, 2.11.

These results agree well with those values obtained at the experimental condition
[Na *] = 3 M, which is kept constant (cf. Section “Study at Constant Ratio of

Cacid/csalt”)~
For the foreword titration there, we obtained

E,
mV

-270

—265 | ] | 1 ! | |
0 01 02 03 04 05 M [NaAc]

Fig. 4.5 Determination of the slope function SL(H, CH3COO™) and the dissociation constant of
the acetic acid, log;o K;, according to Eq. (4.127) in the concentration range 0< [CH;COONa]<
0.7 M. Filled symbols refer to back titration. CH3COO™ is denoted by Ac™. Reproduced with
kind permission of Springer Science and Business Media from Néher-Neumann E (2006) The
liquid junction potential in potentiometric titrations. IX. J Solution Chem 35: 1109-1136 DOI:
10.1007/s10953-006-9052-y (Fig. 1)
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0 < [CH3COONaJr < 0.58 M,
SL(H, CH;CO0™) = —9.3 mV. M~! (CH;CO0"™)
log,, K| = —5.024;
0.58 < [CH3COONaJr < 1.3 M
SL(H, CH;CO0™) = —7.8 mV.M~! (CH;COO"),
log,, Ki = —5.039.

For the back titration we obtained:

SL(H, CH;CO0™) = —8.0 mV.M~! (CH;CO0")
log,, K; = —5.035.

There we obtained the average value
log,, Ki = —5.033 £ 0.006

at the experimental condition [Na*] = 3 M, constant.

As is seen, the same log;y K; values were obtained at the two different exper-
imental conditions by the graphical treatments. On the other hand, the slope
function SL(H, CH3COO") is slightly different. This is probably due to the differ-
ent [CH3COOH] concentrations used at these two experimental conditions. These
molecules may have an isolation effect.

The slope function SL(H, acid) was also checked by titration of solution Sp:
0.050 M HCIOy, constant, 2.950 M NaClQy, at [C104 ] = 3 M, constant, with solu-
tion Ty: 0.050 M HCl1Oy, 2.950 M NaClO4 and 1.00 M CH3;COOH. The concentra-
tion of acetic acid in the test solution was varied within the range 0-0.5 M. In the
plot Eg versus [CH3;COOH]g, we obtained:

SL(H, CH;COOH) = 0 mV M~! (CH;COOH).

As can be seen, the suggestion of the formation of dimer or trimer species was
unnecessary, in spite of the broad concentration range of [CH;COONa] studied.
On the other hand, if we neglect the potential contributions SL(H, CH3;COO )
X Csait to the total cell emf, the protolysis constant, log;y K;, will be a function of
[CH3COONa]f and it will increase in one direction. Consequently, it will appear as
the formation of dimer, trimer. etc. species. This is seen from Table 4.8.
The correct value of log;o K; is at [CH;COONa]g = 0 M:

log, K; = —5.017 £ 0.014.
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Table 4.8 Estimation of the systematic error in the dissociation constant of the acetic acid
(log19K;) caused by neglecting the potential contribution of the acetate ions to Ey: SL(H,
CH3COO)[CH3COO™ Jg in mV and log;¢ K; units, using the NaClO, ionic medium at [C104~ ]=
3 M, constant, and the cell:-RE //3 M NaClO,//Test soln/Ge*, where RE denotes the reference
half-cell

[CH3COONalg Neglected effect (mV) logioK+AlogoK;
Forward titration

0.023047 —-0.24 —5.021
0.045842 —0.48 —5.025
0.063838 —0.67 —5.028
0.110178 —1.15 —5.037
0.150950 —1.51 —5.043
0.188477 —1.98 —5.050
0.223964 —2.35 —5.057
0.256918 —2.70 —5.063
0.304021 —-3.19 —5.071
0.348512 —3.66 —5.079
0.388751 —4.08 —5.086
0.426137 —4.47 —5.093
0.461989 —4.85 —5.099
0.495086 —5.20 —5.105
0.536047 —5.63 —-5.112
0.574235 —6.03 —5.119
0.608741 —6.39 —5.125
0.624718 —6.56 —5.128
0.663354 —6.96 —5.135
0.698703 —7.33 —5.141
0.731165 —7.68 —5.147
Back titration

0.711523 —7.47 —5.143
0.683962 —7.18 —-5.139
0.658457 —6.91 —5.134
0.627269 —6.59 —-5.129
0.598564 —6.28 —5.124
0.57299 —6.02 —-5.119
0.554864 —5.83 —5.116
0.527356 —5.54 —=5.111
0.502351 —5.27 —5.107
0.470996 —4.94 —5.101
0.447029 —4.69 —5.097
0.412240 —4.33 —5.090
0.375641 —3.94 —5.084

Reproduced with kind permission of Springer Science and Business Media
from Néher-Neumann E (2006) J Solution Chem 35: 1109-1136 DOI:
10.1007/s10953-006-9052-y (Table 1).

In the table, A log;p Ky = qlogjo h =q (1/g) SL(H, L) [AL] g The slope SL(H,
Ac) = —10.5mV M was used.

If we had used a curve-fitting computer program instead, for the data treatment
at both experimental conditions, we should have obtained the same log;y K; values
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and the formation of dimer, trimer species, with two different sets of equilibrium
constants for these minor species, because the composition changes of the ionic
medium are different at these two different experimental conditions.

For [Na*] = 3 M, constant:

Q(H, Acy) = 14.77mV M 'Acy, cf. Eq. (4.54)

For [C104~ | = 3 M, constant
Q(H, Acp) = —2.67mV M ! Acy, cf. Eq. (4.111)
These minor species, dimer, trimer, etc. are artefacts.

4.3.1.4 Survey of the Potential Functions for the Protolysis
of the Weak Acid H,LL

We assume, first, that the protolysis constants log;o K; and log;o K are well sepa-
rated, namely at least by 5 pK units. In this case, the two steps of the protolysis of
H,L can be treated in two separate steps. This can be seen from the titration curve
obtained with dilute NaOH. The shape of the plot Ey versus v ml NaOH added
shows how many steps of the protolysis we have. The jumps in the plot indicate the
position of the equivalence points. Such an exploratory titration should always be
carried out.

The First Step of the Protolysis Equilibrium of the Weak Acid H,L

The first step can be written as:
H,L = H" +HL™, K; = [H] [HL™]/[H,L] (4.133)

We can study this system after the determination of the experimental constant Egy
(in the absence of H,L), by titrating the test solution with the buffer solution, e.g.
0.1 M H;L, 1.8 M AHL = Lt and C M AY. This system was treated in Section
4.3.1.2. in “Titration by Adding a Buffer Solution”. We can use the same treatment
again, by substituting L~ by HL.™ and HL. by H, L. The plot of Ey” versus 1 = [HL"]g
on the basis of Eq. (4.127) gives the slope function SL(H, 1) [cf. Eq. (4.129)]. From
the intercept, log;o K; can be calculated as
intercept = Eoyy + g lOgl() Ky

The Second Step of the Protolysis Equilibrium of the Weak Acid H,L
The second step can be described as:
HL™ = H' +L*", K, = [H"] [L>]/[HL] (4.134)

in the ionic medium AY under the experimental condition that [Y™] = C M, con-
stant. We shall study this system by first determining the constant Eoy through an



128 4 Studies on Emf Cells Where Complex Formation Takes Place Using Liquid Junctions

acid-base titration, in the absence of the ligand. During the main titration, we can
add a solution with the composition, e.g. 0.2 M AHL, 1 M A;L, C M AY. In the
equilibrium solution, the following ions are present: [H*], [HL™] = ¢,jg = HLT, | =
[L>] = cer = L1, Y and A*. The logo [H*] of the test solution can be calculated
as:

log,o[H"] = logo K> — 1ogo(Csait/Cacia) (4.135)

because the usual buffer approximations are valid (cf. Section 1.1). The composition
of the test solution is also described previously (cf. Section 4.1). The concentrations
of the ions of the ionic medium are:

cy =CM = AYy + HY (4.136)
CA = AYT + AOHT + y LT + HLT =C-— HYT + AOHT + y LT + HLT (4137)

ca = C+ Acy (4.138)

where
ACA =CA — C= yLT + HLT + AOHT — HYT (4139)

The test solution is a mixture of the strong electrolytes AHL, A;L and AY. The
total cell emf can be described as

Ey = Eon + g log,oh — g[D(I) — D(C)] + SL(H, 1

= [HL™)HL7 + SL(H, 1 = [L?>~])Lr + corr (4.140)

assuming h = 0.

Deduction for pK, - pK; > 5

Inserting log;p h from Eq. (4.135) into Eq. (4.140), we can form the function Ey”
and neglect corr.

Ey” = Ey + glog (Csat/Cacia) + &[D(@) — D(C)] — SL{H, 1 = [HL"] =}HLr

Eonu + g log;o K2 + SI{H, 1 = [L>*"]}Ly

(4.141)
The slope function SL {H, 1 = [HL"]} is given by Eq. (4.129). Plotting the function
Ey” versus Lt, logjo K; can be calculated from the intercept:

log,, K, = (intercept — Eon)/g. (4.142)
The slope of this plot is SL{H, 1 = [L*]}.

When dilute NaOH and a HyL containing solution, or AyL are used at the study
of the protolysis of H,L, the slope function SL{H, I = [L>"]} should be recalculated
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into Q (H, L>"). For this purpose, we must know the theoretical slope function. This
was derived by the author in Ref. [35]. The following result was obtained:

SL{H,1=[L> ]} = g ¢"(H, L) + g Fo( — yia) — g tag”(A, L) + g y tye"(A, Y)
(4.143)
Then we form the difference function

Q(H,1=[L>]} — SL{H, 1 = [L>"]} = Eq.(4.53) — Eq.(4.143)

p 4.144
= gy Foha — gy tye"(A.Y) (4.144)

And knowing the experimental slope function, we have

Q{H,1 = [L*7]} = SL{H, 1 = [L* ]}ex, + the difference function.(4.144) (4.145)

Deduction for pK,—pK; < 5

If the values of pK, and pK; are not well separated, only the brutto equilibrium
constant, B, can be determined. This can be defined as

Bar = Ki. Ky = [HFP[L*7]/[H,L] (4.146)
Taking the logarithm of this equation and after rearranging, we obtain
logo[H*] = (1/2)(log; K + logyg Ka) — (1/2)log o{[L*"1/[HoL1}  (4.147)

As is seen, this case can be studied by titrating with the buffer solution H,L — A, L.
We can use a composition for the titrating solution, e.g.

[HzL] = Cacid = 0100M,
[L7] = ¢ = Ly = 1.5 M A,L,

CMAY

This high concentration for the salt insures that the important species are: HoL, L>,
H*, A* and Y~ . Hence, we have

logjoh = (1/2)log,o Bgr + (1/2)10g;¢(Cacia/Csalt) (4.148)
Inserting this equation into Eq. (4.140), we can form the function Eg*

En* = En + (2/2) log;o(Csait/Cacia) + g[D(I) — D(C)] — SL(H, acid)cycia
= constant + SL{H, 1= [L> ]\Ly
(4.1492)
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where

constant = Eop + (g/2) log;( Bqr- (4.149b)

Plotting Ex™ versus L, logio B4 can be calculated from the intercept = constant,
and the slope is SL{H, 1 = [L*]}.
The data can also be treated with a curve-fitting computer program.

4.3.2 Emf Studies on Weak Complex Formation at [Y ] = C M,
Constant

At weak complex formation, only 1-2 % of the total concentration of the central
metal ion, Br, is bound in metal ion complexes. In order to measure such small
effect accurately, high metal ion concentrations should be used. Hietanen and Sillén
developed [34] the use of very high and constant total concentration of the central
metal ion to be studied. For example By = 0.1, 0.3, 0.5, 0.7, 1.0 M, which acts as
a constant ionic medium and is called the self-medium method. Therefore, a very
low total concentration is used for the ligand, e.g. Lt < 0.025 M, in order not to
change the composition of the ionic medium much. This method favours the forma-
tion of complexes with high ratio of p/q. At these high metal ion concentrations, the
approximation b = [B2BH+] = [BY )] = Br is valid. The formation of protolysis
products, such as Hy_lL‘y“, Hy_zL‘y"z, etc. is neglected too. This means that only
the species H*, B“®* Y-, A* and Y~ are taken into account. This is the same con-
dition what was used at the deduction of the potential functions for the preliminary
data treatment and for the formation of strong complexes, discussed above. Those
potential functions are valid, here, as well.

Moreover, it should be pointed out that in the self-medium method conditional
constants are used: Egy;. These cause an enormous systematic errors in the equilib-
rium constants.

In Ref. [35], a number of titrations were investigated by the author, where weak
complexes are formed, using Cells B and H, respectively. These titrations are carried
out in different ways and are realizing different approximations. Potential functions
are suggested, based upon the results of strong complex formation. Conditional con-
stant for Eoy is supposed to be determined, which is wrong. The statement that the
potential contribution of the B AB)* jons to Ey, namely gd; cg and Q(H, b =Br) B,
can be incorporated into Eyy, is the result of a misunderstanding. This causes the
suggestion of polynuclear complexes, which are artefacts.

4.3.2.1 Critical Analysis of the So-Called Self-Medium Method for Cell H

The high metal ion concentrations mentioned above cause an enormous change of
the composition of the inert ionic medium. This and the use of the conditional con-
stant Eqpy; results in very large systematic errors in the equilibrium constants, what
nobody has investigated before.
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Table 4.9 Checking the validity of the approximation In[(w/a)+ 1] = w/a appearing in the potential
terms derived, using Bt M Cd (ClOy), as self-medium in NaClO; inert ionic medium at [C104~ |=
3 M, constant, when weak complexes are formed, at t = 25 °C. B = Cd**

BrM ~Aca M MaAca w w/a In[(w/a) + 1]
0.1 -0.2 —4.696 —2.074 —0.0127 —-0.0127
0.2 —-04 —-9.392 —4.148 —0.0253 —0.0256
0.3 -0.6 —14.088 —6.222 —0.0380 —0.0387
0.5 —-1.0 —23.480 —10.370 —0.0633 —0.0654
0.7 —-14 —32.872 —14.518 —0.0886 —0.0928
0.9 —1.8 —42.264 —18.666 —0.1139 —0.1210

As a first step, it is to be checked if the equations derived earlier can be used, in
principle, in the self-medium method. The equations are valid for the cases when
the values of w/a are small and the approximation In [(w/a) + 1] = w/a can be used.
This validity has been checked in Table 4.9. The conditions given below were used
in the calculations.

cy is negligible, b = [B“®*] = [BY )] = By = Cd(ClO,),
L = [LY"] M, is negligible, Lt < 23x107% M, is negligible,
cy =CM = AYr+ HYt + 75 By
ca = AYr+yLt+AOHT = C—2z5 Br—HY1+AOHr+yLy = C+ Aca (4.150)
Acpy =cp — C = —z5 Bt
w=hAg+bzg A+ Acara +yIAL = Br zgip + Aca Aa
A(3BM NaClOy4) = 54.60 (cf. Table 2.11)
a=Ca+Ay) =3x54.60 =163.8
ted ~ tzn(1.5 M Zn(ClOy4),) = 0.319 [36a]
A = 41.1x0.319 = 13.11, approximated value (Table 3.2 and Ref.[36a])

A[0.05 M Cd(ClO4)2] = 90.39, cf. Ref.[10]

A[0.7 — 1.5 M Cd(ClOy)] = 41.1(cf. Table 3.2)
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Acios = 54.60 x 0.57 = 31.12 (cf.Tables 2.10, 2.11)

ANa = 54.60 x 0.43 = 23.48

As is seen from Table 4.9, the approximation and the derived equations are valid
up to and inclusive By = 0.7 M.

As a second step, it was investigated how large systematic errors occur in
log;( Bpgr due to the use of the conditional constant Egy;. The results are given in
Table 4.10. Here, the following conditions were used beside those given above.

For these calculations

Eoni = Eou + g d; cB
¢"(Cd. Cl04) = 0.40 liter. mol~'[31]
¢”(Na, ClO4) = 0.03 liter. mol~'[31]

Alogy By = —qAlog;oh = q (gd; Br)/g (4.151)
according to
10g,0h = (B — Egn — g d3 By)/g+ [D(I) — D(O)]—(1/2)Ty Q (H, V) V (4.152)

where V =Db, h, 1, Acp
and due to Eq. (IV) in Section 4.1,

log; Bpgr = logglcomplex] — plog;yb —q log;oh —r log,1 (4.153)

As is seen from this table, the systematic errors are changing between 1.4 —11.7 mV
and can reach 0.6 logjo B units at By = 0.7 M and q = 3. These errors are large

Table 4.10 The effect of the use of the conditional constant Eoy; on the equilibrium constants,
when weak complexes are formed in Cell H and Br M Cd(ClOy); has been used as self-medium
together with NaClOy inert ionic medium, at[ClO4~]= 3 M, constant, and at 25°C. B = Cd*

AlOgl() ,qur“)

BrM  ~A[BrMCd(CIOs)] ~kg ~d;  gdsBrmV q=1 q=2 q=3

0.1 90.4 28.8 0.242 1.43 0.024  0.048  0.072
0.3 41.1 13.1 0.284  5.04 0.085  0.170  0.255
0.5 41.1 13.1 0.284  8.40 0.142 0284  0.426
0.7 41.1 13.1 0.284 11.76 0.199 0397  0.597

Here, the following conditions were used: d; = d;, given by Eq. (2.28): Eoy; = Eon + gdscp, cg =
b = Br, tcg= tzy[1.5 M Zn(ClO4),]= 0.319 [36a], A[0.05 M Cd(ClO4),]= 90.39 (cf. Ref. [21]),
A[(0.7—1.5) M Cd (ClO4),] = 41.1 (cf. Table 3.2), Alogo ,Bqu“) = —qAlogoh = q(gd;Br)/g
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Table 4.11 The effect of the composition change of the ionic medium on the equilibrium con-
stants, at the formation of weak complexes, when Bt M Cd(ClOy), has been used as self-medium
together with NaClOy inert ionic medium, at [C1O4~] = 3 M, constant, and 25°C. Cell H is con-
sidered and B = Cd?*. For the ligand [L™]= 0.050 M, is kept constant

Alogl() ﬂpqr(z)

BrM ~AcaM Q(H, Aca) Aca mV q=1 q=2 q=3
0.1 —0.15 0.40 0.007 0.014 0.021
0.3 —0.55 1.44 0.024 0.048 0.072
0.5 —0.95 2.54 0.043 0.086 0.129
0.7 —1.35 3.60 0.061 0.122 0.183

Here, the following conditions were used. Aca= —zgBt + yLr, cf. Eq. (4.110), Complexing
agent : AL. Q(H,Acp)= —2.67 mV M~!, cf. Eq. (4.111a). Alog;o ﬁpqr(z) = — qAlog;ph = q(1/g)
Q(H,Acp)Ach.

and are a function of By. These errors will result in the suggestion of polynuclear
complexes.

The systematic errors in logjo Byq?, due to composition changes of the ionic
medium, are presented in Table 4.11. These are defined as

Alogy By,® = —qAlog,gh = q(1/2)QH, Aca)Acy (4.154)

where
Q (H, Acp) = —2.67 mV. M’I(ACA)for NaClO, ionic medium.

As is seen from this table, the errors are of medium magnitude and change with
Bt between 0.40 — 3.60 mV for q = 1. They are a function of q as well. Again, it
will cause the suggestion of polynuclear species which are artefacts.

The total systematic errors in logjo Bpqr and Cell H, when weak complexes are
formed and the self-medium method is used, in NaClO, inert ionic medium and

Table 4.12 Survey of the total systematic error in logjo Bpq in Cell H, when weak complexes are
formed and the self-medium method is used, in NaClOy inert ionic medium and at 25°C. For Bt
= 0.50 M [Cd?**], Lt = 0.050 M NaAcetate, [H*]=h = 1x 107> M and [C1O,~] = 3 M, is kept
constant, we have

q=1 q=3

0.043 < Alogio Bpg® <0.129

0.142 < Alogio Bpg" <0.426
q(1/g) Q(H, Cd)Br

0.114 < q(1/g) 13.74 By <0342
q(1/g) Q(H, h)h

0 < q(1/g) (—24.5)h <0.001

q(1/g) Q(H, Acetate™ )Ly
—0.006 < q(1/g) (~7.8)Lr <-0.018

The total systematic errors are 0.293 < log) ,qurTf 0.880
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at [C104~ ] = 3 M, constant, and 25.00° C, are presented in Table 4.12. The level
Br = 0.50 M Cd ?* was assumed and the use of acetate™ ligand.

As is seen from this table, almost every error is of positive sign and they
strengthen the effects of each other. This will result in such a high value as 0.293 <
Alogio Bpgr’ < 0.880. This means that complexes and stability constants determined
earlier by this method are completely erroneous.

4.3.3 Experimental Examples Taken from the Literature

4.3.3.1 The Hydrolysis of the Lanthanum Ion, La*

In Ref. [33], the hydrolysis equilibria of the La(IIl) ion have been studied at 25° C
by hydrogen ion concentration measurements, using a glass electrode. The total
[La(IIl)] was varied between 0.1 and 1.0 M, whilst the concentration of the ClO4~
ion was held constant at 3 M by the addition of LiClO,4. The data indicated a slight
hydrolysis in the logjo h range —6.5 to —8.1, which corresponds to 0.001 < Z =
(h-H)/Bt < 0.018. Z denotes the average number of hydrogen ions set free per
Lanthanum atom [33].

The hydrogen ion concentration of solution S was measured by means of the
cell

— GE /solution S||SE + (A)
where GE denotes a glass electrode and SE is the reference half-cell
[13.000 M LiCIOy || 2.990 M LiClOy4, 0.010 M AgCIO, | AgCl, Ag.
The emf of cell (A) at 25° C was written
En = Eon — 59.16 log,oh — 59.16 f (H") + E;(h, B) (i)

where Eoy is an experimental constant and h is the hydrogen ion concentration at
equilibrium. f(H") denotes the activity factor of H*. The reference state is defined
so that f(H*), as well as the activity factors of the other reacting species, tend to
unity when the composition of the solution approaches 3 M LiClOy. For each series
of measurements, when By was kept constant, they assumed that f(H") = constant,
consequently they wrote

E = Eoy' — 59.16 log;o h + E(h, B) (ii)

where Egy’ is a function of Br.

This assumption is not true, and the liquid junction term (E;) is very simplified.
As it was found by the author, all ions present in the test solution S contributes to
the total potential anomalies. E;(h, B) was determined with the help of two separate
cells (B and C) and it was found to be: E;(h,0) = - 15.8 hmV (from cell B) and E;(h,
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0.967) = —20.0 h mV (from cell C). Thus, up to h = 0.01 M E;(h,0) was used in the
entire B range 0.1 — 1.0 M. The cells hade the compositions

—GE and Hy(Pt) | h M H*, (3.000 — h) MLi*,3.000M CIO; |SE+  (B)

—GE | 0.967M La’>*, h M H*, (0.100 — h)Li*, 3.000M ClO, | SE + ©

in the h range 0.01 — 0.1 M.

The solutions had the general composition B M La(IlI), Hs M H* , (3.000 — 3B
- Hg + Hp) M Li*, ( 3.000 + Hy) M ClO4 = solution S, where Hg, the analytical
excess of hydrogen ions, is equal to

Hs = [voHp + vr(Ht + Hp)1/(vo + v1) = Ho + (vrHT1)/(vo + vT) (iii)

The measurements were performed by starting with vy ml solution (Sp) containing
an initially unknown deficit of hydrogen ions (- Hy) and adding to it successively
increasing volumes (vp ml) of solution (T) containing about 0.02 to 0.10 M HC1O4
(= Hr > —Hy).

Each of the potentiometric titrations was divided in two parts. The measurements
in the low acidity range (log;o h > —5, part I) were made to determine h in hydrol-
ysed solutions, whereas the Ey data at higher acidities (part II) served to calculate
Hy and Egy. The value of Hy was obtained by means of a Gran plot (cf. Section
4.2.1.2.), which was constructed on the basis of the Ey values obtained in part II.
Eon’ proved to be constant at least within &= 0.2 mV. The Egy’ values used were
not published. Finally, the values of Hy and Egy’ thus obtained were used for the
calculation of log;o h and Z corresponding to the experimental points of part I.

But besides that the activity factors are not constant and that all ions present in
the test solutions contribute to Ey, we should, moreover, think about that

(a) the liquid junction potential, E;, consist of two parts: Ep + Epg, namely, the
diffusion potential and the activity factor contributions of all ions present, to
Ep,

(b) the conditional experimental constants, Eoy’, include large potential terms
which depend on Br. Biedermann and Ciavatta did not think about what conse-
quences this results in Z and the equilibrium constants Bpq.

(c¢) The function Ey in the emf cells used for the determination of Egy is not the
same as that one valid in cells with complex formation. The authors used exactly
the same function for E y in entirely different emf cells. This was also wrong.

Checking the Validity of the Approximation In[(w/a) +1] = w/a

First, it should be investigated if the derived equations, with the approximation In
[(w/a) +1] = w/a, is valid in the self-medium method. In the calculations, the fol-
lowing data are needed.
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A(BM LiClOy) = 52.53
a=C(ka + Ay) =3 x 52.53 = 157.59
ca =[AY]+yLt =C —2zg By —HYr + yLt = C + Aca
cy=[Y ]=CM=[AY]+HYr+2z5 Br
Acpy =cp — C= —zp By
w = hiyg + Br zgAp + Acara + yIAL = Bt zgAp + Acaka
ta(3 M LiClOy4) = 0.35
tLa = t[Bt M Zn(ClOy),] from Ref. [36b]
A molar[BtM La(ClOy4)3] = Acquiv.(Br M)x3 = A[Br M LaCl;] from Ref. [36a]

For the hydrolysis of La** solutions NaHCO3 was used.
The results of the calculation of the approximations are presented in Table 4.13.
As is seen from this table, the approximation in question is valid at By < 0.3 M.

The Effect of the Use of the Conditional Constant Eoy’ on logloﬂpq(l)
This constant is defined as
Eon1 = Eon + gds(cg = Br)
where
d3; =d; = {—(p — zs2a)/[2.303 C(ha + Ay)]} + ty[e”(B, ¥) — ¢"(AY)zg]
cf. Eq. (2.28).
Table 4.13 The hydrolysis of the Lanthanum ion, La**. Checking of the validity of the approx-

imation In[(w/a) +1]= w/a, using By M La(ClOy); as self-medium, together with LiClO4 inert
ionic medium at [C104~ ]= 3 M, constant, at 25°C

BrM Ac;; M w w/a In[(w/a)+1]  hpa

09667  —2.9001 957453  0.6075  0.4747 51.40
0.4865  —1.4595  78.5569  0.4985  0.4045 72.21
0.3000  —0.9000  62.7521  0.3982  0.3352 88.11
0.1946  —0.5838  45.5332  0.2889  0.2538 96.38

0.0973  —-0.2919  26.1118  0.1657  0.1533 107.84
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The caused systematic error in the equilibrium constant is
Alog ,BI%) = —qAlog,ch =q(gd; Br)/g
According to Eq. (4.57), by using Eoy
log o h = (Ey — Eon — g d3 Br)/g + [D(I) — D(C)] — (1/2)Zv Q(H, V)V

where
V=nh, b, 1, Acp

and

logy Bpq = log g[complex] — p log;ob — qlog;yh
g"(Li, ClO4) = e(Li, ClO,) = 0.15, ¢”(La, ClO,) = e(La, ClO4) = 0.47

The results of the calculations are given in Table 4.14.

As is seen from this table, the systematic errors in Egy; are changing between
-1.38 mV (Bt = 0.3 M) and -0.76 mV (Bt = 0.0973 M). Moreover, By = 1 M was
the highest level of La(IIl) used in this study. It means that these systematic errors
were much higher in this investigation. These are not negligible. The systematic
errors in A logjo ﬂpq(l) are a function of Br, and will be interpreted as a formation
of polynuclear complexes.

The Effect of the Composition Change of the lonic Medium on the Equilibrium
Constants

This effect is defined as

Alogy, ﬁpéz) = —qAlog;oh = q(1/2)Q(H,Aca)Aca

Here, Q (H,Acr;) = 2.8 mV M™! (Li). The effects are shown in Table 4.15.

Table 4.14 The hydrolysis of the Lanthanum ion, La**. The systematic errors in Eoy and the
equilibrium constants, caused by the use of the conditional constant Egy;. Eog; = Eog + gds cp
mV, Alogig Bpq'" = —q Alogio h = q(gd;Br)/g

Alogio Bpg'”

Br M ~d3M~!  ~gdsBrmV q=1 q=2 q=3

0.300 —0.0778 —1.38 —-0.023  —-0.047 —0.070
0.1946  —0.1006  —1.16 —-0.019 -0.039  —0.059
0.0973  —0.1322 —0.76 —-0.013 —-0.026 —0.038

Bt M La(ClOy); self-medium was used together with LiClO; inert ionic
medium at [C1O4~ ] = 3 M, constant and 25°C.
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Table 4.15 The hydrolysis of the Lanthanum ion, La**. The systematic errors in the equilibrium
constants caused by the composition change of the ionic medium. By M La(ClO4);3 self-medium
was used together with LiClOy inert ionic medium at [C1O4~] = 3 M, constant, and 25°C. Alog;
Bpor® = — qAlogip h = q(1/g) QH,Acri)Acyi, Acy; = — zgBr, Q(H,Acy;) = 2.8 mV M~

AloglO ﬂpq(z)
BrM Ac; M Q(H,Acpj)Acy; mV q=1 q=2 q=3
0.3000 —0.900 —2.52 —0.042 —0.084 —0.126
0.1946 —0.5838 —1.63 —0.027 —0.054 —0.081
0.0973 —0.2919 —0.82 —-0.014 —0.028 —0.042

As is seen from this table, the systematic errors in the equilibrium constants are
a function of Br. This looks like the formation of polynuclear complexes.

The Potential Contribution of the La’* Ion to the Total Potential Anomalies
This effect is defined as

Alogy ﬂpf) = —qAlog,ch=q(1/2) Q (H,b) Br

where
Q(H, b) = —g A/[2.303 C (Aa + Ay)] + g tye"(B,Y), (cf. Eq. (4.52)).

The results are presented in Table 4.16.
As is seen, this systematic error is also the function of Br.
The total systematic errors in the equilibrium constants are:

Alogyy B,y = Alog Bl + Alogy B, + Alog)g B, (4.155)

We can conclude that all these systematic errors are the function of the total con-
centration of the central metal ion (Bt) and will be interpreted as the formation of
polynuclear complexes. These effects must be taken into account when calculating
logio h. Only after that can we look for the real formation of polynuclear complexes,

Table 4.16 The hydrolysis of the Lanthanum ion, La**. The potential contribution of the La** ion
to the total potential anomalies. This effect is defined as Alogig Bpq® = — q Alogio h = q (1/g)
Q(H, b) Bt. The function Q(H, b) is given by Eq. (4.52)

AlOgIO ﬁpqo)
BrM Q(H, b)Br mV q=1 q=2 q=3
0.3000 1.11 0.019 0.037 0.057
0.1946 0.46 0.008 0.015 0.024

0.0973 0.05 0.001 0.002 0.0024
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e.g. through the comparison with normalized functions [33, 34, 37]. Moreover, it
should be pointed out that for By(III) metal ions, the highest Br(II) level should
be < 0.300 M. Otherwise, we cannot make corrections for the effect of the total
potential anomalies.

Biedermann and Ciavatta found the complexes La OH?*, La,OH>*, Las(OH)o%*
or Lag(OH);o%*. As significant systematic errors were neglected at the calculation
of logjo h, it is probable that several of these complexes do not exist.

It should be noted that in the paper investigated the cells had opposite poles than
those used in the deduction of the formulas. Therefore, the final results presented in
the tables should be taken with the opposite sign.

4.3.3.2 Carbonate Complex Formation of the La3* Ion [37]

In Ref. [37], the following complex formation reactions were studied by Ciavatta
and others.
pLa’t +qH, O +rCO;, = La, (OH), (COz)fp_q +qH" (4.156)

where (OH) CO, = HCO; and (OH),CO,”” = CO,>".

The equilibrium concentration of the H* ions, h, was measured with a glass electrode
using the emf cell

— GE | Test solution || 3M NaClQy || Reference half-cell +
The equilibrium constants were defined as

Bpgr = [complex] [HT]9 [La’™ P a™ x f(pgnf (HM)I x f(La’™)P a(H,0)
(4.157)
where

f = the activity factor of the ions present in the test solution,
a = partial pressure of CO, and
a(H,O) = activity of water

The acidity of the test solutions was changed by coulometric generation of H*
or OH™ ions. The By levels of 0.1, 0.3, 0.5 and 1 M were investigated, while the
partial pressure of CO, was varied between 0.1 — 0.98 atm. The [C1O4"] =3 M,
kept constant, was ensured in all test solutions, by adding NaClOy.

In Ref. [37], the following potential functions should have been taken into
account.

(1) For the total cell emf with a glass measuring electrode:

En = Eon—g log,o cu—g log;o furs2 —Ep—Epr (4.158a)
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The total potential anomalies are
AEy = g [D(D)—D(C)]—glog( furs2—Ep—Eps (4.158b)

which were not taken into account.
(2) During the determination of the experimental constant Egy, we have

Ey = Eon — g loggcu + g [D(I) —D(C)] — gd3 cg — g dscu (4.159)
Conditional constants were determined at constant Br.
Eon1 = Eon — g d3 B (4.160)

The term g d3 Bt was not taken into account, which is a large potential contri-
bution and depends on Br.
Only the function

Ey = Eomi — g log gcu + 17cu 4.161)
was considered, where
Eoni = Eon — g log,o f(H") — g d; Br (4.162)
(3) During the complex formation study, the following function is valid
Ey = Eog — g log,ph+ g [DA) — D(C)] — Xy QH, V) V —corr  (4.163)
where
V=h, b, 1, Aca
Acpy =cpy —C=AOHt —HYr — 75 Br (4.164)
Acy is the correct expression for the composition change of the ionic medium.
None of those terms of Q(H, V) was considered, in spite of that these potential
contributions are not negligible, except Q (H, h)h.
The emf data were interpreted on the basis of the functions given below.
(h—H)/a= ZqqK h™ (4.165)
which denotes the moles of OH™ bound per unit partial pressure of CO,.

H = analytical excess of HY = [ClO; ] — [Na*] — 3Bt

K4 is equal to the formation constant for all species containing ¢ OH groups on the
molar scale.
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Kq = ZBpqi f(pq) ' f(La’* )P f(HT) ™ ByP (4.166)

The interpretation of the data was done according to the self-medium method [33,
34, 37], using normalized functions.

The systematic errors in the conditional constants and in the equilibrium con-
stants have been investigated as it was done in the previous Section (4.3.3.1). For
the molar conductivity of La(ClO4)3 that of LaCl; was used as an approximation.
The results of the calculation are given in Table 4.17.

As is seen from this table, the systematic errors in Egy; change between 3.02 mV
(in By =0.300 M) and 0.7 mV (in Bt = 0.1 M). At higher By levels, these errors will
be higher. As Brmax = 1 M was used, the systematic errors in Egy; was higher than
10 mV. In the first part of the calculations, b = Bt was used. In order to get an idea
of the error introduced by this approximation, the calculations were repeated with
the correction b = By - (h — H). The constants found with the two approximations
were very similar.

The effect of the use of Egy; at the calculation of Byq" and of the composition
change of the ionic medium on ﬂpq,(z) are presented in Table 4.18.

The systematic errors, A logjo Bpq'”, caused by the potential contributions of
the La** ions to the total potential anomalies, are given in Table 4.19.

As is seen from these tables, the real errors in the equilibrium constants are much
higher than those given in this paper.

Moreover, all these systematic errors are function of Br. This results in the
assumption of the formation of polynuclear complexes. The authors of this paper

Table 4.17 The carbonate complex formation of the Lanthanum ion, La>*. Survey of the system-
atic errors in Egy, caused by the use of the conditional constant Egy;. By M La(ClOy4); was used
as self-medium, together with NaClOy as inert ionic medium, at [C104~] = 3 M, constant, and t =
25°C. Weak complexes were formed

tLaam ~1Za(n) [LaCl3]Bt, M A(Bt M) LaCls ALa ~d3 ~gd; Br mV
0.380 0.3000 231.87 88.11 0.17014 3.02
0.409 0.1000 263.67 107.84 0.11784 0.70

Table 4.18 The carbonate complex formation of the Lanthanum ion, La®*. The effect of the
conditional constant, Egy;, on Alogjg ,qu(” and the composition change of the ionic medium on
Alogio ,qu@) when the self-medium method was used for study at [C104~] = 3 M, constant, and t
= 25°C. Weak complexes were formed

Alogio Bpgr q(1/g) Q(H.Aca)Aca
[LaCl3] B, M q=1 q=2 q=3 q=1 q=2 q=3
0.3000 0.051 0.102 0.153 0.041 0.081 0.123
0.1000 0.012 0.024 0.036 0.013 0.027 0.039

Q(H,Acy) = —2.67mV. M~! (Acy).
ACA = — ZBBT
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Table 4.19 The carbonate complex formation of the Lanthanum ion, La**. The potential contri-
bution of the La®* ion to the total potential anomalies. This effect is defined as Alogjg Bpg® = —
q A logjp h = q(1/g)Q(H, b) Bt. The function Q(H, b) is given by Eq. (4.52),

q(1/g) Q(H, b)Br

[LaCl3] Br, M Q(H, b) q=1 q=2 q=3
0.3000 2.03 0.010 0.020 0.030
0.1000 —1.06 —0.002 —0.003 —0.005

The effect of the total systematic errors on the equilibrium constans:
Alogi ﬂpq,T = Alogo ﬁpqr“) + Alogo ﬂpqr<2> + Alogio ﬂpqr(3)

AlOglO ﬂpqu
[LaCl;] Bt, M q=1 q=2 q=3
0.300 0.102 0.203 0.306
0.100 0.023 0.048 0.070

have also found polynuclear species, but they did not accept it, as they thought that
the composition change of the inert ionic medium (NaClO4) was too large. They
draw the final conclusion that the species LaCO;* and La(COs),” are the domi-
nating species, while LaHCO;2* and La,CO3*" are negligible in a typical granitic
ground water.

4.4 Emf Cells Where I = C M, Is Kept Constant [38]

4.4.1 Introduction

The deduction of the potential functions, Ep, Eps, AEg and AEy in a general form
[1] and for the experimental condition [A*] = C M, constant, [23] is presented in
these references for emf cells containing equilibrium systems. Here, we shall fol-
low this general treatment. In the present work, the content of some special func-
tions will be given for emf cells with complex formation at the experimental con-
dition I = C M, constant, which are included in the general equations presented
in Ref. [1, 23].

The complex formation reactions studied are presented in Section 4.3. These
titrations can be carried out in different ways, e.g. as it is given in the Appendix A
for [A*] = C M, is kept constant [23]. The potential functions, here, will be deduced
for the case when the titration is carried out according to Section 1 of Appendix A.
Here, AyL is used as complexing agent at various concentrations (Lr).

First, the constants Eyg or Egy should be determined.
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4.4.1.1 The Determination of the Constant Eyg
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This should be done at constant level of HY by titrating vy ml solution Sy with v,

ml solution T; of the compositions given here.

Solution Sg : 5x 10~ M BY g,

HY, = 25x 107 M, is kept constant
AY, M AY

Solution Ty : cg = 2Bt M BY 3,

HY, =25x103 M HY, is kept constant
AY| M AY

cp should be varied within the range 5x 103 <cg <BTM

For the ionic strength we have:
I=(1/2)(cy + cg zs> + ca + cy) = C M, constant

For solution Sy we have:
ca =AY

Cy = AY() + HY() + 7z Cp
Inserting ca and cy into Eq. (4.167), we obtain:

I=HYo+ AYy + [(zg*> + z8)/2]cs = CM

From here,

(4.167)

(4.168a)

(4.168b)

AYy)=C —HY, — [(ZB2 + zg)/2]cp, the concentration to be used for AY in Sp.

For solution T; we have:
I=(1/2)(cy + 2 Br zg> + ca + cy) = CM, constant
ca = AY;M
cy =AY, +HY, +zg 2 By
Inserting c4 and cy into Eq. (4.169a), we obtain:

I=HY, + AY; + (zg> + zg)Br = C M, constant.

(4.168¢)

(4.169a)

(4.169b)

(4.169¢)
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From here, we can express
AY; = C — HY, — (zg> + z5)Br (4.169d)

the concentration to be used for AY in solution T}.
The total cell emf is defined by Eq. (2.48). The intercept of the plot Eg’ = Eg -
(g/zg) log)o cp versus cp, at constant cy, gives a conditional constant:

Eopi = Eog +gd2 ¢y (4.169¢)

where the function d, is defined by Eq. (2.50). Knowing the ionic molar conductiv-
ities involved in Mixture 1, Egg can be calculated from Egg;.

4.4.1.2 The Determination of the Constant Eyy

This should be done at constant level of BY ), by titrating vy ml solution Sy with
vi ml solution T} = v, ml solution T, with the compositions given here.
Solution Sy: cg = Br M BB js kept constant

cy =HY, =25 x 107> MHY

AYo M AY
Solution T: AOH2 =0.10 M
AY, M AY

cy should be varied within the range 1x 1073 < ¢y < 25x1073.
For solution Sy we have:

I=(/2)cyg + Br 782 +ca + cy) = CM, constant (4.170a)
where
CA = AY()
cy = AYg + HYy + zg Bt (4.170b)

Inserting ca and cy into Eq. (4.170a), we obtain:
I =HY, + AY( + [(zs” + z8)/2]Br = C M, constant (4.170c)
From here, we can express
AY, = C —HY, — [(zg% + z8)/2]Bt M (4.170d)

the concentration to be used for AY in solution Sy.
For solution T, we have:
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I = (1/2)(AOH2 + ca + cy) = C M, constant (4.171a)
where
ca = AY; + AOH2 M (4.171b)
Cy = AYz

Inserting ca and cy into Eq. (4.171a), we obtain

AY, = C — AOH2 (4.171¢)

In the test solution,
what is the mixture of solutions Sg and T, T,, we have

cg = Br, is kept constant

I=(1/2)cy +cp 72 +ca + cy) = C M, constant (4.172a)
Cy = AYT + HYT + zp BT (4172C)

Inserting ca and cy into Eq. (4.172a), we obtain

I =HYr + AY7 + [(z52 + z8)/21B1 + (1/2)AOHy = C M, constant (4.172d)

From Eq. (4.172d), we obtain
AY1 = C — HY — [(zs” + zg)/2]Br — (1/2) AOH7 (4.172¢)

The total cell emf is defined by Eq. (2.54). Plotting the function Ey’ = Eg — g logyo
CH Versus cy, at constant cg, it results in a conditional constant

E()Hl = E()H + g d3 CB (4173)

where the function dj is given by Eq. (2.55).

Knowing the ionic molar conductivities in Mixture 2, the constant Eqyg can be
calculated from Eq. (4.173). If we do not have conductivity data, Eoy should be
determined in the absence of the metal ions, B4B)*,

After the Egy determination is finished, we can reduce the volume of the test solu-
tion to v* ml, by sucking out a known volume of the test solution with a calibrated
pipette, if it is necessary.
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4.4.2 Emf Studies Where Strong Complexes Are Formed
At = C M, Constant

4.4.2.1 The Main Titration

After the determination of the constant Eqgg or Egy, we can continue the titration
with the study of the formation of metal ion complexes. We keep Bt constant and
vary AyL. Till v* ml test solution S, we add v, ml solution T; * of the composition
given below.

Solution S: Bt = [BY,g)| M
HYs = [HY] M
AYs = C — [(zg* + zp)/2]Br — HYs — (1/2)AOHr M
Solution T{ : Bt = [BY )1 M
HY, = [HY]M
Lt =[A,LIM

AY| = C—[(zs* +28)/2] Br — [y> +y)/2] Lt —HY; — (1/2) AOHr M (4.174)

Both solutions S and T;* have a composition which insures the constancy of the
ionic strength at C M, if no complex formation takes place between the components.

In this publication, approximate potential functions will be suggested for the pre-
liminary treatment of the emf data, taking into account, first, only the potential con-
tribution of the H*, B“®* 1Y~ A* and Y~ ions to AE;. Here, J denotes an ion, and
y is the absolute value of z; . We can measure the free concentration of the B“®* or
HT ions in equilibrium, b or h, respectively, with the help of the emf cell given in
Chapter 1. The composition of the test solution TS2 is given in Néher-Neumann [1].
cy is given by Eq. (4.172c).

The concentration of AY can be obtained from the expression of the ionic strength:
I=(1/2)(cu+7"Br+cy +y Lr+ca) =CM (4.176)

Inserting Eqgs. (4.172c) and (4.175) into Eq. (4.176), we obtain
AYr = C — HYr — (1/2) AOHr — [(z5” + 28)/2] Br — [(y* +y)/2 Lt (4.177)
Therefore, we have

cy = [Y "] = C+2z5 Br—(1/2) AOHr—[(z5°+25)/2] Br—[(y*+y)/2] Lt (4.178)
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ca = [AT] = C—HYr + (1/2)AOH7 — [(z5* + z8)/2]Bt — [(y* +y)/2]Lt +y Lt
(4.179)

For the composition change of the ionic medium, we have
Acy = cy—C = z3Br—(1/2) AOHr—[(z5%+7)/2] Br—[(y*+y)/2] Lt (4.180)

Aca = ca—C = —HY1—[(zs*+78)/2] Br+(1/2) AOHr —[(y*+y)/2] Lt +y Lt
(4.181)

The general deduction of the potential functions Eg_ Ey Ep, Eps, AEg, and AEy was
done in Ref. [38]. Here, we give only the final results and some important functions.

4.4.2.2 Studies on the Formation of Metal Ion Complexes

W=cyAg+Cg A Zg + ApnAcCA + Ay Acy +y 1AL (4.182)
a=C(Aa + Ay) (4.183)

log,o fursa = €”"(H, L) 1 + ¢”(H, Y)Acy (4.184)

logyo fars2 = £(B. L)l + &"(B, Y)Acy (4.185)

The Total Emf of Cell B

The following function was obtained for Eg.

Eg = Egg + (g/z8)log,ob + =y Q(B, V) V (4.186)

where, V denotes the ion concentrations h, b, 1, Acy and Acjy, in equilibrium.
The functions Q(B, V) have the following values:

Q@B,1) = (g/z5) £"(B,L) + g FoAL — g tag” (A, L) (4.187)

Fo = 1/[2.303C(As + Av)] (4.188)

Q(B,b) = —g FyAp + g tye"(B,Y) (4.189)
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Q(B,h) = —g Fyhy + g tye”(H, Y) (4.190)
Q(B, Acy) = (g/z)e" (B, Y) + g Fy Ay — gtac”(A,Y) (4.191)
Q(B, Aca) = —g Fy i + g tye”(A,Y) (4.192)

The functions Q(B, V) can be estimated in a similar way as discussed in “The Esti-
mation of the Functions Q(H, b) Respective Q(B, b)” and “The Estimation of A.",
Aa and Ay in Mixtures of Strong Electrolytes” of section 4.2.1.1. As is seen, b can
be calculated from Eq. (4.186) by successive approximation, knowing Egg and the
functions Q(B, V).

If it is recognized in a separate experiment that the undissociated molecules,
HyL, influence the total cell emf, Eg, the potential term SL(B, acid)[HyL]r should
be added to Eq. (4.186). SL(B, acid) is the slope of the plot Eg — (g/zg) logjo cg
versus [HyL]p, if Eg was measured at constant cg, €.g. 0.050 M, and constant cg,
e.g. 0.050 M and I = C M, constant.

The Total Emf of Cell H
The following function was obtained for Cell H.
Ey =Eu +g logi,ch+ 2y QH, V)V (4.193)

where V has the same meaning as above.
The functions Q(H, V) have the following values. Q(H, b), Q(H, h) and Q(H,
Acp) are identical with the corresponding Q(B, V) functions.

Q(H,Acy) = g ¢"(H,Y) + g Fohy — gtag"(A,Y) (4.194)

QH, ) =ge&"(H,L)+ gFyar — g tag”(A,L) (4.195)

The function Q(H, b) can be estimated by calculating the difference function Q(H,
b) — SL(H, cg). The slope function SL(H, cp) is given by Egs. (2.58), (2.55). Con-
sidering the function d3, given in Eq. (2.55), we obtain

SL(H, cg) = [g&"(H, Y)(zp — 25)/2] — g FolAs — z5hy + (by — Aa)(z5> + 75)/2]

— g tag"(A, Y)(zs — 28%)/2 + g ty[¢"(B, Y) — &"(A, Y)(z8” + 2)/2]
(4.196)

Hence, we have
Q(H, b) = SL(H, c)exp + Eq. (4.189) — Eq. (4.196) (4.197a)

where exp = experimental.
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The difference function is

Eq. (4.189) — Eq. (4.196) =[—ge&"(H, Y)(zg — z8%)/2] + g Fol—zp Ay + (Ay—

Aa) X (zg% + 78)/2]+g tag”(A, Y)(zs — 78%)/2 + g tye” (A, Y)(zp* + z8)/2
(4.197b)

Similarly, Q(H, 1) can be estimated using the difference function Q(H, 1) — SL(H, 1),
as it will be discussed later.

If it is recognized in a separate experiment that the undissociated molecules,
HyL, influence the total cell emf, Ey, the potential term SL(H, acid) [HyL]g should
be added to Eq. (4.193). SL(H, acid) is the slope of the plot Eyg — g log;o cy versus
[HyL]F, if Egy was measured at constant cy, e.g. 0.050 M, and constant cg and I
= C M, constant. The use of formal concentration is motivated if the cy level is
high enough and the dissociation of HyL is pressed back at the determination of this
slope.

According to the treatment presented above, Eq. (4.193) is the correct function
for the calculation of the free, equilibrium concentration of the H* ions, h, for small
values of w/a. This can be done by successive approximations, knowing Egy and the
functions Q(H, V).

For the total potential anomalies, we have

AEy = SvQH, V) V (4.198)

The Effect of the Composition Changes of the lonic Medium on the Total Potential
Anomalies and on the Equilibrium Constants, for Cell H

At the experimental condition that I = C M, is kept constant, both the concentration
of the cation of the ionic medium and that of the anion of the ionic medium, Aca
and Acy, respectively, deviate from C M AY. These are defined by Eqs. (4.180) and
(4.181). Here, the approximate versions given below were used.

Acy = zg By — [(zg* + z8)/2] By — [y* +y)/2] Lt (4.199)

Aca = —[(z8” + 28)/2] Br — [(y* +y)/2] Lt + yLt (4.200)

The corresponding potential contributions to the total potential anomalies are

Q(H,Aca)Aca and Q(H, Acy)Acy.These two functions are very different:

Q(H, Acy) = 14.77 mV M~ (Acy), [cf. Eq. (4.194)]
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Q(H, Acy) = —2.67 mV M~ (Acy), [cf. Eq. (192)]

for NaClOy ionic medium.
The neglect of these effects causes systematic errors in AEy, in mV, which
can be significant. The caused systematic errors in the equilibrium constants are:

Alogy B3 = q(1/2) Q(H, Acy)Acy

Alogyy ﬂpg) =q(1/2) Q(H, Aca)Aca

which can be high as well.

These systematic errors have been estimated in Cell H for two sets of usual emf
titrations, where By < 0.1 M and strong complexes are formed with the ligand AL,
in NaClO, ionic medium, in Tables 4.20 A. and 4.20 B.

As is seen from Table 4.20 A, the effects of composition changes of the ionic
medium on the total potential anomalies are:

0.08 — 0.80 mV for zg = 2 and Q(H, Aca) Aca
0.16 — 1.60 mV for zg = 3 and Q(H, Aca)Aca

(—0.88) — (—5.91) mV for zg = 2 and Q(H, Acy) Acy

Table 4.20A Survey of the systematic errors in Ey, in mV, due to the composition changes of 3 M
NaClO4 when strong complexes are formed in Cell H, for two sets of usual emf titrations, at 25°C
and I = 3 M, is kept constant

BT LT ACA Q(H, ACA)ACA ACY Q(H, ACY)ACY
M M M mV M mV
Forzg =2

0.010 0.050 —0.03 0.08 —-0.06 —0.89
0.030 0.100 —0.09 0.24 —0.13 —1.92
0.050 0.150 —-0.15 0.40 —-0.20 —-2.95
0.100 0.300 —0.30 0.80 —0.40 591
Forzg =3

0.010 0.050 —0.06 0.16 —-0.08 —1.18
0.030 0.100 —0.18 0.48 -0.19 —-2381
0.050 0.150 —-0.30 0.80 —030 —4.43
0.100 0300 —0.60 1.60 —-0.60 —8.86

Q(H, Acy) = 1477 mV M~ (Acy), QH, Acy) = —2.67 mV M~!
(Acyp): Acy is defined by Eq. (4.180), Ac, is defined by Eq. (4.181)
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Table 4.20B The effect of the composition changes of 3 M NaClOy, on the equilibrium constants,
when strong complexes are formed in Cell H, for two sets of usual emf titrations at 25°C and [ =
C M, is kept constant. The definition of the change of the equilibrium constants are: Alogjo Bpgr'®
= q(1/2)Q(H,Acy)Acy, Alogi Bpg® = q(1/2)Q(H,Aca)Aca

Bt Alogg Bpg:? Alogio Bpgr®
M q=1 q=2 q=3 q=1 q=2 q=3
Forzg =2

0.010 —-0.015 —-0.030 —0.045 0.001 0.002 0.003
0.030 —0.032 —-0.065 —0.096 0.004 0.008 0.012
0.050 —-0.050 -0.100 —0.150 0.007 0.014 0.021
0.100 —-0.100 —-0.200 —0.300 0.013 0.026 0.039
Forzg =3

0.010 —0.020 —-0.040 —0.060 0.003 0.006 0.009
0.030 —-0.047 —-0.095 —0.141 0.008 0.016 0.024
0.050 -0.075 —-0.150 —-0.225 0.013 0.026 0.039
0.100 —-0.150 —-0.300 —0.450 0.027 0.054 0.081

Q(H, Acy) = 1477 mV M~! (Acy), Q(H, Acy) = —2.67 mV M~!
(Acyp). Acy is defined by Eq (4.180), Acy is defined by Eq (4.181)

(—1.18) — (—8.86) mV for zg = 3 and Q(H, Acy)Acy

The uncertainty level in Ep is not 0.01 mV. These errors are the function of the total
concentration of the central metal ion, By Consequently, they will be interpreted as
the formation of polynuclear complexes when using a curve-fitting computer pro-
gram for the explanation of emf data.

The corresponding systematic errors in the equilibrium constants are presented in
Table 4.20 B, calculated for different zg and q values when the complexes B HL;
are formed. The errors Alog 1 ,BquQ) are dominating and can reach — 0.300 log;o 8
units for zg = 2 and — 0.450 log;¢ B units at zg = 3. The errors Alogjg ﬂpqr(3) are
much smaller, and have the opposite sign.

4.4.2.3 The Calculation of the Total Potential Anomalies in Emf Cells Where
Protolysis of the Weak Acids HL. and H,L Takes Place, Respectively

The Protolysis of HL
We shall study the protolysis

HL = H" 4+ L™, K; = [HT][L"]/[HL] equilibrium constant.

First, the constant of the Nernst equation, Egy, should be determined through an
acid-base titration, in the absence of HL. vy ml solution Sy with the composition

HY, = 0.025 M HY + (C — HY() M AYy
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should be titrated with v; ml of solution
Si. AOH; = [AOH] M, (C — AOH,) M AY

until we reach pH = 3. The acidity level HY should be checked by a Gran plot [35]
(cf. Section 4.2.1.2.). Then we can decrease the volume of the test solution to vy*
ml, if necessary, by sucking out a known volume of the solution with a calibrated
pipette. Then v, ml of buffer solution S, should be added with the composition, e.g.
0. MHL, 1.8 M AL = L and C — [(y? + y)/2] Lt M AY. In this buffer system, the
approximations discussed in Section (1.1) are valid.

The total cell emf is given by Eqgs. (4.192), (4.193), (4.194) and (4.195). For the
change of the composition of the ionic medium, we have

Acy = —(1/2) AOHy — Lt [cf. Eq. (4.180)]

Aca = —HY7 + (1/2) AOHr [cf. Eq. (4.181)]
The total cell emf can also be written as
Ey = Eon + g log,oh + SL(H, acid)[acid]r 4+ SL(H, 1) Lt + corr (4.201)
The acidity of the test solution can be calculated as

log;o[H] = log;o Ki — 10og;(Csait/Cacia) (4.202)

Inserting Eq. (4.202) into Eq. (4.201), we can form the function Ey”

En” = Eu — SL(H, acid)[acid]r + glog,((Csar/Cacia) = constant + SL(H, 1) L,
(4.203)
where

constant = Egg 4 g log;, K (4.203Db)

As is seen, the slope of the plot Ey” versus Lt gives SL(H, 1) and from the intercept
= constant, the protolysis constant log;o K; can be obtained with high accuracy in
a broad concentration range.

Considering Ey, defined by Eq. (45) in Ref. [38] and Acy and Acy, we obtain
for the calculated slope

SL{H,1 = [L7]} = dEy"/d(1 = L1) = gl¢"(H,L7) — &"(H, Y)] — gFy(hy — AL)
—gtale"(A,L7) — (A, Y)]
(4.204)
This slope function is valid if the buffer system HL — AL is used as the titrating
solution.
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The Protolysis of H,L

The first protolysis equilibrium of the acid H,L can be written as
H,L = H" +HL™, K; =[H"][HL"]/[H,L] (4.205)

We can study this system after the determination of the constant Egy (in the absence
of H,L) by titrating the test solution with the buffer solution, e.g. 0.1 M H,L, 1.8 M
AHL = Lt and {C — [(y? +y)/2] Lt} M AY. In this buffer system, the following
approximations are valid:

[HoL] = cycia

[HL™] =1Z= ¢y = HLy

The slope function SL {H, 1 = [HL"]} is given by Eq. (4.204) (where the species
L~ should be replaced by HL."), obtained by plotting Ey” [cf. Eq. (4.203a)] versus
HLr.

The slope of this plot is SL{(H, 1 = [HL"] } and the intercept is given by
Eq. (4.203b), from which log;y K; can be calculated.

For the second protolysis equilibrium of the acid H,L, we shall study the reaction

HL™ = H" +L%*, K, =[H][L>]/[HL"] (4.206)

in the ionic medium AY under the experimental condition that I = C M, is kept
constant. The values log;y K; and log;y K, should be well separated.

Deduction for pK, — pK; > 5

First, we determine the constant Egy through an acid—base titration, in the absence
of the ligand. During the main titration, we can add a solution with the composition,
e.g. 02 M AHL + 1 M AL + {C —HYr - (1/2) AOHt —[(y> +y) /2] Lt -HLt} M
AY. In the equilibrium solution, the following ions are present: H*, [HL™] = c,q =
HLr, [L>] =1 cg = Ly, Y~ and A*. The log;o [H*] of the test solution can be
calculated as:

log;o[H] = log;o Kz — 10g;(Csait/Cacia) (4.207)

The composition of the test solution is also described in Section 4.1. The concentra-
tions of the ions of the ionic medium are:

cy = AYr + HYp (4.208a)
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ca =AYt + AOHt + yLt + HLy (4.208b)
For constant ionic strength, we can write
I=(1/2)h+ca+cy+y Lr+HLy) =CM (4.209)
Inserting the values of cy and c into Eq. (4.209), we have
I =HYrt + AY71 + (1/2) AOHr + [(y* +y)/2] Ly + HLy = CM (4.210)
From here, we can express AYr, the total concentration of the ionic medium, as
AYt = C — HYr — (1/2)AOHy — [(y*> +y)/2] Lt — HLy (4.211)
Hence, we have

ca = C — HY7 + (1/2) AOHr — [y +y)/2] Lt +y Lt 4.212)

Aca =cy—C=—HYr+(1/2) AOHr — [(* +y)/2] L +yLr  (4213)

cy = C — (1/2)AOHy — [(y> + y)/2] Lt — HLy 4.214)

Acy = cy — C = —(1/2)AOHr — [(y> + y)/2] Lt — HLx 4.215)

The test solution is a mixture of the strong electrolytes AHL, A, L and AY. The total
cell emf is:

Ey = Eouy + g log,oh + SL(H, HL™) HLy + SL(H, L>") Ly + corr  (4.216)

Assuming h ~ 0 and inserting log;o h from Eq. (4.207) into Eq. (4.216), we can
form Ey” and neglect corr.

EH// = EH + g loglo(csalt/cacid) - SL(H, HL_) HLT (4 217)
= Eoy + g log;o Ky + SL(H,L*) Lt :

The theoretical slope function SL(H, HL") is given by Eq. (4.204), where the species
L~ should be replaced by HL". Plotting Ey” versus Lr, the experimental slope is
SL(H, L?") and for the intercept, we obtain: Eoy + g logi¢ K», from which log;o K,
can be calculated.

For the theoretical slope function SL(H, L?"), the following equation was
deduced [38]:
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SL{H, 1 :[LZ*]} =d EH”/d Lt = ga”(H, L)— ga”(H, Y)[(y2 +y)/2]
— g Folrally — (7% + y)/21 + Av[(Y* + y)/2]1 — AL} — g tale”(A, L)

— " (A NG + /2] + g tve" (A Yy — 7 +)/2]
(4.218)
Using the difference and experimental slope functions, we obtain:

Q{H,1=[L*7]} = SL{H,1 = [L* J}exp + Eq. (4.195) — Eq. (4.218)  (4.219)

If the complexes formed in the test solution, TS2, are present at dominant con-
centrations, the complete functions for Ep and Epy should be used and integrated
graphically, without approximations, as presented in Section 4.1.

It should be mentioned that I £ C M, constant, when complex formation takes
place in the cell. It means that D(I) # D(C) in the expressions for the activity coef-
ficients.

Deduction for pK, - pK; < 5

If both the first and second step of the protolysis equilibrium takes place simultane-
ously, only a brutto protolysis constant can be determined according to

Bogr = Ki1.Ky = [HTJ[L*7]/[H,L] (4.220)
These processes can be studied by titrating with the buffer solution H,L—A,L, after

the determination of Eoy (in the absence of H,L). The composition of the titrating
solution can be:

[HoL] = caeig = 0.1 M
[L>7] Z ¢ =Lr = 1.5M AL

AYt = {C — HYr — (1/2) AOHy — [(y* +y)/2]L1}M AY

The brutto protolysis constant, Boq, can be obtained from the emf data graphi-
cally or by using a curve-fitting computer program, as discussed in “Deduction for
pKo—pK; < 57 in section 4.3.1.4.

4.4.3 Emf Studies on Weak Complex Formation At I = C M,
Kept Constant

When formation of weak complexes is studied in the HY — BY,@) — AY — AL
system, only the presence of the species H*, B“®* 1Y~ A* and Y~ is considered.
This means that the formation of metal ion complexes and the protolysis products
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are neglected in By and Lt. These are the same conditions as those used at the
deduction of the potential functions for formation of strong complexes used for the
preliminary treatment of emf data (cf. Section 4.4.2.). It is advisable to use higher
By levels: 0.1—0.2 M. But the effect of the composition change of the inert ionic
medium cannot be neglected. As only 1—2 % of the total concentration of the central
metal ion is bound in weak metal ion complexes, the approximation b = [B*®*] =
[BY )] = Bt can be used, first. The total concentrations of the ligand should be
low: Lt < 0.025 M.

The titrations can be carried out as described in Sections 4.4.1 and 4.4.2 Egg
should be determined at constant level of HY ;. Conductivity data are necessary for
the calculation of Eyg from the conditional constant obtained:

Eos1 = Eop + gd,cn

where Egg; is the intercept of the plot Eg’ = Eg — (g/zg) logo cg versus cg, at
constant cg. The function d, is defined by Eq. (2.50).

If we use a glass indicator electrode, the constant Egy should be determined in the
absence of the metal ions, B“®"*, if we do not have conductivity data on the system
studied. On the other hand, it is advisable to have a constant level of [HyL], because
the effect of these undissociated molecules on Ey is changing with the experimental
conditions. In this way, a conditional constant is obtained, from which the term
SL(H, acid) [HyL]r should be subtracted.

It is important that we do not use conditional constants, Egg; or Epg;. Until now,
Eoni has been determined in the presence of high concentration of BY,g). No cor-
rection was made for the term g d3 cp.

In Ref. [38], a number of titrations have been investigated by the author, where
weak complexes are formed, using Cells B and H, respectively. These titrations
are carried out in different ways and are realizing different approximations, which
are based upon the results of strong complex formation. The conditional constant
Eoni is supposed to be determined, which is wrong. The statement that the potential
contributions of the B“B)* jons to Ey, during the determination of Eoy, g d3 cg, and
the term Q(H, cp)Br, can be incorporated in Eop, is the result of a misunderstanding.
The reported formation of polynuclear complexes is erroneous.

The Main Titration

After the determination of the constant Egg or Eqpy, we can study the complex forma-
tion reactions. We add v; ml solution T; = v, ml solution T, with the composition
given below, to the test solution.

Solution Ty: By M BY )
HY, M strong acid

AY; = {C — HY, — [(z5® + z5)/2] Br} M AY
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Solution Ty: (HyLt — HY/y) 2 M HL weak acid = constant
(AyLt —HY;/y) M A,L
AY; = {C—HY; — [(y* +y)/2] L1} M AY

In this case, By is varied during the main titration. If we want to keep a constant By
level, we should adjust it at the end of the determination of Egy. Then 2Bt = cg M
should be used in solution Tj.

For the total cell emf, we obtain at I = C M, constant.

Ep = Eop + (2/78) log;ob+ =y Q(B, V) V + SL(B, acid)[H,L]s  (4.221)
En = Eon + g log,oh 4+ Sy Q(H, V) V 4 SL(H, acid)[H, L] (4.222)

where V = b, h, 1, Acy, Aca. The terms Q(B, h) h and Q(H, h) h are probably
negligible, ash < 1x107 M.

4.4.4 On the Ionic Medium Dependence of the Equilibrium
Constants

Potential functions were derived for the calculation of the total potential anomalies
for small values of w/a, in the systems, HY — BY,g) — HyL — AY when strong or
weak complexes are formed, respectively, and for the systems, HL — AL — AY and
AHL — AL — AY at the experimental conditions

(@ [
() [
© 1

A*] = C M, constant,
Y] = CM, constant,
= C M, constant,

respectively.

The potential contributions obtained, Xy Q(H, V) V with V =b, h, I, Acy or/and
Acap, e.g. for Cell H in the total cell emf, are the systematic errors in logjo h, which
influence the value of the equilibrium constants. These effects will be investigated
in two steps:

(a) The value of the functions Q(H, V) in mV M~ for V = [H*], [Cd**], Ac
(ClO47), Acna, [acetate™] and [Hascorbate™] will be estimated in a given ionic
medium, e.g. NaClOy.

(b) The value of the functions Q(H, Acy) or/and Q(H, Acy), which describe the
potential contributions caused by the composition change of the ionic medium,
will be estimated in various ionic medium: NaClO,4, LiClO4 and NaCl, at the
experimental conditions defined above.
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The functions Q(H, V) can be estimated in two ways:

(i) through conductivity data, measured in the equilibrium system studied,
(i1) using known slope functions, determined in mixtures of strong electrolytes.
This method results in approximate values for the Q(H, V) functions.

As conductivity data are not available for the equilibrium system studied, the
known slope functions were used for the estimations. Most of these treatments were
already described in several chapters, here. The necessary functions are summarized
in Appendix 2 for the reader s convenience, in order to get a better survey.

4.4.4.1 Comparison of the Values of the Mentioned Potential Functions
Q(H, V) at Different Experimental Conditions

These potential functions are presented in Table 4.21. The slope functions they were
calculated from, are also included in the table. It is seen from this table that the
function Q{H, [Cd**]} has almost the same value at [Na*] = 3 M and [C1O;"] =
3 M experimental condition. But it should be pointed out that the difference is not
the result of experimental errors. Every value was obtained by a forward and back
titration on the slope function SL(H, cg). These values are accurate at a given exper-
imental condition, although they are the result of the approximation that the ionic
molar conductivities have the same values in both functions. The differences are due
to the different values of Ag" which are valid at different experimental conditions.
These were calculated from the definition:

Q(H,b) = —g FoAl + g tye”(B. Y) (4.189)

and are given in Table 4.21. The value &” (Cd, ClO4) = 0.40 liter solution (mol
solute)~! [31] was used in the calculations.

As is seen from this table, the function Q{H, [Cd2+]} defines very different val-
ues for Acg" at the different experimental conditions. They cannot be interchanged.
Moreover, it is obvious that the functions Q(H, V), valid in equilibrium systems, are
quite different than the corresponding slope functions, valid in mixtures of strong
electrolytes.

The same conclusions can be drawn from the analysis of the function Q{H,
[H*]}. Here, the values of Ag" were calculated from the definition:

Q(H, h) = —g FoA," 4 g tye”(H, Y) (4.190)

The values ¢”(H, ClO4) = 0.18 and &”(Na, ClO4) = 0.03 [31], both in liter solution

(mol solute)™! were used in the calculations, moreover, ty data from Table 2.10.
The value of Q(H, Acetate™) is very different at [Na*] = 3 M, constant, and at

[C104] = 3 M, constant. This is due to the fact that in the previous case, there is a
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Table 4.21 Comparisons of the values of the potential functions Q(H, V) for V = [H*], [Cd**],
[CH3COO™ = Ac™ ], [HAscorbate™ = HAsc™], Acy and Acy at different experimental conditions
in the system HC1O4 — Cd(ClOy4), — NaClO4 — NayL

Experimental
condition [Na*] =3 M (constant) [ClO4~] =3 M (constant) 1= 3 M (constant)
mV M1 ()
Q(H, Acy) 14.8 14.8
Q(H, Acya) 2.7 2.7
SL(H, cg) (Cd*") 424+£05 19.06 1.6
Q{H, [Cd**]} (Cd**) 13.0 13.74 8.35
hea” S cm?. 3.12 —1.59 32.78
(gmol)™!
SL(H, cy) (H*) —42+1 —21.8 —-17.7
Q{H, [H*]1} (H") —17.3 —24.5 —-20.4
2™ S ecm? (gmol)™! 71.62 117.54 91.20
SL(H, HAsc™) -9.6
(HAsc™)
Q{H, [HAsc™]} 5.47
(HAsc™)
SL(H, Ac™) (Ac™), 0 < [NaAc] <0.58 M
—-9.3 —10.5
0.58 <[NaAc]<1.3M
—-7.8
Q{H, [Ac™]} (Ac™) 0 < [NaAc] <0.58 M
5.6 —-7.8
0.58 < [NaAc]<1.3M
7.1

Reproduced with kind permission of Springer Science and Business Media from Néher-Neumann
E (2006) J Solution Chem 35: 1085-1107, DOI: 10.1007/s10953-006-9051-z (Table 1).

large positive term, ge”(H, ClO4) = 10.45 mV M, in the difference function [cf.
Eq. (4.93 a, b)]. This will result in that different species/equilibrium constants will
be found at these two experimental conditions, if we do not take them into account.
The definition of this potential function is:

QH, ) =ge&"(H,L) + g For" — gtag”(A,L) (4.53)

The value of A" could have been calculated from it, but only ¢” (H, Ac™) was
measured [31] and not ¢” (Na, Ac™). The opposite case is valid for the HyAsc —
NaHAsc system.

Moreover, it can be seen from Table 4.21 that the magnitude of the potential
functions, due to changes in the composition of the ionic medium, Q(H, Acy) or/and
Q(H, Acy), are very much different at the various experimental conditions. This will
result in the change of the equilibrium constants with the experimental conditions
within a given ionic medium, if we do not take into account these effects.
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Table 4.22 Presentation of the values of the potential functions Q (H, Acy) and Q(H, Ac,) in the
ionic media LiClO4 and NaCl. Here, Y = ClO4~ or Cl~ and the temperature: t = 25°C

Tonic medium: LiClOy4

Experimental condition [Lit] = 3M [ClO47] = 3M

mV M1 () constant[ 18] constant[19] I =3 M constant
QH, Acy) (Acy) 13.1 13.1

Q(H, Acy;) (Acyy) 2.8 2.8

Tonic medium: NaCl, Experimental [Na*] = 3M |[CI7] = 3M I=3M constant
condition constant[ 18] constant[19]

mV M~!

Q(H, Accr)(Acqr) 10.45 10.45

Q(H, Acna)(Acna) 0.7 0.7

Reproduced with kind permission of Springer Science and Business Media from Néher-Neumann
E (2006) J Solution Chem 35: 1085-1107, DOI:10.1007/s19953-006-9051-z (Table 2).

4.4.4.2 The Dependence of the Equilibrium Constants (logi9 Bpqr) on the Ionic
Medium

The composition changes in the ionic media LiClO4 and NaCl have also been esti-
mated. These are given in Table 4.22. In these calculations, we have used: ¢” (H, CI)
= ¢(H, Cl) =0.12 [13]; &’ (LiClOy4) = ¢ (LiClO4) = 0.15 [17]; &” (Na, Cl) = 0.10
[31]; &” (H, ClO4) = 0.18 (cf. Table 2.3). The &” values are given in units of (liter
solution) mol™' and the & values in (kg solution) mol™'. The molar conductivities
and transport numbers of the ionic media are given in Tables 2.10 and 2.11.

The formation of complex species is described by Eqs. ()—(III) given in Sec-
tion 4.3 for emf cells containing the reacting compounds, BY ;@) + HY + AyL, and
the ionic medium (A*,Y"). For example, for reaction (II) we have, considering the
formation of strong complexes

pB + qH +1LY” = B HyL, = cpx

4223
logo Bpgr = log [cpx] — p log;gb —q log,oh —r log,1 ( )

where for [A*] = C M and [Y ] = C M, constant, with a H-sensitive indicator
electrode, we have

—q log;ph = (—=q/2) {—Eu + Eon — g[D(I) — D(C)] + Q(H, h)h + Q(H, b)b
+ Q(H, DI 4+ Q(H, Aca)Aca or/and Q(H, Acy)Acy}
(4.224)

The change in logio Bpqr With the composition of the ionic medium is
(1) (g/g) Q(H, Acy) Acy, for [A*] = C M, constant,

(i1) (g/g) Q(H, Aca) Aca, for [Y™] = C M, constant,
(iil) (q/ g) {Q(H, Aca) Aca + Q(H, Acy) Acy}, for I = C M, constant.

As can be seen from Tables 4.21 and 4.22, the magnitude of the potential func-
tions, due to changes in the composition of the ionic medium, are different in the
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different ionic media. This will contribute to changes of the equilibrium constants
in the different ionic media, if we do not take into account the composition changes
of the ionic medium.

The magnitude of the Q functions due to the composition change of the ionic
media in Cell H is at C = 3 M: smallest in NaCl at [C]"] = 3 M < as in NaClQy, at
[CIO4s 1=3M < asinLiClO4 at [CIO4 ] =3 M < asin NaCl at [Nat] =3 M <
asinNaClatI =3 M < asin NaClO4 at | =3 M < as in LiCIO4 at I = 3 M.

The composition change Acy for I = C M, constant, is given by Eq. (4.180) and
is a function of B, Lt and AOHr. Acy is given by Eq. (4.181) and is also a function
of the same total concentrations and HYt. If we do not take into account the poten-
tial contributions Q(H, Aca) Aca and Q(H, Acy) Acy, the calculated equilibrium
constants will be a function of By, Ly, and AOH1/HY . Consequently, this effect
will be interpreted as the formation of polynuclear complexes which are artefacts.
The potential contribution Q(H, b) b will also have the same effect.

Moreover, it can be added that the transport numbers, ta and ty, the molar con-
ductivities, Ay, the ionic molar conductivities, Ax = Aay ta, Ay = Aay ty (cf.
Tables 2.10 and 2.11) and the interaction coefficients, ¢”(A, Y), ¢’(H, Y) and &"(B,
Y), are different in the various ionic media. Therefore, the term, Fy, and the poten-
tial functions, Xy Q(H, V) Vand Xy Q(B, V) V with V = h, b, I, Aca and/or Acy,
will also be different. Consequently, for cell H for example, in the different ionic
media the potential terms, Xy Q(H, V) V, will result in a medium dependence of the
equilibrium constants.

In a given ionic medium, the equilibrium constants also change with the exper-
imental conditions used, [A*] = C M, [Y ] = C M, I = C M. This is due to the
change in composition of the ionic medium and the change of the ionic molar con-
ductivities Ay, Ag and Ay, with the experimental conditions. Compare the different
slope functions at the different experimental conditions, for cell H:

SL(H, cg), SL(H, cg), SL(H, 1 = [L"]), SL(H, 1 = [HL ])and SL(H, 1 = [L2")).

Consequently, the functions Q(H, h), Q(H, b) and Q(H, 1) will also change.
Such slope functions have been measured systematically only in aqueous NaClO4
medium.

As a summary, we can write that the ionic medium dependence of the equilibrium
constants is caused by the total potential anomalies, modified by the Debye—Hiickel
term of the log;o fyrsy> value of the measuring electrode. We assume that the species,
H*, B“®* 1Y~ A* and Y~ are present in the test solution. Then we have the follow-
ing potential functions which cause the ionic medium dependence of the equilibrium
constants.

For [A*] = C M (constant) with V =h, b, 1 and Acy:

Cell H

AEy + g[D(I) — D(C)] — corr =g[¢”"(H, L) + &"(H, Y)Acy]

(4.225a)
+Ep + Epr = vQ(H, V)V mV
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and

Alog; Bogr = —qAlog;oh = q(1/g)Zv QH, V)V (4.225b)
Cell B

AEg + gz(B)[D(D) — D(C)] — corr = (g/zp)[¢"(B, L)l +&"(B, Y)Acy] +Ep

+ Epr = Zv Q(B, V)V mV
(4.226a)
and

Alogyy Bpqr = —pAlogy, b =p(zp/2)Ev Q(B, V)V (4.226b)

For [Y™] = C M (constant) with V =h, b, 1 and Acy:
Cell H

AEg + g[DJ) — D(C)] — corr = gs”(H, DI+ Ep 4+ Epr = Xy Q(H, V)V mV
(4.227)
Cell B

AEg +gz5[D(I) — D(C)] —corr = (g/z5)e" (B, L)I+Ep+Epr = TyQ(B, V)V mV
(4.228)
For I = C M (constant) with V =h, b, 1, Acp and Acy:
CellH

AEy = gle"(H, L)l +¢”(H, Y)Acy] + Ep + Epr = SyQ(H, V)V mV (4.229)
Cell B

AEg = (g/zp)[¢"(B, L)l +¢"(B, Y)Acy] + Ep + Epr = Zv Q(B, V)V mV
(4.230)
The term “corr”, defined by Eqs. (1.23), (1.24), is negligible.
Considering complex formation at the experimental condition [Y~] = C M, con-
stant, and cell H, the total cell emf is,

En = Eou + g log;oh — g[D) — D(C)] + Xy Q(H, V)V + corr (4.231)
From here
logiph = {Ex — Eou + g[D(D) — D(C)] — Zy Q(H, V)V}/g (4.232)

neglecting corr.
This means that the contribution to the medium dependence of logo Bpqgr iS

(q/2)ZvQ(H, V)V, for V=h, b, l and Aca.
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If we use cell B, at the same experimental condition, we have:
Ep = Eop + (2/2)10g,0b — g 2[D() — DO)] + Ty QB, V)V (4.233)

log,ob = (zs/g){Es — Eos + g zz[D() — D(C)] — Zy Q(B, V)V}  (4.234a)

As can be seen, the contribution to the medium dependence of logig Bpqr is (p Z/g)
Yv Q(B, V)V, different from that in cell H and is probably greater at the same
experimental condition. Consequently, we obtain different log;o Bpq- values in the
different cells, if we do not correct for these potential contributions.

The estimated functions Q in Tables 4.21 and 4.22 are approximate and are based
on the assumption that the ionic molar conductivities Ag, Ay, AL, Aa and hy are the
same in the slope and Q functions at a given experimental condition. Moreover,
ha and \y are identical with those valid in C M ionic medium AY. This must be
proven by conductivity measurements (cf. Section 2.1 on p. 561 in Part 6A [23]
and Chapter 3). In order to be able to calculate accurate Q functions, we must do
conductivity measurements, because the ionic molar conductivities involved in them
are functions of the composition of the test solutions.

4.5 Conclusion on Cells with Complex Formation

From the emf studies of the total potential anomalies in the equilibrium systems
HY — BY,) — AyL — AY which appear in Cell B and Cell H at the experimen-
tal conditions generally used in potentiometric titrations, the following conclusions
could be drawn. We have treated emf cells where either strong or weak complexes
are formed, respectively.

4.5.1 Strong Complexes Are Formed

1.1. The main species are most probably correct which have been found by curve-
fitting computer programs, if for the total potential anomalies the following criterion
is fulfilled: AEg = 0.01 mV and AEy = 0.01 mV. This is valid for usual concentra-
tion conditions, when the total concentration of the central metal ion, B, is equal or
smaller than 0.1 M. The following titration set was investigated at the experimental
condition that [C104~] = 3 M, constant, and for zg = 2 and 3.

Br/M AyLy/M
0.010 0.050
0.030 0.100
0.050 0.150
0.100 0.300

The total concentration of the ligand < 0.3 M.
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1.2. Among all possible experimental conditions with Cell H, the case [Y"] =C
M, is kept constant, was the best (cf. Table 4.7).

It is seen from this table that the systematic errors in Ey, due to composition
changes of the ionic medium, are

(a) forzg =2:
change between (—0.08) — (—0.27) mV, which corresponds to (—0.001) —
(0.012) logio B units in the equilibrium constants, depending upon Bt and q,
if the species B, Hy L; are formed.

(b) forzg =3:
The systematic errors in Ey are practically zero, and in the equilibrium con-
stants too.

1.3. For Cell H with the experimental condition [Na*] = C M, constant, the
results of Table 4.1 are valid. The systematic errors in Ey, due to composition
change of the ionic medium, vary

(a) forzg =2:
between (—0.44) and (—1.48) mV, which corresponds to (—0.007) — (—0.075)
logip B units in the equilibrium constants, depending upon Bt and q. These
systematic errors cannot be neglected, and the uncertainty level 0.01 mV cannot
be used for the fit.

(c) forzg =3:
The systematic errors in Ey vary between (—0.29) — (0) mV with relatively
small errors in logjo Bpgr-

1.4. For Cell H with the experimental condition I = C M, constant, the results of
Tables 4.20 A and 4.20 B are valid. The systematic errors in Ey, due to composition
changes of the ionic medium, are

(a) forzg =2:

Q(H, Aca)Acy varies between (0.08) and (0.80) mV with A log,, B, :

(0.001) — (0.039) log,, B units

Q(H, Acy)Acyvaries between (-0.89) and (=5.91) mV with A log; B, :

(—0.015) — (—0.300) log, B units, depending upon Bt and q.
(b) for zg = 3:

Q(H, Acy)Acy varies between (~1.18) and (-8.86) mV, with A log,, 8, :
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(—0.020) — (—0.450) log,, B units.

Q(H, Aca)Acy varies between (0.16) and (1.60) mV, with A log,o B, :

(—0.003) — (—0.081)log,, B units, depending upon Bt and q.

These are large systematic errors, which cannot be neglected.

1.5. The functions Q(H, V)V, with V = [B*®*], [H*], [LY~], contribute also
to the total potential anomalies. These were estimated for the Cd**, acetate™ and
Hascorbate™ ions. Moreover, for the ions of the ionic medium, the potential func-
tions Q(H, Acy) and Q(H, Aca) are also included (cf. Table 4.21). Except for
Q(H, h)h with h < 1x1073 M, these potential contributions must also be taken
into account.

1.6. The use of the conditional constants Eoy; and Egp; causes also systematic
errors in logjo Bpq'", which is a function of Br, q and p. These cases have already
been discussed for cells with mixtures of strong electrolytes (cf. Tables 2.1, 2.8 and
2.15).

1.7. In order to be able to estimate AEy and AEg, either accurate conductiv-
ity measurements must be carried out in the test solutions studied (cf. Chapter 3
and Section 4.2.1.4.), or the slope functions SL(B, cg); and SL(B, cy); for Cell B,
moreover, SL(H, cy); and SL(H, cg); for Cell H should be determined.

1.8. The total potential anomalies, AEg and AEy, must be estimated in advance,
when planning the experiments, having the necessary conductivity data, in order
to know that which uncertainty level should be used in the fit, when curve-fitting
computer program is used for the explanation of emf data.

1.9. The activity factors definitely are not constant at the use of the constant ionic
medium method. But this method is useful, because

(a) the ionic activity factors can be estimated with enough accuracy,

(b) the ionic molar conductivities are constant in liquid junctions of constant ionic
medium type. This can be seen from the plots of the different slope functions.
Otherwise, it would be impossible to calculate or determine experimentally the
total potential anomalies.

1.10. If AEg > 0.01 mV and AEg > 0.01 mV, formation of polynuclear com-
plexes or dimer and trimer species will be suggested, which do not exist, namely,
they are artefacts.

1.11. The experimental constant Egy should be determined in the absence of the
central metal ions B“®*_ if we do not have conductivity data on the test solutions.
In the studies of metal ion complex formation, the undissociated weak acid, HyL
(ligand), should be present at a constant concentration level even during the Egy
titration. In the main titration, a buffer solution should be used as a titrating solution
with a constant level of [HyL].
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1.12. In order to keep the interaction coefficients constant, at planning the poten-
tiometric titrations, we should choose the total concentrations Bt and Lt so that the
change of the ionic strength is on a minimum level:

Al =1y -C,Aly =1y -C, I-C

Cf. Chapter 6.

4.5.2 Weak Complexes Are Formed

For the study of weak complex formation with Cell H, usually the self-medium
method is used at the experimental condition [Y~] = C M, constant. In this case, high
and constant concentrations are used for the total concentrations of the central metal
ion, e.g. Br = 0.1, 0.3, 0.5, 0.7 M. These cells have been analysed in detail, before.

The use of conditional constants, Eqy;, moreover, the composition change of the
ionic medium, Q(H, Aca) Aca or/and Q(H,Acy) Acy, and the potential contribu-
tions Q(H, V)V with V = h, b, 1 result in huge systematic errors in Egy;, Ey and
the equilibrium constants. The systematic errors in AEy and in the equilibrium con-
stants are a function of Br. This looks like the formation of polynuclear complexes.
This conclusion is valid for both graphical methods and curve-fitting computer treat-
ments. The systematic errors can reach 1 logjo Bpgr units. This method is not suitable
for emf studies, if we do not correct the effects of the conditional constant Egy; and
the total potential anomalies.

According to Table 4.12, the effect of the use of the conditional constant Egy;
on the equilibrium constants gives the highest systematic errors (- q Alogio h),
followed by the contribution of the central metal ion and the composition change of
the ionic medium:

Alogyg Bpar'” = q(gds c)/g > Alogg Bpe” = q(1/2)Q(H, Cd)Cdr >
Alogo B2 = q(1/2)Q(H, Aca)Acy
at[CIO; | = 3 M, constant.

In Refs. [18, 35, 38], the statement that the potential contributions g d; cg and Q(H,
b = Bt) B can be incorporated into Eyy is a misunderstanding.
These studies of the author are based upon

(a) theoretical equations derived by the author [Ref. 1, 7, 10, 18, 20-23, 25, 35, 38]
for the calculation of the total potential anomalies AEg and AEy, using only
assumptions which have been proved to be true,

(b) accurate emf measurements of the author, where the total emf values, Eg and
Ey, were red with £0.01 mV uncertainties,

(c) accurate conductivity measurements of the author, where the uncertainty of the
resistance measurements was 0.02% [20-22],

(d) accurate conductivity data of Georg Biedermann and Gerard Douhéret [39, 40].
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Appendix 1

Some proposals for the preparation of the test solution in emf cells with complex
formation.

The potentiometric titration for the HY —BYzg)— HyL system can be carried out
in different ways, as it is discussed below.

(1) First, the constants Egg and Eoy should be determined by titrating vy ml solu-

2)

tion Sy with vo ml solution T with the compositions given here.

So =2Bp M B#®)F
25 x 10> M HY
AYS; = CM AY
To = 20 x 107°M AOH
AYT, = (C — 20 x 107> M AOH) M AY

At the end of the E( — titration, we have the composition of solution S:
S =B, HYS = 2.5 x 107 M HY, AOHy, AYS = C — AOHt M AY.

The cell solution, TS,, can be prepared during the main titration by adding v,
ml T; and v, = v; ml solution T, to vg ml solution S.

Solution T, : 2Bt, HY;, AY; = CM.
Solution Ty : L1y, AY,, =C — yLp».

This titration can be carried out if the total concentrations [A*] and [BY ,g)]
should be kept constant during the main titration at the levels C and Brp
M, respectively. The constants Egg and Egy can be determined as shown
in Chapter 2.

If the total concentrations car, [BY,s)] and [HyLt] should be kept constant
during the main titration at the levels C, B, cyyr, respectively, we have for the
composition of the solutions

So :2Br M B“B)*
25 x 10°M HY
AYS; = C M AY
2cy,L MHy L

Ty has the same composition as before. Moreover,
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S:Br, HYS, ¢y, AYS = C — AOHr M AY
Ty : 2Bt, HYy, 2ch,L, AY; =CM
T, : AOHy, AY,; = C — AOH,;M A,

(3) If the total concentrations [A*], [BY,g,] and [AyL] should be kept constant
during the main titration at the values C, Bt and Lt M, respectively, we have
for the composition of the solutions

Sp =2 By MB"®*
HY =25 x 107° +y2L; M
AYSy) =C —y2L; M AY
2Lt M AyL

Ty has the same composition as before.

S:Br, Ly, HYS =1 x 107 4 yL; M, AYS = C — AOHy — yL; M AY
T) :Br, Ly, HY; =x 107 M, AY; =C—yL; M

(4) The main titration can be carried out by the addition of a buffer solution con-
taining [acid]gr = [HLY*'1g M, [salt]p = [LY"]g = Lt and C —y [saltlr M AY
to solution S.
The composition of the solutions Sy, T¢, S and T; has the same values as given
under point (1). Here, F denotes formal concentration.

T, : ey, Lo, AY2C —yLpy

This titration can be carried out in different ways.

(4a) We can either keep the formal concentration of the acid constant, when the
ratio [acid]g / [salt]g is changing,

(4b) or we can keep the ratio [acid]g / [salt]r constant, and titrations are made at
different ratios.

Notation
Appendix 2

Survey of the Estimated Q(H, V) Functions with V =h, b, | = [L™ ],
l=[L*], A c4 and/or A cy at [A*] = C M, Is Kept Constant

(1) The difference function is
Q(H, h) — SL(H, cy); = Eq. (4.51) —Eq. (2.14b) g

and
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Q(H, h) = SL(H, cp)iexp — g¢"(H, Y) — gFory +gtag”(A, Y) (4.235)
where

Fo=1/[2303C (s + Ay)] (2.5)
ty = Ay/(Aa +Ay) and ta = Aa/(Aa + Ay) (2.6)

exp = experimental.
(2) The difference function is
Q(H, b) — SL(H, cp); = Eq. (4.52) —Eq. (2.14a) g

and

Q(H, b) = SL(H, ¢B)iexp—2 zpe"(H, Y)—g 25 Fohy +g zatac”(A, Y) (4.60bc)

(3) The difference function is
Q(H, L™) —SL(H, L7) = Eq. (4.53) — Eq. (4.89)
and
Q(H, L) =SL(H, L )exp+g¢"(H, Y)+gFory —gtag”(A, Y)  (4.93ab)
(4) The difference function is
Q(H, L*7) — SL(H, L*") = Eq. (4.53) — Eq. (4.105)
and

Q(H, L*) = SL(H, L )exp + g ye"(H, Y) + gy Fory — gy tae”(A, Y)

(4.106)
SL(H, LZ‘)CXp can be obtained on the basis of Eq. (4.101).
(5) The composition change of the ionic medium is
QH, Acy) = g&"(H, Y) +gFyhy — gtac”(A, Y) (4.54)

and

ACY = HYT + zp BT — AOHT — yLT (456)
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At [Y"] = C M, Is Kept Constant

e))

@)

3)

“)

®)

The difference function is
Q(H, h) — SL(H, cyg); = Eq. (4.51) —Eq. (2.29) g
and

Q(H, h) = SL(H, cu)iexp — g Fora + g tye"(A, Y)

The difference function is
Q(H, b) — SL(H, cg); = Eq. (4.52) — Eq. (2.28) g
and
Q(H, b) = SL(H, cp)iexp —2FyzZaAa g F zB1a + gty 28 (A, Y)
The difference function is

Q(H, L7) —SL(H, L) = Eq. (4.53) — Eq. (4.129)
and
Q(H, L7) = SL(H, L )exp + g Fy yAa — gy tye"(A, Y)
The difference function is
Q(H, L*7) — SL(H, L*") = Eq. (4.53) — Eq. (4.143)
and
Q(H, L*7) = SL(H, L )eyp + gy Fora — gy tve"(A, Y)
The composition change of the ionic medium is
Q(H, Aca) = Q(B, Acp) = —gy Fors + g tye”(A, Y)
and

ACAZCA—CZAOHT—HYT—ZB BT~|—yLT

Atl = CM, Is Kept Constant

)]

The difference function is

Q(H, h) — SL(H, cy) = Eq. (4.51) — Eq. (2.50) g

(4.236)

(4.237)

(4.131)

(4.144)

@.111)

(4.110)



Appendix 2 171
and

Q(H, h) = SL(H, cr)exp — g Foha + g tve"(A, Y) (4.238)

(2) The difference function is
Q(H, b) — SL(H, cp) = Eq. (4.189) — Eq. (4.196)
and
Q(H, b) = SL(H, cg)exp + Eq. (4.197b)
(3) The difference function is
Q(H, L™) —SL(H, L) = Eq. (4.195) — Eq. (4.204)

and

Q(H, L7) = SL(H, L )eyp + 2 ¢"(H, Y) + g Fohy — g tas”(A, Y) (4.239)

(4) The difference function is

Q(H, L?>7) — SL(H, L*") = Eq. (4.195) — Eq. (4.218)

and

Q(H, L*") = SL(H, L* )y, + difference function (4.219)
(5) The composition change of the ionic medium is
QH, Aca) = —g Forp + gtye”(A, Y) (4.192)
and

Acp = cpy — C = —HY7 — [(z3* + z8)/2]Br + (1/2)AOHy

5 (4.181)
- [y +y)/2lLr+yLr
Q(H, Acy) = ge”"(H, Y) + g Fohy — g t,&”(A, Y) (4.194)

and

Acy = cy — C = 7z By — (1/2) AOHt — [(zg* + 73)/2] B — [(y* +y)/2] Lt
(4.180)
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Chapter 5

Estimation of the Total Potential Anomalies
and the Determination of the Equilibrium
Constants in Emf Cells Where Every Kind
of Complex Can Be Present

In the previous chapters, equations have been derived for the estimation of the total
potential anomalies and the preliminary data treatment for the equilibrium systems
HY - BY, @) — AyL — AY. In these calculations, the species B®* Y-, A* Y~ and
H* were assumed to be present. The potential functions Q(H, V)V with V = [B*®)*],
[H*], [LY"], Acy or/and Acy have been estimated, partly by conductivity measure-
ments and partly by the use of known slope functions. Having these functions, logg
h can be calculated by successive approximations. Then preliminary chemical mod-
els and equilibrium constants can be established with the help of a curve-fitting
computer program. From these results, one can see if the presence of the metal ion
complexes is negligible or not. If they are not negligible, new treatment of emf data
must be planned. This can take place through several steps.

First, we make an emf titration for the system studied, and carry out a preliminary
treatment of the data:

estimation of the total potential anomalies,

calculation of the preliminary logo h values,

establishment a preliminary chemical model,

calculation of the preliminary equilibrium constants,

calculation of the preliminary equilibrium concentrations.
As a second step, an identical titration should be carried out where the conductiv-
ity of the test solution is measured. The ionic molar conductivities of the species
formed are determined with the help of a curve-fitting computer program, using the
equilibrium concentrations obtained above.

With the help of the conductivity data, new log;o hex, values should be calculated,

taking into account the formation of the complexes found during the preliminary
data treatment: P;, N;j, Li. For Cell H, we have for the total cell emf:

En = Eon + glogyg hexp — g[DI) — D(O)] + =y Q(H, V)V + Ep* + Ep¢™  (5.1)
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where
V =h, b, 1, Acy or/and Ac, for the Q(H, V)V functions defined before,

Ep* and Ep¢* defined on the basis of Egs. (4.28) and (4.34b), respectively, including
only the metal ion complexes and the protolysis products of the weak acid (ligand).
In these equations, N is defined by Eq. (4.29a). Then we have

x=1
EDX = —(g/2303) / (l/N)[Ei)Lpiuipix“i_l - Ek>1)LLk1kukXUk_l — EjkNjn;jx”j_l]dx
x=0
(5.2)
1

Ep = —g [ (I/N)[Siapipix* d log;ofs — Sie1h, lixd log off, 53
x=0 .

—Zj)»NjanudeOgm fNj*]dX
For [A*] = C M, constant, we have

W Z)\.Hh + )\BbZB + )\.Lyl + AyACY (54)
a=C(a +Ay)

At the other experimental conditions, the first three terms of Eq. (5.4) are the same.
The last term appears due to the composition change of the ionic medium.

For [Y7] = C M, constant, the term concerning the composition change is Aca
Aa. For I = C M, constant, it will be: Acy Ay + Aca Aa.

The term Ep* can be estimated by graphical integration for every titration point,
as the equilibrium concentrations and the corresponding Ay values are known.

The term Ep¢* should also be integrated graphically, using approximate values
for the interaction coefficient of P; Ly and Nj ions, taken from &”(ions) of the
same charges.

Now, new logjo h ¢y, values (cf. Eq. (5.1)) should be calculated and minimizing
the least—squares sum U.

The function log;o h should be combined with the expression for the equilibrium
constants. Considering the equilibrium

pB + qH +rL = ByHyL,; = complex, cpx @D
the concentration equilibrium constant is defined as

logg Bpgr= logo[complex] — plog;,b — qlog;h — rlog;,l (5.5)

The theoretical value for log;o h can be obtained as

logp heae= —(1/qlogoBpqr+(1/qlogg[complex] — (p/g)log;yb — (r/q)log;,]
(5.6)

or

heate = Hr — Zpgr qBpgr P 09 I (5.7a)
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where calc = calculated and B, (p.q,r) pairs belonging together, are parameters.
Now, one can minimize residual-squares sum with a curve-fitting computer pro-
gram, e.g.:

U =Ziwi(heyy — heare)i® = Ziwir’ (1.53)

until we reach a minimum value of U. This is the “best” fit for the parameters
involved. This means an uncertainty of 0.01 mV on AEy respective AEg.
The total potential anomalies are, for Cell H:

AEg= —g[D() — D(O)]+2vQH, V)V + Ep*+Ep¢" (5.7b)

with V =h, b, 1, Acy or/and Acy.
For Cell B, we have

AEg= —gzg[D(I) — D(O)]+ZvQ(B, V)V + Ep*+Epf* (5.8)

If we want to calculate thermodynamical equilibrium constants, on the activity scale,
we should calculate the ionic activity factors of the ions involved.

The definition of the activity coefficients

We define log f in general, according to the specific interaction theory (SIT) [1-8]
cf. Egs. (12) and (13) in the Definitions. The reference state is chosen in such a way
that the trace activity coefficients f;'" — 1 as ¢; — 0 in C M AY as solvent. Hence,
we can write for some intermediate plane in the transition layer

log fi* = —z;[DA*) — D(C)] + [Zxe”(J, Ll *
+ Zie”(J, Npny*+¢e"(J, Y)(cy* — O)lea (5.9)
+ [, H)h*+¢"J, B)b*+Zie” (J, P)p;* lan
Here, [ . ..]., = the terms to be used if J is a cation,
[...]., = the terms to be used if J is an anion. (5.10)
(I*) = the ionic strength in the transition layer

= xI(TS2) + (1 — x)I(TS1)

With x =1, we obtain logj f; values in the test solution (TS2).
Different logg Bpqr values can be calculated.

The definition of the equilibrium constants

We consider the complex formation reaction denoted (I).
The thermodynamical equilibrium constant is defined as

Bov= [epx]b Ph 917" f(cpx)f(B) PH(H) (L) ™" = Bpqrf(cpx)f(B) PH(H) If(L) ™"
5.11)
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It denotes the formation constant of reaction (I), expressed on the activity scale.
The magnitude of By, depends on the choice of the reference or standard state
for the activity coefficients.

Bpgr 1s the so-called concentration constant valid in the test solution studied,
expressed on the concentration scale at the ionic strength I = C M, defined by Eq.
(5.12). The ratio of the activity coefficients involved in Eq. (5.12) is generally con-
sidered to be constant

= [epx]b™Ph™917" = B 2f(B)PF(H) (L) f(cpx) (5.12)

,qurc is valid at trace levels of the species J (cj) in C M AY as reference state. It can
be determined on the basis of Eq. (5.12), which now takes the form of
Eq. (5.13). Here, log f; values defined by Eq. (5.9) should be inserted.

log Bpgr= logloﬂ;,cc,r+PIOglof(B) + qlog,(f(H) + rlog,(f(L) — log,of(cpx),
(5.13)
,quro = is the equilibrium constant in pure water as standard state for the activity
coefficients. This can be determined through extrapolation of a suitable function
to I = 0, using Byq" values belonging to different C levels. This procedure is
based upon Eq. (5.12), which now takes the form of (5.14). The log;, f(J) values
defined by Eq. (5.15) should be inserted.

log;o ﬁ[i]r: log loﬂgqr+P10g10f(B) + qlog, f(H) + rlog,,f(L) — log,,f(cpx)
(5.14)

log, f(J) = —22D(I) + {¢"(J, Na)[Na®] + & (J, B)[B“®*]
+3:6"(J, P)pi 4 €”(J, K}y + {£”(J, CIO,)[CIO; | (5.15)
+Zke”(J, Lk + Zie”(J, Npnj}ea,

Equilibrium constants can be determined by standard methods [9—11], mostly
graphical ones (normalized curves) [9, 11-14]. These give the main species present
and the average composition of the system studied. For the refinement of the con-
stants and finding the minor species, curve-fitting computer programs [12, 15] are
used, which should be revised according to the theory presented here.
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Chapter 6

On Emf Titrations Proposed
for the Determination of Some
Interaction Coefficients [1]

Certain galvanic cells without liquid junctions, used together with a titration tech-
nique, are proposed to determine interaction coefficients for the various ion pairs
present in the solutions. The experimental values of the interaction coefficients are
needed in calculations of the total emf of cells with liquid junctions considered in
other chapters of this book.

Equations and figures presented in this chapter are reproduced with kind permis-
sion of the Springer Science and Business Media from the article specified by the
reference number given after the title of the chapter and by the texts given under the
figures. The date of the copyright is identical with the year of publishing the article.

6.1 Introduction

The emf cells studied in this book are used in potentiometric titrations and comprise
the following:

(i) Mixtures of strong electrolytes (cf. Chapter 2) with liquid junctions of constant
ionic medium type: AY | AY +HY + BY,@3);

(i) Equilibrium systems where formation of strong [2-5] or weak (cf Chapter 4)
complexes takes place with liquid junctions of the type:

AY | AY + HY + BY, ) + A,L

The total cell emf (Eg or Ep) and the total potential anomalies AE; have been
calculated. For these calculations, we must know interaction coefficients for ion
pairs &”(H*, Y7), ¢"(B?B*, Y7), &”(A*, Y7), (A", CI7), &"(H*, Cl7), &"(A*,
LA, ¢”(H*, LAY-). A few of the coefficients can be found in the literature
(cf. Refs. [6-9]) or in Tables 2.3 and 4.2. But in the present emf studies, we need
many new interaction coefficients. Long ago Guggenheim and Turgeon [6] sug-
gested using cells without liquid junctions for the determination of interaction coef-
ficients for some dilute 1:1 electrolytes. In this study, suitable cells will be proposed
for the determination of the interaction coefficients listed above.

E. Néher-Neumann, Advanced Potentiometry, 181
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In order to obtain the highest possible accuracy, the concentration of the ion,
which is the independent variable, has to be increased in the cell, as much as possi-
ble, by titration. As the interaction coefficients depend on the ionic strength I, this
should be varied within a broad range: 0.5 <1 <3 M.

The study of the liquid junctions is important, as the neglect of their effects
results in systematic errors; these might be interpreted erroneously as indicating that
polynuclear complexes have formed [3]. In the following, ionic charges in super-
script and in the symbols used for the interaction coefficients will be omitted for
simplicity. For the estimation of the activity coefficients, the standard state is defined
in such a way that activity coefficients f; — 1 as I — 0.

6.2 Survey of Some Emf Cells for Determination
of Interaction Coefficients

6.2.1 Determination of the Interaction Coefficient ¢"(B,Y)

The interaction coefficient £¢”(B, Y) between an amalgam-forming cation B and the
anion Y of the medium can be determined by emf measurements, as we have done
for the determination of &” (Cd, ClO4). The symbol Y can denote C10,~. Cell 1 is
used:

— Hg, Cd (0.01%) | Cell solution | GE + Cell 1

where GE denotes a glass electrode.
The cell solution has the composition:

0.020M Cd (ClO4),
0.020 M HCIO4
0.459 M NaClO4

The cell solution was titrated with a solution of the composition: 0.020 M
Cd(Cl0y4),, 0.020 M HCIOy4, and X M NaClOy. [CIO4 ] in the cell solution was

varied over the range 0.5 < [ClO4~] < 4.1 M. The emf of the cell (in mV) at 25°C
can be written as

E = Eo +29.58log,o{h? f; [Cd*"]7" f.5"} (6.1)
where Ej is an experimental constant.
The activity coefficients involved can be expressed using the Specific Interaction

Theory [6-12] (SIT): cf. Egs. (12, 13).

log,, fu = —D(D) + ¢"(H, C10,4) [C1O, ] (6.2)
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Fig. 6.1 Determination of E*

the interaction coefficient mV

&"(Cd**, ClO;,"). Plot of E* |

vs. [C1O; ]. Reproduced with O

kind permission of Springer

Science and Business Media 86
from Néher-Neumann E N
(2003) The liquid junction

potential in potentiometric _gal

titrations. VII. On emf
titrations proposed for the
determination of some O
interaction coefficients. J
Solution Chem 32: 645-662
(Fig. 1) . .
0 1 2 3 4 M [CIO;]

log,o fea = —2zca®D() + £(Cd, CIOy) [CIO; ] (6.3)

where D(I) is the Debye—Hiickel term for the cell solution, given by Eq. (2), in the
Definitions.
By plotting the function E*, as defined by:

E* = E — 29.58log,,{h* [Cd*T]™'} — 59.16 D(I)

6.4
= Ej +29.58 [2¢"(H, Cl04) — £"(Cd, Cl04)] [CIO, ] ©4
against [C1O4~], the unknown &” (Cd, ClO4) could be calculated from the slope of
the straight line obtained, using &” (H, ClO4) = 0.18 liter solution/mol solute, taken
from Table 2.3. This plot is shown in Fig. 6.1.
The results are as follows:

¢”(Cd, Cl0,4) = 0.40 liter solution/mol solute
e(Cd, ClO4) = 0.32 kg solvent/mol solute

The ¢ value obtained here is in good agreement with the value suggested in Ref. [9]
and with the predicted value [7] ¢ (Cd, ClO4) = 0.27 — 0.34 based on the interaction
coefficients of [(Ca, Mg, Co, Cu, Zn, Hg, with z = +2) C1O4~].

6.2.2 Determination of € (A* = Na, L)

For the determination of the interaction coefficient between a ligand anion L0~
and the Na* ions, ¢(Na, L), the author suggests the following emf method, using
Cell 2.
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— Ag(s), AgCl(s) | Cell solution | IS Na* +  Cell 2
The cell solution has the composition:

0.01 M NaCl
0.5 M NaClO4

In Cell 2, IS Na* denotes a Na*-selective glass electrode. The cell solution should be
titrated with a solution of the composition: 0.01 M NaCl, X M NayL (or Nay_;HL,
Nay ,H,L, etc., where y = | z; |), Z M NaClOy4 (in order to increase the ionic strength
of the cell). The [NayL] of the cell should be increased by the titration to as high
value as possible. The experiences gained in this laboratory about the use of IS
Na* electrodes of commercial Type 39 137 of the Beckman Co. and of Type 46
72 10 of the Corning Glass Co. are presented in Ref. [13]. The potential of both
Na*-selective glass electrodes drifted with time. For the use of these electrodes for
accurate emf measurements, an extrapolation procedure is suggested, as described
in the Experimental section.

In order to check the reliability of the Na*-selective glass electrode, a back titra-
tion must be done. At the end of the forward titration, we decrease the volume of
the test solution by sucking out a portion with a pipette. We then continue to titrate
with a solution of 0.01 M NaCl.

The emf of cell 2, in mV and with molal concentrations, can be written as

E = Ey + glog,o(mna mcy) + glogo(¥naYer) (6.5)

Here, g = (10° RT In 10)/F and the values of the constants are given in the
Definitions . . . often used in the text. Expressing the log|o y j values according to
SIT [6-12], we have

logyy ya1 = —D(I) + ¢ (Na, Cl)my, (6.6)
log,o ¥na = —D() 4+ € (Na, Cl)mc; + ¢(Na, ClO4)mcjos + € (Na, L)m;,  (6.7)

Substituting the functions obtained for logg ¥ and logjg ¥na into Eq. (6.5), we
have

E* = E — glog, (mnamcy) + g22D(I) — ge (Na, Cl)(mc; + mya)
— ge (Na, Cl04)mcio4 = Eg + ge (Na, L) mp.

(6.8)

By plotting the function E* against my, the value of ¢ (Na, L) can be calculated from
the slope of the straight line obtained. Here, we need the constants

e(Na, Cl) [6] = 0.13 kg solvent (mol solute) 1
&(Na, ClOy) [14] = 0.03 kg solvent (mol solute)™!
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If we use £”(Na, C1) and &” (Na, ClOy) in liter solution (mol solute)™! determined
in this paper, our calculations for ¢” (Na, L) can be carried out on the molar scale as
well.
This procedure was used by the author for the determination of ¢” (Na*, HAsc™).
HAsc™ denotes the hydrogen ascorbate ion.
The cell solution had the composition: 0.1 M NaCl and 1.000 M NaClO,. We used
a titrating solution: 0.1 M NacCl, 1.000 M NaHAsc, and 2.286 x 102 M H,Asc. The
pH of this titrating solution is approximately 6. A Na*-selective glass electrode,
Model 84-11 ROSS, was used from the ORION Research Company, which suggests
pH = 6 — 12 for the measurements of Na* concentration. For the protolysis constant
of the ascorbic acid, the value

H,Asc = HAsc™ + H', log,, K; = —4.359

was used for the calculation of the pH. The interaction coefficient ¢”(Na*, Hasc)
was determined on the molar concentration scale. The plot E* against [NaHAsc] is
shown in Fig. 6.2, according to Eq. (6.8).

e” (Na, Cl) = 0.05 was used in the calculations. The following results were
obtained.

For 0.08 < [NaHAsc] < 0.170 M, ¢”(Na, Hasc) = 2.80 & 0.09 and 0.170 <
[NaHAsc] < 0.500 M, ¢” (Na, HAsc) = 0.93 £ 0.07.

For the back titration, a solution with the composition 0.100 M NaCl + 1.00 M
NaClO4 was used.

E*
mV

Fig. 6.2 Determination of 470

the interaction coefficient
&”(Na™, HAsc™) according to
Eq. (6.8). Filled symbols 460
denote back titration.
Reproduced with kind
permission of Springer
Science and Business Media
from Néher-Neumann E
(2003) The liquid junction
potential in potentiometric 440 -
titrations. VII. On emf
titrations proposed for the
determination of some
interaction coefficients. J 430

Solution Chem 32: 645-662 T T T T T
(Fig. 2) 0 0.1 0.2 0.3 0.4 [NaHAsc] M

450
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6.2.3 Determination of €" (B, ClOy)

For determination of the interaction coefficient between a metal ion, other than Na*,
and the C1O4~ ion, the emf method presented below, is suggested.

—LMCIO, | Cell solution | GE + Cell 3

The cell solution has the composition:

0.1 M HCIO4
0.4 M NaClOy4

The cell solution should be titrated with a solution of the composition: 0.1 M HCIOy,
X M B(CIOy4),s), ZM NaClOy. The concentration cg of the cell should be increased
by titration to as high a level as possible.

The notation LM ClO,~ stands for a perchlorate electrode of liquid-membrane
type. According to the experiences gained in this laboratory [14], the perchlorate
electrodes, commercially available at present, cannot be used for precise emf mea-
surements. On the other hand, it was noticed [15] that solutions of tetraheptylam-
monium bromide, iodide, nitrate or perchlorate in ethyl bromide behave as anionic
liquid membranes with ideality close to 100%. A simple and useful construction for
this type of electrodes is presented.

At the end of the titration in question, a back titration can be made with 0.100 M
HCI1Oy4 solution, after decreasing the volume of the test solution. The emf of this
cell, in mV and with molar concentrations, can be written as

E = Ej + glogy(cH ccio4) + glogo(th fcio4) (6.9)

With the activity factor logo fcio4, expressed according to SIT as follows,
log, faioa = —D(I) 4+ ¢”(Na, ClO4)cn, + €”(B, ClO4)cg + €”(H, ClO4g)cy (6.10)
and with log, fy, given by Eq. (6.2), we obtain

E* = E — glog(cu ccios) + 2g D(I) — ge"(H, ClO4)(cu + ccio4) 6.11)
— ge”(Na, ClO4)en, = Eg + g&” (B, ClO4)cp '
Plotting the function E* against cg, the value of ¢” (B, ClO4) can be calculated from
the slope of the straight line obtained. Here, we need the value ¢” (Na, ClOy) = ¢
(Na, C104) = 0.03 kg solvent (mol solute)™' [14].
An alternative cell for determining ¢” (B, ClOy) is discussed in Appendix C
(Chapter 6).
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6.2.4 Determination of " (H, L)
We can use Cell 4 for the determination of ¢” (H, L).
— Ag(s), AgCI(s) | Cell solution | GE + Cell 4
The cell solution has the composition:

0.010 M NaCl
2.990 M NaClO4
[H] = 0.001 M HCIO4

The emf of this cell, in mV, can be written as

E = Eo + glog, {h[CI™ ) + glog,o (fifcr) (6.12%)

where h denotes the hydrogen ion concentration at equilibrium. vo ml of the cell
solution should be titrated with solution of the composition: 0.010 M NaCl, 0.300 M
HL, 1.000 M NaL, and 1.990 M NaClOy. For the back titration, after decreasing the
volume of the test solution, the following solution can be used: 0.010 M NaCl +
2.990 M NaClOy.

The HAcetate (HAc) — NaAc system can be taken as an example. For the protol-
ysis of the acid HL, we write

HL = H" 4+ L~ with the protolysis constant K,
log;oh = log;o Ky — log;g (Csait/Cacia) (6.12)

In the calculation of E, the following approximations can be used for the buffer
system in question:

[HyL] = [HyL]f = coia M and [LY7] = [NayLlf = ceue M

Here, caiq and cgy¢ are the weight, analytical (= formal) concentrations.
With the ionic activity coefficients, expressed according to SIT [6—-12], we have

log,o fu = —D(D) +¢"(H, CD[C1 ™1+ ¢"(H, Cl04)[CIO, 1+¢"(H, L)[L'"] (6.13)
log,o fci = D) + £”(Na, Cl) [Na™] + ¢”(H, CDh (6.14)
and we obtain

E*=E - glOglo(Cacid/Csalt) + 2g D(I) — g SN(H, CIO4) [C104_] - SL(H’ HAC)Cacid

—ge”(H,Chh = constant + g ¢”(H, Ac) [NaAc]g (6.15a)
where
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constant = Eqy + glog,, K, + glog,,[C17]+ g&¢”(H, Cl) [C1 ]+ ge”(Na, Cl) [Na™]

(6.15b)
Here, SL(H, HAc) = 8.4 mV/ M HAc, determined in a test solution containing
3 M NaClO; ionic medium and 50 mM HClOy, is kept constant. We titrate with the
solution of the composition X M HAc + 50 mM HClO4 + 3 M NaClOy. Plotting the
function Ey — 59.16 logo h versus [HAc]g, the slope is identical with SL(H, HAc).

Plotting the function E* vs. [LY ~ ], the value of ¢” (H, L) can be calculated from
the slope of the straight line obtained.

The determination of ¢” (H, Ac) was done by the author. The plot of E* vs.
[NaAc)g is shown in Fig. 6.3. The result ¢” (H, Ac) = 0.07 £ 0.01 liter solution
(mol solute)™! was obtained.

In Fig. 6.3, the position of the E* values are uncertain below [NaAc] = 0.100 M.
The reason for this may be that in this range the measured changes are too small in
comparison to the experimental uncertainty.

Another determination of ¢” (H, Ac) was also done at [Na*] = 3 M, and [HAc] =
10 mM, both kept constant. The plot in question is shown in Fig. 6.4. The following
results were obtained.

¢”(H, Ac) liter solution (mol solute)™"

0 < [NaAc] <0.070M 0

0.070 < [NaAc] < 0.350 M 0.07 £0.01

0.350 < [NaAc] <0470M 0.11 £0.01

E*
mV

I I I I I
0.1 0.2 0.3 0.4 [NaAc]M

Fig. 6.3 Determination of the interaction coefficient ¢”(H", Ac™) at constant ratio Cy¢ja/Csay =
0.300 / 0.97771 M. Filled symbols denote back titration. Reproduced with kind permission of
Springer Science and Business Media from Néher-Neumann E (2003) The liquid junction poten-
tial in potentiometric titrations. VII. On emf titrations proposed for the determination of some
interaction coefficients. J Solution Chem 32: 645-662 (Fig. 3)
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E*
mV
11k
-10 |- O
9L [ )
-8 I I I I I
0 0.1 0.2 0.3 0.4 [NaAc]M

Fig. 6.4 Determination of the interaction coefficient ¢”(HT, Ac™) with [HAc]g = 0.0100 M, is
kept constant. Filled symbols denote back titration. Reproduced with kind permission of Springer
Science and Business Media from Néher-Neumann E (2003) The liquid junction potential in poten-
tiometric titrations. VII. On emf titrations proposed for the determination of some interaction coef-
ficients. J Solution Chem 32: 645-662 (Fig. 4)

Cell 4 can also be used in cases where LY~ is an anion of a strong acid. For the back
titration, a solution of composition 0.010 M NaCl + 2.990 M NaClO4 was used.

The procedure suggested above can also be used for the determination of the
interaction coefficients of the type ¢ (H*, HL?®)"), ¢ (H*, H,L“®""). Here, z(an)
= — 7 + u, where u is the number of H atoms present in the anions in question.

6.2.5 Determination of " (A, Cl)

Cell 2 can also be used for the determination of the interaction coefficient ¢” (A, Cl),
by using a cell solution of composition 0.5 M ACI. This value should be increased
to as high value as possible, by the addition of X M ACI. In this case, the following
equation is valid

E* = E—glog,o{[A"] [CI"}+2g D(I) = Eg+ge"(A, CH{[CI"]+[AF]}  (6.16)

Plotting the function E* vs. {[C17] + [A*]}, the interaction coefficient &” (A, Cl)
can be calculated from the slope of the straight line obtained. For the back titration,
pure water was used.

The interaction coefficient ¢” (Na, Cl) was determined by the author in a broad
concentration range. vo ml cell solution with the composition 0.170 M NaCl was
titrated with 3.00620 M NaCl. The plots are presented in Fig. 6.5.

The following results were obtained.

¢”(Na, Cl) liter solution/mol solute

0.170 < [NaCl] < 0.300M —0.014



190 6 On Emf Titrations Proposed for the Determination of Some Interaction Coefficients

E*
mvV [

220 -

215 - OOO

211 1 1 1 1 1 1 1 1
0305 1.0 15 20 25 3.0 [Na‘l+[CMM

Fig. 6.5 Determination of the interaction coefficient £”(Nat, C17) in the concentration range
[NaCl] = 0.170—1.90 M. Filled symbols denote back titration. The Symbols A, A are shifted
along the E* mV axes by —4.36 mV and the symbols [J, B by —4.98 mV units. Reproduced
with kind permission of Springer Science and Business Media from Néher-Neumann E (2003)
The liquid junction potential in potentiometric titrations. VII. On emf titrations proposed for the
determination of some interaction coefficients. J Solution Chem 32: 645-662 (Fig. 5)

0.300 < [NaCl] < 0.650 M 0.027 £ 0.001
0.650 < [NaCl] < 1.050 M 0.053 % 0.002
1.050 < [NaCl] < 1.300 M 0.053 = 0.009

1.300 < [NaCl] < 1.900 M 0.102 £ 0.003

It is seen from the results that at low ionic strength, [NaCl] < 0.300 M, the interac-
tion coefficient ¢” (Na, Cl) is not constant and it has a negative value. In this region,
the Debye—Hiickel term of the activity coefficients dominates, which results in quite
different values for ¢” (Na, Cl). The condition of the SIT is that the interaction
coefficients are constant within the range 0.5 <1 < 3.00 M.

The given ranges of uncertainty correspond to + 0.10 respective £ 0.20 mV
errors in E* values.

6.2.6 Determination of " (A, ClOy)

Cell 2 can also be used for the determination of the interaction coefficient &” (A,
ClO,), by using an A* ion-sensitive glass electrode and a titrating solution of the
composition 0.01 M ACI + ca. 5 M ACIOy. The interaction coefficient ¢” (Na, C104)
was determined by the author.

The cell solution had the composition 0.010 M NaCl + 0.69953 M NaClO4. The
titrating solution had the composition 0.010 M NaCl + 2.990 M NaClOy. In this
case, the following equation is valid
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Fig. 6.6 Determination of E*
the interaction coefficient mV
¢"(Nat, ClO, ) in the

concentration range 0.70 < 89.0 |

[NaClO4] < 1.50 M.
Reproduced with kind
permission of Springer
Science and Business Media
from Néher-Neumann E
(2003) The liquid junction
potential in potentiometric 88.0
titrations. VII. On emf

titrations proposed for the
determination of some 875
interaction coefficients. J '
Solution Chem 32: 645-662

(Fig. 6)
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E* = E — glog,p{[A"] [CI]} + g2 D(D) — ge(A, CD{[CI"] + [A*]}

(6.17)
= Ey + g¢”(A, ClOy) [C1O, ]

Plotting the function E* vs. [C104~], the interaction coefficient ¢” (A, ClO4) can be
calculated from the slope. This plot is shown in Fig. 6.6. The following results were
obtained:

0.70 < [C10, ] < 1.125M ¢"(Na, ClO4) = 0.030 £ 0.006

1.125 < [C1O, ] < 1.50 M ¢"(Na, Cl04) = 0.045 £ 0.004

6.2.7 Determination of " (H, Y)
We can use emf Cell 5, defined below.

— Ag(s), AgClI(s) | Cell solution | GE + Cell 5

The cell solution has the composition:

0.01 M NaCl
0.05 M HY strong acid

0.5M AY
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The cell solution should be titrated with a solution of the composition 0.01 M NaCl +
0.05 M HY + ca. 5 M AY. The concentration of [AY] in the cell should be increased
to as high a value as possible.

The emf of the cell (in mV) can be given as

E = Eo + glog,o{[HT] [CI" ]} + gllog,, fc1 + log,q ful (6.18)

We can write, according to SIT [6—-12],

log,, fc = —D(I) + &”(H, Cl) [H] + £”(Na, Cl) [Na*] (6.19)

log,ofu = —D() + &¢"(H,Cl) [CI"] + &"(H, Y) [Y] (6.20)
Therefore, we have

E* = E — glog,{[H*] [CI"]} + g2 D() — ge”(H, CI){[H*] + [CI" ]}

(6.21)
—ge”"(Na, Cl) [Na*] = Eg + g&”"(H, Y) [Y™]

Plotting the function E* vs. [Y ], the interaction coefficient &” (H, Y) can be calcu-
lated from the slope. The values of ¢” (H, Cl) and &” (Na, Cl) should be known.

6.2.8 Determination of ¢" (H, Cl)

Cell 5 can also be used for the determination of ¢” (H, Cl) with the composition for
the cell solution 0.5 M HCI. This value should be increased by titration (X M HCI)
to as high value as possible. For this cell, we have

E* = E—glog,o{[H"] [CI"}+2g D(I) = Eo+ge"(H, CH{H"]+[CI"]}  (6.22)

Plotting the function E* vs. {[H*] + [CI~ ]}, the interaction coefficient ¢”(H, Cl) can
be obtained from the slope. Ag(s) and AgCl(s) electrodes can be prepared according
to Brown [16].

6.3 The Dependence of the Interaction Coefficients
on the Ionic Strength

The potentiometric titrations presented above show the ionic strength dependence
of these coefficients also. When determining the interaction coefficients, the total
ionic strength during the titrations should include the [A*]=C M, or [Y ' ]=CM
or [ = C M value, used at the complex formation study.

In order to keep the interaction coefficients constant during the complex forma-
tion studies, we should look over which the I values depend on.
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The ionic strength in cells with complex formation can be defined as follows.
According to definition

= (1/2)%) ¢z} (6.23)

The species which are present are: A*, Y=, H*, BA®* Ly-, [, “M0- N;#Ni- p, #(Pi+,
Therefore,

I=(1/2)%jlca +cy +h+bzg +1y* + I z(Lk)* + n; z(Nj)* + p; z(Pi)*] (6.24)

The ion concentrations involved are given in Chapter 4.1.2. Assuming that AL
is used as complexing agent and AOH was used during the determination of the
experimental constant Egyg through an acid-base titration for increasing the pH, we
have the following I functions.

For [A*] = C M, is kept constant:

I = (1/2)25(C 4+ C 4 Acy + X equilibrium terms) (6.25)
where
Acy =cy —C=—AOHy —y Lt +HY1 + 73 By (6.26)
3 equilibrium terms = h + b Zé +1y% + Lz(Lk)* + n; z(Nj)* + p; z(Pi)* (6.27)
which gives
I»n = C+ (1/2)2Z5(Acy + X equilibrium terms) (6.28)

For [Y~] = C M, is kept constant:

Iy = (1/2)Z5(C + Aca + C + X equilibrium terms) (6.29)
where
Acy =ca —C=—-HYr —zg Br+yLr+ AOHt (6.30)
and
Iy = C+ (1/2)2Z5(Aca + X equilibrium terms) (6.31)

For I = C M, is kept constant:
I=((1/2)2;(C + Acp + C + Acy + X equilibrium terms)) (6.32)
where

Acy = ca—C = —HY1—(1/2)(z3 +z8)Br— (1/2)(y*+y) Lr+y L1+(1/2)AOHy
(6.33)

on the basis of Egs. (4.10), (4.11), (4.14), (4.15) and (4.16).
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Acy = cy—C = 25 Br—(1/2)(z5+28)Br—(1/2)(y’+y) Lt —(1/2)AOHr (6.34)
and

I=C+ (1/2)Z;(Aca + Acy + X equilibrium terms) (6.35)

In order to keep the interaction coefficients constant, at planning the complex for-
mation studies, we should choose the total concentrations Bt and Lt so that the
change of the ionic strength is on a minimum level:

AIA=IA—C,AIY=IY—C,andI—C.

6.4 Experimental

NaClOy stock solution was prepared from solid NaClO4 (p.a. Merck). The stock
solution was free from CI~ impurity. Its concentration was analysed by drying a
weighed amount of a sample until a constant weight was obtained.

Cd(Cl1Oy4); stock solution was prepared and analysed as given in Ref. [17].

Ascorbic acid test solutions were prepared fresh, from the solid compound
(Merck p.a.).

The emf of the cells studied was measured with FLUKE Multimeter, Type
8840A. The experiments were carried out in a silicon oil thermostat at 25°C.
Cleaned N;(g) was bubbled through the test solution, which was saturated with the
ionic medium used. The cleaning procedure is described in Ref. [17] and Appendix
1 of Chapter 8.

The amalgam electrode was prepared according to Refs. [17-19].

Two different Na*-selective glass electrodes were used. The potentials of both
were drifted with time. The emf of the cells was measured every 5 min over a period
of one-half hour.

mV /

Fig. 6.7 Scheme of emf E, AE,
readigs. Reproduced with E; mV.LY
kind permission of Springer mV /
Science and Business Media AE Ny

from Néher-Neumann E E, 2
(2003) The liquid junction mV
potential in potentiometric
titrations. VIL. On emf AE;
titrations proposed for the
determination of some E
interaction coefficients. J m{,

Solution Chem 32: 645-662 -
(Fig. 7) 30 30 30tmin
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The recorded potentials were plotted on millimetre paper and extrapolated to the

times of burette additions. The potential differences so obtained were then summa-
rized, as shown in the scheme of Fig. 6.7. We obtained

E2 = E] + AE]IIIV
E;=E2+AE2:E1+AE1+AE2mV

and so on. As the position of the points from a forward and back titration agreed
quite well, this procedure seems to be useful.

Appendix 1
The use of an ion-selective indicator electrode for the determination of ¢” (B, C10y).
An alternative cell is presented for the determination of the interaction coefficient

¢” (B, ClOy4) with the help of an ion-selective electrode denoted IS B#®)*,
We propose the following emf cell:

— Ag(s), AgCI(s) | Test solution | IS BAB"* 1 Cell 6
The test solution has the composition:
0.050M NacCl
cg = 0.030 M B(CIOy) )
cg = 0.020 M HClO4
0.50 — zg cg M NaClO4

vy ml solution of the test solution should be titrated with a solution of the composi-
tion: 0.050 M NaCl + 0.030 M B(ClO4),g) + 0.020 M HCIO,4 + 3 M NaClOy. The
total cell emf (in mV) can be given as

E = E + (g/zp) log;o c + (g/zg) log,o fs + glog,o[Cl" ] + glog,ofar  (6.36)
where
log,,fzg = —ZZB D(I) + ¢"(B, ClOy4) [C1O, ]+ ¢"(B, Cl) [C1] (6.37)

logofa = —D(I) + &”(B, Cl)cg + &' (Na, Cl) [Na*] + &’(H,Clcyy,  (6.38)
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These equations result in

E+gD()(zp + 1) — ge”(Na, C)[Na™] = constant+ (g/zg)e"(B, ClO4) [CIO, ImV
(6.39)
where

constant = Eo + (g/z5) log, cs + (g/25) £"(B, CD) [CI] + glog,o[CI"]  (6.40)
+ g¢”"(B, C1) cg + ge”(H, Cl)ey

Plotting E + g D(I) (zg +1) — g&¢” (Na, Cl) [Na*] vs. [C1O4~], the interaction coeffi-
cient ¢” (B, ClOy4) can be calculated from the slope of the plot. For the back titration,
the following solution can be used: 0.050 M NaCl + 0.030 M B(ClO4),) + 0.020 M
HCI10O,.
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Chapter 7
Emf Titrations Proposed for the Determination
of Certain Transport Numbers [1]

Equations and figure presented in this chapter are reproduced with kind permission
of the Springer Science and Business Media from the article specified by the ref-
erence number given after the title of the chapter and by the text given under the
figure. The date of the copyright is identical with the year of publishing the article.

7.1 Introduction

Some useful emf titrations, for cells with large liquid junction potentials, are pro-
posed for the determination of the transport numbers of strong electrolytes of the
following types:

(1) The strong electrolytes A.H, L or AyL (used as complexing agent) with the
absolute values for the anionic charges y = e + u =1, 2 or 3. The pKj, values of
the corresponding acid HyLL. must be well separated. The method was tested in
sodium hydrogen ascorbate solutions.

(2) Pure electrolyte BY ), where the cation B“®)* can form an amalgam.

(3) Metal perchlorates.

In this publication, we study the total potential anomalies AE; appearing across
liquid junctions of the type: AY | AY + HY + BY ) and AY | AY + HY + BY ) +
AL,

The total cell emf is given by

E; = Eoy + (g/z1) log,o 1 + AE; (1.1)
where the total potential anomalies are

AEy = (g/zy)log fits2 + Ep + Epr (7.2)

For these studies, the ionic molar conductivities in the transition layer have to be
known. For the interpretation of conductivity measurements in the several system
studied [2—4], the transport numbers and the molar conductivities of the electrolyte

E. Néher-Neumann, Advanced Potentiometry, 199
DOI 10.1007/978-1-4020-9525-2_7, © Springer Science+Business Media B.V. 2009
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components used are needed. These components are AY, BY, ), HY, AcH,L, and
AL, at the concentration level C/ |z;|M.

For example, this is the case in the estimation of the deviations of the conduc-
tivity 10% « from additivity. Moreover, in order to determine the ionic molar con-
ductivities in mixtures, a combination of a graphical treatment and a curve-fitting
procedure, carried out by a computer program, has been used [4]. In the computer
treatment, the ionic molar conductivities measured on the pure electrolytes used as
components, at concentration C/zg or C/y M, can be used as initial values. For the
calculation of Ag™, As, Ay, Ag" and ALY, the molar conductivities and the trans-
port numbers of the electrolytes have to be known. Here, superscript tr denotes
trace.

In the proposed emf cells, the appearance of the liquid junction potential is used
for the determination of the transport numbers of a single electrolyte. These cells
are of unusual composition. In the bridge and test solutions, only one electrolyte
may be present (at different concentrations), for which the transport numbers are to
be determined.

In the discussion below, the standard state is defined in such a way, in the calcu-
lation of the activity coefficients, that f; — 1 when ionic strength I — 0.

7.2 Survey of Emf Cells for the Determination
of Transport Numbers

7.2.1 Determination of Transport Numbers in Strong Electrolyte
A H,L or A,L with Anionic Chargesy =e +u =1, 2 or 3

The transport numbers of pure electrolytes can be determined with the help of either
the classical moving boundary method or emf cells. Biedermann and Douhéret [5]
introduced cells of different types for determination of transport numbers of the 1:1
electrolytes HC1O,4, LiClO4, NaClOy4, and NaCl over a broad concentration range.
They used measured mean activity coefficients in their calculations. Here, we shall
use the SIT approach [6-13].

We shall propose emf cells as well for the determination of transport numbers
in the strong electrolytes given above. The pK,, values of the corresponding acid,
HyL, should be separated by several pKj,, units. Hence, we can expect only one
dominating anionic species. The composition of the cell should be

— Reference half-cell | | Bridge solution | | Test solution | GE — A™ + Cell 6*

where the composition of the bridge solution is:

TS1, x =0,
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C/y M = [salt]
[AT]=CM

ionic strength I
The composition of the test solution is:

TS2,x =1,

co M = [salt], is varied,

ionic strength I,
Here, salt denotes the strong electrolyte AcH,L or AyL and GE — A* stands for an
A™ ion-selective glass electrode.
The reference half-cell can have the composition

Ag(s), AgCI(s) | 0.010 M ACI, C — 0.010 M ACIO,, [AT] = C M.

The salt concentration in the test solution should be varied by titration within the
limits:

0.5<cyp <C/yM.
For the ion concentrations, we can write, for example in AL,
cL = [LY7] = [salt]
ca = [AT] = y[salt] = yc,
The total emf of this cell, in mV and with molar concentrations, can be written as

TS2

E = Ey + glog,qcars2) + glog o facrs2) — & / X (ty/zy)dlogq ay (7.3)
781

where the symbols ty and a; denote characteristic properties of the transition layer
(the mixture of TS1 and TS2). t; denotes the transport number of ion J with the
electric charge zy (the sign of the charge must also be given), ay is the activity
and

ay = CJfJ (74)
¢y = X ¢yrs2) + (I — X) Cyrsy (7.5)

In the following, subscripts 1 and 2 are abbreviations for TS1 and TS2, respectively.
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For the present cell, Eq. (7.3) has the form

c(A2)

E =Ey+ glogycar +glog;gfax — g / [—(t/y)dlogo(crfrL) + tadlog o(cafa)]
c(Al)

(7.6)
Introducing ta = 1 —t;, and ¢, = ca/y into Eq. (7.6), we obtain
c(A2)
E = o + glogyoear + glogyg fa + (e /y) [ {dllogig(eay .
¢(A1) )

+ log, fi] + d(log,g ca” + logyo fa))}

The constancy of t; is assumed within the limits of the integration. The nec-
essary ionic activity coefficients are estimated with the help of the simple spe-
cific interaction theory [6—13]. For the actual ions in the transition layer, we
can write

logo fL = —z.°D(D) + &”(A, L) ca (7.8)

logjo fa = —D(D) + ¢”(A, L) ca/y (7.9)

where D(I) denotes the Debye—Hiickel term and is given by Eq. (2). For the ionic
strength I in the transition layer, we have

I=xL+(1-x1 (7.10)

The interaction coefficient £(A, L) is assumed to be constant for the integration.
This constancy is well established for 1:1, 1:2 and 2:1 electrolytes in the range of
ionic strength 0.5 < I < 3 M. For the cationic charge = 3, the validity of the simple
specific interaction theory (SIT) has been proved by Spahiu [11] for C = 0.3, 0.9,
1.5 and 3 M, for the yttrium carbonate system. Therefore, we proposed our cells for
use with a maximum charge of 3.

Substituting the values of log;o fa and log;o i into Eq. (7.7), we can integrate to
obtain

E = Eg + glog,gcar + gD(D); + g&"(A, L) car/y + (gt./y) Uo (7.11)

The first four members of Eq. (7.11) are constant and

Up = (1 +y)logg(caz/car) — (y + y*) [D(X), — D)1 + 2¢”(A, L) [car — cail
(7.12)
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Fig. 7.1 Determination of E
the transport number '‘HAsc ~ mV
according to Eqs. (7.11) and 40 +
(7.12). Reproduced with kind
permission of Springer
Science and Business Media
from Néher-Neumann E 30
(2003) The liquid junction
potential in potentiometric
titrations. VIIL. Emf titrations
proposed for the
determination of certain
transport numbers. J Solution
Chem 32: 753-764 (Fig. 1) 10 L L L L )
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By plotting E vs. Uy, the transport number of the anion LY~ can be calculated from
the slope.

We used this method for the experimental determination of the transport num-
ber t;, in sodium hydrogen ascorbate solutions (NaHAsc). Concentrations [salt]; =
1.99967 M and 0.180 < [salt], < 1 M were used in the cell studied. The plot
obtained is presented in Fig. 7.1 according to Eqgs. (7.11) and (7.12). The follow-
ing result was obtained. In the range of Uy

—5.30 < Up < -3.60

which corresponds to
0.18 < [NaHAsc], < 0.6 M

we have

tHase = 0.175 £ 0.001
In the range of Uy,

—3.60 < Uy < -2.50
which corresponds to

0.60 < [NaHAsc], < 1M

we have

thase = 0.120 £ 0.003

7.2.2 The Determination of the Transport Numbers in the Strong
Electrolyte BY ) Containing An Amalgam-Forming Cation

We shall discuss two emf cells combined with a titration technique.
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7.2.2.1 Cell 7

The concentration cell given below (cell 7) is very useful, if the mean activity fac-
tor of the electrolyte BY, ) or the interaction coefficient ¢”(B, Y) is known. The
composition of cell 7 is

— B — Hg | Solution TS1 | | Solution TS2 | B—Hg+ Cell7

where the composition of Solution TS1 is:

[BY,®)] = cgi

[Y1] = zpcpy

The composition of Solution TS2 is:

[BY,®)] =cp =3/zg M
[YZ] = ZBCp2 = 3M

CB2 > CBI

We can use either dilute amalgam electrodes (0.01 wt.%), which can be prepared in
the solution in question with the help of a coulometric circuit [14—17] or saturated
ones [18]. The concentration of the solution TS1 should be varied within the range
0.5 < cg; < 3/zgM. Cell 7 can be realized by measuring the emf values of the
following cells:

— Ag(s), AgCl(s) | | 3MAY | | Cellsol.TS2 | B—Hg+ Cell7a

Reference
half-cell

— Ag(s), AgCl(s) | | 3MAY | | Cellsol.TS1 | B—Hg+ Cell 7b

Reference
half-cell

First, we can have the concentration cg, > cgj in the test solution. The measured
emf is denoted E7,. We can then dilute this solution by titrating with H,O. We now
measure the emf values E7,. Hence, the emf of cell 7 will be E = E7, — E7,,. More-
over, E can be written, in mV, on the molal concentration scale (mjy), as

TS2

E = (g/zp) log,o(mp2yB2/MB1YBI1) — & / X5(ty/zy) dlog;g ay (7.13)
TS
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where yp denotes the molal activity coefficient of the ion B. For the present cell,
Eq. (7.13) has the form

m(B2)
E = (g/zp) log, (mp2 yB2/mp1 ¥B1) — & / [(ts/zB) dlog,, (mp yB) (7.14)
m(B1) '
— ty dlogy (myyy)]
Introducing tg = 1 — ty and my = zg mg into Eq. (7.14), we obtain
m(B2)
E = (g/z8) / ty dlogo[zg”®mp“®T1ypyy“P)] (7.15)
m(B1)

According to the definition of the mean activity coefficient y =+ for the electrolyte
BY,m), we can write
m(B2)
E = (gty/zp) / dlogo[zg™P'mg”® !y £ 7B+ (7.16)

m(B1)

After integration, when ty = tcjo4 1S considered to be constant, we obtain

E = [g(zg + Dty/zg]log,o[mpoy + (TS2)/mgy £ (TSD)] (7.17)

By plotting the measured E, in mV, versus logjo[mp, y+=TS2)/mg; y=£ (TS1)], the
transport number of anion Y can be calculated from the slope.

If the mean activity coefficient of the electrolyte BY ) is not measured, the
activity coefficients involved in Eq. (7.15) can be expressed with the help of SIT
[6-13]. Now, it is advantageous to use the molar concentration scale.

Hence, we write for an intermediate plan in the transition layer

log,, fs = —z5°D() + £"(B, Y) [Y] (7.18)

log), fy = —D(I) +&"(B, Y) cg (7.19)

Introducing [Y] = zg cg and substituting the values of logiq fy into Eq. (7.15), we
obtain after integration

E = (gty/z){(zs + 1)logo(cr2/cp1) — (z8* + z5)[D(I), — D(I);]

) (7.20)
+ 2z5e" (B, Y)(cp2 — cp1)}

Plotting E, in mV, versus (zg + 1) log;o (cg2/c1) — (zg? + zg) [DA), — D] +
2zge”(B, Y) (cga — cg1), the transport number of the anion Y is calculated from the
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slope. The interaction coefficient ¢”(B, Y) involved can be determined with the help
of an emf titration as well, as suggested in Ref. [19].

7.2.2.2 Cell 8

Cell 8 can also be used for the determination of the transport numbers in the strong
electrolyte BY ), if the interaction coefficient ¢”(B, Y) is known.

—B — Hg | Test solution, TS1 | | Bridge solution, TS2 | | Reference -+
half-cell, Cell 8

The composition of the test solution (TS1) is:

[BY, ®)li = cni

[Y1] = zgcp:
The composition of the bridge solution (TS2) is:

[BY,®)l» =cp2 =3/zg M

[Y2] = ZBCpy = 3M

In this cell [B“B*] = [BY )]

The composition of the test solution should be varied by titration within the range
05<cp; <3/zg M.

The total emf of this cell, in mV and with molar concentrations, can be written as

c(B2)

E =Ey — (g/zp) log;o(cpifp1) — g / {(tg/zg) d log,, (cafp) — ty d log,,([Y]fy)}

¢(B1)
(7.21)

Introducing tg = 1 — ty and [Y] = zp cg, we obtain

¢(B2)

E = Ey — (g/zp) log)y cp2 — (g/zg) log;o 2 + (g tY/ZB)/d{IOgIO [lea(B)Cgﬂ(B))]
¢(B1)
+ log,o fg + zg logo fy} (7.22)

Expressing logjo fg and log;o fy according to SIT [6—13] as given by Egs. (7.18)
and (7.19), respectively, we obtain, after integration

E = Ey — (g/zg) log,o B2 + gzgD(D), — ge”’ (B, Y) cga + (gty/zs) Uy (7.23)
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Here, the first four members of Eq. (7.23) are constant and

U = (1 +2zp) logo(cpa/cr1) — (zs + zs*)[D(I), — D(1),] + 275" (B, Y)(cp2 — CB1)
(7.24)

The transport number of anion Y can be calculated from the slope of a plot of E
vs. Uj.

7.2.3 The Determination of the Transport Numbers in Metal
Perchlorate Solutions

We can determine the transport numbers of metal perchlorates, often needed in the
estimation of ionic molar conductivities, by measuring the emf value of the follow-
ing cells using titration technique.

7.2.3.1 Cell 9

We can use the concentration cell given below if we know either the mean activity
factor of the electrolyte BY g, or the interaction coefficient ¢”(B, Y). The later can
be determined using an emf titration as well, in a cell without a liquid junction, as
suggested in Ref. [19]. Here, we use the notation Y = ClO4".

— LMY | Solution TS1 | | Solution TS2 | LMY + Cell 9
The composition of Solution TSI is:

[B“®*]) = cpy =3/zs M
[Yl] = ZBCB] = 3iM

CB1 > CB2
The composition of Solution TS2 is:

[B*®*], = cp»
[Y2] = zgcp2
In cell 9, the concentration cg, should be varied within the range 0.5 < cg, < 3/zp
M. Here, LM Y denotes a perchlorate electrode of liquid membrane type [20].
Cell 9 can be realized by measuring emf values of the following cells:

—LMCIO, | TS1 | | CMAY | | Ag(s), AgCl(s)ref. half-cell + Cell 9a

Here, we measure the emf value Eo,. Then, we add water to TS1 from a burette, in
order to prepare TS2. We measure Eqg, for the following cell



208 7 Emf Titrations Proposed for the Determination of Certain Transport Numbers
—LMCIO; | TS2 | | CMAY | | Ag(s), AgCI(s) ref. half-cell + Cell 9b

The emf for cell 9 can then be obtained as E = Eg, — Eogp,.
The total emf of cell 9 can be written, in mV and with molal concentrations, as
TS2
E = glog,((my;yyi/my2yy2) — g / Xy(ty/zy) dlogyg ay (7.25)

TS1

where aj denotes the activity of the ion J present in the transition layer.
For the present cell, Eq. (7.25) has the form

m(Y2)
E = glog,((my;yyi/my2yy2) — g / [(ts/zB) dlogo(mpyB) — tydlogo(myyy)]
m(Y1)
(7.26)
Introducing tg = 1 — ty and mp = my/zp into Eq. (7.26) we obtain
E = (g/7g) log o{my; B yy Py /Imy: 7B yy, "By po])
m(Y2)
(7.27)

+ (gty/zp) [ {dlog,o[my'™®) /z5]yp} + dlog,q yy“®
m(Y1)

According to the definition of the mean activity coefficient y+ for the electrolyte
BY,m), we can write

E = [g(1 4+ z)/zg]log,o [my1y E(rs1y /(my2 y £ (TS2))]

m(Y2)

T (gty/z8) / [d(1 + 75) log,(my /75) + d(1 + 75 Tog, ¥ £]
m(Y1)

(7.28)

After integration, we obtain

F, =E — [g(1 + zp)/z] log y[myy + (TS1)/(my> y £ (TS2))] = (gty/z8)U>
(7.29)
where

Uz = (1 + zg) log,o(my2/my) + (1 4 zg) logo[y £ (TS2)/y £ (TSD] (7.30)

Plotting the function F; vs. Uy, the transport number of the Y ion can be calculated
from the slope.

If the mean activity coefficient of the electrolyte BY ) is not measured, the
activity coefficients involved in Eq. (7.27) can be expressed with the help of SIT
[6-13], as given by Egs. (7.18) and (7.19). Now, we continue the deductions on the
molar concentration scale.
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Introducing the logjofy and log)o fg values into Eq. (7.27), we obtain, after
integration

F3 = E — [g(1 + zp)/zp]1ogo{[Y1]/[Y2]} — (g/2){zs[D(), — D);]

2 " (7.31)
+ zg[D(), — D)1+ 2¢"(B, Y){[Y1] — [Y2]}} = (g ty/zs)U3

where

Us = (1+2p) log;p{[Y21/[Y1]}—(zp+25) [D(D, D), +2¢"(B, Y) {[Y2] - [Y1]}
(7.32)

Plotting the function F3 vs. Us, the transport number of the anion Y can be calculated
from the slope.

7.2.3.2 Cell 10

Cell 10 can also be used for the determination of the transport numbers in the strong
electrolyte BY ), if the interaction coefficient ¢”(B, Y) is known.

—LMY | Test solution TS1 | | Bridge solution TS2 | | Reference half-cell+
Cell 10

The Test solution TS1 has the composition:
[BY @)l = cBi
[Y1] = zgcg:
The Bridge solution TS2 has the composition:
[BY,®)lo =cp2 =3/zs M
[Y2] = zgcgy =3 M

In cell 10, [B“P*] = [BY,g)]. The composition of the test solution should be varied
by titration within the range 0.5 < cg; < 3/ zg M. The total emf of this cell, in mV
and with molar concentrations, can be written as

752

E=Ey+glog, {[Y1llfyi} — g / 2y(ty/zy) dlog;q ay (7.33)
TS1

For the present cell, it will give the following equation

[Y2]

E=E0+g10g10{[Y1]le}_g/{(tB/ZB)dloglo[CBfB]_tY dlogo{[YIfy}} (7.34)
[Y1]
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Introducing tg = 1 — ty and cg = [Y] /zp into Eq. (7.34), we obtain

E = Eo + glog,, [Y1] + glog, fyi — (g/zp) log,, {[Y21/[Y1]}
[v2l

— (g/zp) [log,, fe2 — log f1] + (gty/zB) / {d {log,,([Y]l/z)  (7.35)
[Y1]
+logyo g} + d{log;o[YI"® + logy, fy"™})

Expressing log;o fg and log; fy according to SIT, as given by Egs. (7.18), (7.19),
we obtain, after integration

Fy = E — glogy, [Y1] + gD(); — ge"(B, Y){[Y1]/zs)

+ (g/25) 10g o {[Y21/[Y 11} + (g/23){zs”[D(D); — D(D),] (7.36)
+¢&"(B, Y) {[Y2] — [Y1]}} = Eo + (g ty/z8)Us

where Uy is identical to Us.

Plotting F4 vs. Uy, the transport number of the anion Y can be calculated from
the slope.

The experiments were carried out as described in Chapter 6.
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Chapter 8

Studies on Emf Cells Where Strong Complexes
Are Formed Using Liquid Junctions of the Type
AY | AY +BY,3)+ HY + A\LAT [Y]=CM,
Constant, and - log;o [H"] > 7 [1]

8.1 Introduction

Potential functions have been derived for the calculation of the total cell emf (Eg and
En) for emf cells with liquid junctions and containing the system AOH — BY ) —
H,L — AY. At first, the presence of the species HT, OH~, BB Ly~ AT Y~ is
considered. A weak or strong electrolyte is considered to be used as complexing
agent (HyL). B“®"™ denotes the central metal ion and Y~ is the common anion of
the ionic medium (A*, Y™). The cells have indicator electrodes reversible to BZ®+
(cell B) and H* ions (cell H), respectively.

The total emf for cell H, during a titration of strong acid—strong base ( for the
determination of Egy on the acid side, in the system HY — AOH — AY), is in the
acid range

Ena = Eoma + glogo[H"] + glog,, furs2 + Ep + Ept
= Eoma + glog,o[H"] — g[D(I) — D(C)] + SL(H, cy)cy + corr (8.1

In the alkaline range, introducing [H"] = Kw/[OH™], we have

Enp = Eona + g{log;q Kw —logo[OH™] + log;, furs2} + Ep + Ept
= Eoma + glog;o Kw — glog,,[OH"] — SL(H, con)con (8.2)
— g [DA) — D(C)] + corr

During the complex formation study, we have in the alkaline range

EHcpx = EOHanx + glOglo Kw — g IOglo[OH_] — g [D(I) - D(C)] (8 3)
+Xv QH, V)V + corr ’

where V=[OH ], b,1, Aca

In cells with complex formation, the composition change of the ionic medium,
A ca, results in a quite high liquid junction effect. On the basis of this phenomenon,
the cell with the condition [Y™] = CM, constant, results in the smallest potential
anomalies [2]. Therefore, this cell was chosen for the study of the potentials across
liquid junctions in alkaline solutions.

E. Néher-Neumann, Advanced Potentiometry, 213
DOI 10.1007/978-1-4020-9525-2_8, © Springer Science+Business Media B.V. 2009
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The cells are defined in Section 1.2. Symbols and definitions used throughout
this book are defined in Chapter 1. The special symbols used in equilibrium studies
are presented in Chapter 4.

We assume that the equilibrium processes (I)—(III) take place in the cells.

(D qH +rLY” = HL,
(II) pB +qH + 1LY~ = B,HyL,;

(1) pB + qH,0 = B,(OH), + qH

If—log,,h < 9, a glass electrode can be used as indicator electrode and the functions
derived for — log,,h < 7 are valid. In more alkaline solutions, the use of a H,(g)
electrode is necessary. A new electrode of this kind is presented in the Appendix 1
(Chapter 8).

The composition of the test solution, TS2, in the system BY ) +HY + AOH +
AY + AL at equilibrium are given, if strong complexes are formed with a lig-
and from a weak acid, in Section 4.1.2. The concentration of the ions of the ionic
medium is as follows.

cy =[Y ] =CM, is kept constant = [AY] + HYt + zg Bt (8.4)

ca=[AT]=C+AOHr +yLr —HY1 —zg Bt M =C + Acy (8.5a)
where the composition change of the ionic medium is
ACA =CA — C= AOHT — HYT + y LT — ZB BT (85b)

Here, T denotes total, analytical concentration.

The different equilibrium concentrations can be calculated from the correspond-
ing equilibrium constants determined preliminarily, using an incomplete AE; func-
tion, and from the known, actual total concentrations, moreover, h and b.

The test solution can be prepared in different ways. Some possibilities are given
in Appendix 1 of Chapter 4.

First, the constants Egg and Eqp should be determined (cf. Chapter 2). In the case
of Egya, a solution containing ~25 mM strong acid should be titrated with a solution
containing AOH. cy = C M should be kept constant. The titration should be finished
at [HY] = 107>M. Then the main titration follows by adding solutions containing
the complexing agent AyL and BY,g), moreover, AY. For other cases (using HyL
and AOH), mentioned in the Appendix 1 of Chapter 4, the term Lt should be set to
zero in the functions of c, and Aca.
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8.2 The Presentation of the Potential Functions

For the calculation of the preliminary chemical model and preliminary equilibrium
constants, we assume the species HY, B“®* 1Y~ OH and A+, Y~ to be present
in the test solution. This mixture can be treated as mixture of strong electrolytes.
The ion concentration of the reacting ions H*, OH™, BZ®)* and 1Y~ at some inter-
mediate plane in the transition layer of the junction can be written according to the
principle of the continuous mixture junction and the model of linear mixing (cf. Eq.
(1.58)) as

h* =xh, [OH ]* =x[OH7],b* =xb,1* =x1

Here, h, [OH ], b and I are the free, equilibrium concentrations, calculated prelim-
inarily. The concentrations of the ions of the ionic medium in the transition layer

are
cy™ = C M, constant,

CA>‘< =C+x (AOHT — HYT + y LT — 7B BT) =C+ XACA (86)

The conductance of uncharged molecules is supposed to be zero. Therefore, such
species are not taking part in the potential functions. Anyhow, the uncharged
molecules, HyL, can have some influence on the emf values when using a glass
or a Hy(g) electrode, due to for example adsorption. This must be checked in a sep-
arate experiment at constant [HY], as discussed in Chapter 4 “The Total emf of Cell
H for Small Values of w/a”.

The ionic strength in the test solution is

I =C+(1/2)(h+[OH ]+bzg” + Acs + i Iy z.> + X nj zni” + Zi pi zpi”) (8.7)

The necessary functions for the calculation of the potential terms Ep and Epy,
and the final results are given below.

8.2.1 The Calculation of the Ideal Diffusion Potential Term, Ej,

According to the general deduction presented in Ref. [3] by Egs. (15-22) and Sec-
tion 4.1.5, for the calculation of the potential term Ep, we must know the following
functions

Ursy — Ursi = hAyg +bAg 4+ Acara — IAL — [OH™ JAon (8.8)
Sts2 — Sts1 = hig +bzgip + Acara +y 1AL +[OH oy =W (8.9)
Stsy = hAyg+bzgip + Acaia +y IAL+[OH JAou+C(ta+Xry) = w+a (8.10)

Sts1 =CAa +Ay)=2a (8.11)
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The function Ep obtained is presented in Eq. (21) of Ref. [3]. For small values
of w/a, using the approximation In [(w/a) + 1] = w/a, we obtain, according to Eq.
(22) in Ref. [3]

ED =—g FQ(h)\H + b)\B + ACA)\A - IA,L - [OHi])\OH) (812)
where

Fo = 1/[2.303 C(Aa + Ay)] (8.13)

In Eq. (8.12), the terms hAy and big are probably negligible.
For every potentiometric titration, one should investigate if the condition for the
approximation is fulfilled.

8.2.2 The Calculation of the Activity Factor Contribution
to the Ideal Diffusion Potential, Epy

For the preliminary data treatment, we assume the same species to be present as in
the calculation of Ep. Forming the term Epy, according to Eq. (23) in Ref. [3], with
the ion concentrations at some intermediate plane in the transition layer, we obtain

x=1
Epr=—g¢g /(I/N){x hiy dlog,, fy + x bAg dlog, fp
x=0 (8.14)
4+ (C + xAcp)rp dlog,fa — Chy dlogfy — x IAL dlog, fL
— X [OH_])\.OH dloglO fOH}

where
N=wx+a (8.15)

We define log,, fj in general, according to the specific interaction theory (SIT)
[4-11] cf. Egs. (12), (13). The reference state is chosen in such a way that f;" —
las cy — 01in C M AY as solvent. Here, tr denotes trace. The SIT approach can be
used in the range 0.5 < I < 3 M if zg < 3, with a moderate accuracy of £0.01 log,,
unit [9, 12]. This is acceptable in most cases in solution chemistry. Hence, we can
write for some intermediate plane in the transition layer

logo fi* = — z*[D*) — D(C)] + {&"J, L)I* + &"(J, ON)[OH 1"},

” " " (8.16)
+{£"(J, H)h* + &"(J, B)b* + &”"(J, A)(ca™ — C)}an

Here {...}ca = the terms to be used if J is a cation and
{...}an = the terms to be used if J is an anion.
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Considering Eq. (8.16) and the actual ion concentrations in the transition layer,
we obtain for example for the Ht and OH ions

log,, fi* = —[D(I*) — D(C)] + ¢”(H, L)x 1 (8.17a)
dlog,, fy* = [-dD(*)/dx + &”(H, L) 1]dx (8.17b)

log,, for™ = — [D(I*) — D(C)] + &"(B,OH)xb + &”(A, OH) (C + xAca — C)
(8.182)

dlog,, fou™ = [FdD(I*)/dx + ¢"(B, OH)b + &¢"(A, OH)Aca]dx (8.18b)

The dlog fy values for the other ions involved can be obtained in the same way.
Substituting these values for d log, f; into Eq. (8.14), we should rearrange it in such
a way that it can be integrated in the form given by Eq. (30) in Ref. [3]. Hence, we
obtain

@ (x) = x {—hiy —zp°brg — Acara +2zL 1AL +[OH 1hou} +Chy —Aa) (8.19)

®, = be”(B, L)ig + be”(B, OH)[OH Ap + Acara{e”(A, L)1
+ &"(A, OH)[OH ]} — 1AL {¢”(H, L)h + ¢”(B, L)b + £”(A, L)Acs} (8.20)
— [OH roule”(B, OH)b + &”(A, OH)Aca] + he”(H, L)lAg

01 = Caafe”(A, L)1+ ¢"(A, OH)[OH™]} — CAy{e"(A, Y)Aca

+¢&"(H, Y)h + ¢”(B, Y)b} (8.21)

The result of the integration of Eq. (8.14) is given by Eq. (31) in Ref. [3]. For small
values of w/a, we can write, according to Eq. (33) in Ref. [3]

Ept = corr — gf; /a = corr — g tale”(A, L)l + ¢”(A, OH)[OH™ |}

8.22
+ g ty{e"(A, Y)Aca + ¢"(H, Y)h + £"(B, Y)b} (822

The term corr is defined according to Egs. (1.23)—(1.25). In Eq. (8.22), the terms
¢”(H,Y)hand ¢”(B, Y) b can probably be neglected.

When planning the titrations, one should be careful with the choice of the exper-
imental total concentrations. If the condition In[(w/a) + 1] = w/a is not fulfilled
due to an improper choice of Bt and Lrt, the complete functions for Ep and Epy,
given by Eqgs. (21) and (31) in Ref. [3], respectively, have to be considered, which
are rather complicated for practical use.

8.2.3 The Total Emf of Cell B in Alkaline Solutions, with a B*®*
Ion-Selective Indicator Electrode and for Small Values of w/a

‘We can write for the total cell emf, as in earlier studies,

Eg = Eog + (g/zB) log;((b frs2) + Ep + Eps (8.23)
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Considering the definition of the total potential anomalies, AEg,

AEg = (g/zp)log, fers2 + Ep + Ept (8.24)

we can also write

Eg = Eog + (g/z5)log,,b + AEg (8.25)

Expressing log,, fgrsz according to Eq. (8.16) with x = 1, we have
logy fars2 = —zp*[D(I) — D(C)] + &"(B, L)l + ¢"(B, OH[OH™]  (8.26)

Here D(I) is the Debye—Hiickel term for the test solution. Substituting Ep and Epy
into Eq. (8.23) by Egs. (8.12), (8.13) and (8.22) respectively, moreover Eq. (8.26),
we obtain

Eg = Eos + (g/z8) log,, b — gzg[D(I) — DC] + Xy Q(B, V)V +corr  (8.27)

where, V denotes all the changing concentration terms which appear in Eq. (8.27)
=h,b, 1. Aca, [OH].

Q(B, V) is a function which defines a constant in terms of some interaction coeffi-
cients and ionic molar conductivities measured in the equilibrium solution studied.
The functions XvQ(B, V)V give the potential contributions of the ions present in
the transition layer, to AEg, reduced by the Debye—Hiickel terms. They cannot be
determined experimentally, but they can be calculated. The functions Q(B, V) can
be given as follows.

Q(B. h) = —g FoAy + gtye"(H,Y) (8.28)

QB.1) = (g/zp)e"(B, L) + g FoAL — g tag”(A, L) (8.29)

Q(B,b) = —g Forg + g tye"(B, Y) (8.30)

Q(B, Acy) = —g Fora + g tve”(A,Y) (8.31)

Q(B, [OH™]) = (g/zp)e"(B, OH) + g Fodon — g tag” (A, OH) (8.32)

Comparing Eq. (8.27) with Eq. (8.25), it is obvious that
AEg = —gzg[D(I) — D(C)] + Xy Q(B, V)V 4 corr (8.33)

As is seen, Eq. (8.27) is the correct function for the calculation of the free, equilib-
rium concentration of the metal ion, b, for small values of w/a. This can be done by
successive approximations knowing Egp and the functions Q(B, V). The determina-
tion of the constant Egg is discussed in Chapter 2. It is important to remember that
a conditional constant, denoted either Egg; or Egg, and Egg™, cannot be used here.
The functions Q(B, V) can be estimated as given in Chapter 4 “The Estimation of
the Functions Q(H, b) Respective Q(B, b)”.
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We can emphasize, again, that the total potential anomalies depend on the ion
concentrations and the deviation of the cation concentration of the ionic medium
from the composition of the ionic medium, and not on total concentrations, as
clearly is seen from Eq. (8.27). In this equation, the term corr gives only a minor
contribution to the total potential anomalies, if the composition of the ionic medium
is not changed drastically. It has been proved to be negligible, e.g. in the cell con-
taining mixtures of strong electrolytes at the experimental condition [AT] = CM,
constant (cf. Ref. [3]).

The equations derived above are valid also for the cases where the ligand is com-
ing from a strong acid. When using the functions obtained, the poles of the cell must
be considered. For cells which have poles opposite to those ones defined here, for
cell B and H, the functions Eg and Ey must be taken with the opposite sign.

8.2.4 The Total Emf of cell H, in Alkaline Solutions, with a H*
Ion-Sensitive Indicator Electrode and for Small Values of w/a

The total cell emf, for alkaline solutions and for a H,(g) indicator electrode, can be
written as

En* = Eua + Ep = Eona + gflog;o Ky — logo[OH™ ] + log,, furs2} + Ep + Epr
(8.34a)

Here Ep is the pressure correction of the H,(g) electrode in mV:

Ep = (2/2)log;o p(Hy) (8.34b)

p(H») is the partial pressure of the H,(g) in atmospheres and Ky, is the ionic product
of water. The corrected total cell emf will be given as Eg*.

The preparation and the way of functioning of the hydrogen electrode is dis-
cussed in Appendix 1 (Chapter 8).

Substituting the functions log;ofy with x = 1, Ep and Epy into Eq. (8.34a), we
obtain

Ey* = Eona + glog Ky — glog;o[OH™] — g[D(I) — D(C)] + g&"(H, L)1
— oFo{hin + bAg + Acara — 1A — [OH Thon) — gtafe”(A, L)
1 &"(A, OH)[OH™ ]} + gty (e”(A, Y)Aca + &”(H, Y)h
+ &"(B, Y)b} + corr (8.34¢)

Equation (8.34c) can also be written in the following form

En* = Eona +glog;o Ky —glog;o[OH™]—g [D(I) = D(C)] + Zy Q(H, V)V +corr,
(8.35)

where V=h, 1, b, A ca and [OH].
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The function Q(H, V) denotes a function with a constant value, again, in terms of
some interaction coefficients and ionic molar conductivities measured in the equi-
librium solution. The functions Q(H, V), valid for the present cell, can be given as
follows.

Q(H, h) = —g FoAn + g tye"(H, Y) (8.36)
QMH, 1) = ge"(H,L) + g FoAr, — g tag”(A, L) (8.37)
Q(H,b) = —g FoAp + g tye" (B, Y) (8.38)
QH, Aca) = —g Fora + g tye”(A,Y) (8.39)
Q(H, [OH]) = g Foron — g tag” (A, OH) (8.40)

For the total potential anomalies, we have

AEq = glog o furs2 + Ep + Epr (8.41)
and

AEy = —g [D(I) — D(C)] + =y Q(H, V)V + corr (8.42)

If it was found in some separate experiment that the cell emf is influenced by the
presence of the HyLL molecules as well, Eq. (8.35) should be extended as follows.

Ey* = Eona + glogo Ky — glog;[OH"] — g [D(I) — D(C)] (8.43)
+ Zv QH, V)V + SL(H, acid)[HyL]g + corr '
Here SL(H, acid) denotes the slope of the plot Ey — g logjo [H*] versus [HyL], at
constant [HY] and [Y~] = C M, constant. The equations presented above are valid
also in the cases when the ligand comes from a strong acid and strong complexes
are formed.

As is seen, Eq. (8.35) or (8.43) is the correct function for the calculation of the
free, equilibrium concentration of the OH™ ions, for small values of w/a. This can
be done by successive approximations knowing the constant Egy, and the functions
Q(H, V). The determination of Egy, is discussed in Chapter 2. We should remem-
ber that a conditional constant, denoted either Egy; or Eggo and Eqg™ cannot be
used here. The functions Q(H,V) can be estimated in the same way as the functions
Q(B, V) in Chapter 4.

If hydrogen gas electrode cannot be used, because of the presence of an oxidiz-
ing substance, a glass electrode can be used, which is calibrated against a Hy(g)
electrode. This procedure will be discussed in Appendix 1 (Chapter 8).
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8.2.5 Emf Titration Suggested for the Determination
of the Experimental Slope Function SL(H, 1) and log oK,
Value of the Weak Acid HL

First, the constant Egy, should be determined by titrating vy ml solution Sy with v,
ml solution T;. The composition of the solutions is

So:25.10° M HY

C—25.107° M AY

cy = C M, constant

T, : 20.10~* M AOH
CM AY

During this so-called E,-titration, the H* ion concentration of the test solution can
be given as

[H"] = HYT — AOHy

[H*]is formally identical with cy defined in Chapter 2. Hence, the cell can be treated
in the same way as it has been done for cell H in the mixture of strong electrolytes,
considering cg = 0. This case was discussed in Chapter 2. Therefore, the following
potential function is valid

En* = Eoma + glog,o[H"] — g [DA) — D(C)] + SL(H, cy)[H"] + corr  (8.44)
The intercept of the plot Eg* — g logo [H*] + g[D(I) — DC] — corr versus [H*] will
result in Egy,. The slope of this plot is SL(H, cy).

At the end of the Eq-titration, solution S contains = 1.10°MHY and
C-1.103 MAY. Then totally v, ml solution T, should be added to vy* ml
test solution, in several steps. Solution T, is a HL-AL buffer couple, with the
composition

T,:0.1MHL, 1.8 M AL = Lt and C MAY

Now, we have the following species in the test solution: OH™, L™, HL, A*, Y, H*.
In this buffer system, log;o [H*] of the test solution can be calculated as

loglo[H+] = log,(, Kw — log,,[OH™] = log,, K| — log,,(Csalt/Cacid) (8.45)

Here K| is the protolysis constant for the reaction
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HL = H" +L"~
Now, we have for the composition of the ions of the ionic medium
cy =[Y ] =CM,is kept constant, = [AY] + HYt (8.46)
ca = [AT] = [AY] + AOHr +y Lt = C— HY1 + AOHr +y Lt (8.47a)
Acy =cp —C=AOHt —HYr+yLy (8.47b)

The necessary equations for the deduction of the value of AEy, valid in this system,
can be obtained from those ones presented in sections 8.2.1 and 8.2.2. Here, we give
only the final results for some important functions. If we have the acid HyL, the pK,
values must be well separated. Considering the composition of the test solution, we
have, now

I=C+ (1/2){{[OH"] + Aca + y°Lr} (8.48)

w is given by Eq. (8.9) withb=0and 1 =Lr,
logio fon is given by Eq. (8.18a) with b =0 and I,
d,(x) is given by Eq. (8.19) with b = 0.

For small values of w/a, we obtain for the buffer system

Ex* = Eona + glog)o Ki — glog,o(Csa/Cacia) — g [D() — D(C)]
+ g¢"(H, L)Lt — gFo{hAn + AaAca — LraL — [OH™ JAon}
—gta{e”"(A, D)Ly + &"(A, OH)[OH ]} + gty {e"(A, Y)Aca
+&”(H, Y)h} + corr (8.49)
where Fy is given by Eq. (8.13), ty and ty by Eq. (2-6).
According to the earlier treatment of the problem, we have, considering h = 0
En* = Eou, + 21010 K1 — 210g,0(Caut/Cacia) — g [D(D) — D(C)] + SL(H, DI
+ gFo[OH Thon — g tag” (A, OH)[OH ] (8.50)

AEy = glog, furs2 + Ep + Epr = —g [D(I) — D(O)] + SL(H, DI

(8.51)
+ g Fo[OH JAon — g tag”(A, OH)[OH™]

SL(H, 1) is the slope of the plot Ey” versus 1 = L.

Ey” = Ex" + glog;o(Csar/Cacia) + g [D(I) — D(C)]
— g Fo[OH Jhon + g tag” (A, OH)[OH ™| —corr = Egy,
+ glog,, K; + SL(H, DLt (8.52a)
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The intercept = Eona + glog;o Ki (8.52b)

from which the protolysis constant log;o K; can be calculated.
The calculated slope function can be obtained as (cf. Eq. (8.49))

SL(H,1) = dEy"/d1= —g&"(H,L) — g FoyAa + g FoAL (8.53)
—gtag”(A, L)+ gtye"(A, Y)y '
If we want to recalculate SL(H, 1) into the function Q(H, 1), we should calculate the
difference function given below

Q(H, 1) — SL(H, 1) = Eq. (8.37) — Eq. (8.53) = g FoyAs — g tye”(A, Y)y (8.54)

Then, we have

Q(H, 1) = SL(H, Dexp + g Foray — g tve”(A, Y)y (8.55)

Here, exp denotes experimental.

If it was found in a separate experiment that the molecules HL contribute to the
cell potential, Ey*, the equations (8.49), (8.50) and (8.52) should be extended with
the term SL(H, acid)[acid]g (cf. Chapter 4 “The Total emf of Cell H for Small Values
of w/a”).

For the estimation of the calculated slope function SL(H, 1), we need ionic molar
conductivities determined in the present mixture. It can be done in a similar way
as discussed in Chapter 4 “Estimation Through Conductivity Measurements”. The
interaction coefficients ¢” (A, L) and ¢” (H, L) can be determined by an emf titration,
as it is suggested by the author in Chapter 6. For the determination of ¢” (A, OH),
another emf titration will be suggested below.

The experimental value for SL(H, 1) can be obtained through the graphical treat-
ment discussed above. For the improvement of the constancy of the ionic molar
conductivities involved in the slope function SL(H, 1), the linearity of the experi-
mental slope function is to be checked.

The determination of the interaction coefficient " (A, OH).

The author proposes the following emf cell, free from liquid junction, for the
determination of ¢” (A, OH).

— Pt/H,(g) | Cell solution S | IS Na* 4+ Cell 11
The cell solution Sy has the composition:

0.050 M NaOH
0.500 M NaClO4

In cell 11, IS Na* denotes a Na*-selective glass electrode. vo = 50.0 ml cell solu-
tion Sy should be titrated with a solution of the composition: 0.050 M NaOH, 3 M
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NaClOy4. The [Na*] of the cell should be increased by the titration to as high value
as possible. The emf value of this cell, in mV, can be written as

E* =eno” —eon” = Eo + glog,o[Nat]+ glog,, fna (8.56)
+ glog,([OH™] + glog,, fon + Ep ’
where e denotes the potential of a single electrode.
Expressing the log;( fn, and logo foy values according to SIT [4-11], again, we
have

10g0 fxa = —D(I) + &”(Na, OH)[OH ] + £ (Na, C1O4)[CIO;~] (8.57)

log, fon = —D(I) + &”(Na, OH)[Na™] (8.58)
Inserting these activity coefficients into Eq. (8.56), we obtain

E* = E* —glog,,[Na*] — glog,,[OH] + 2g D(I) — g&”(Na, ClO4)[CIO4 ]
— Ep = constant + g¢”(Na, OH)[Na™]
(8.59)
where

constant = Ej + g&”(Na, OH)[OH™] (8.60)

Plotting the function E* against [Na*], the value of ¢” (Na, OH) can be calculated
from the slope.

If the concentration of the formed complexes cannot be neglected when we calcu-
late the total potential anomalies of a cell, a method of graphical integration should
be used, as discussed in Chapter 5. For the calculation of the log;o fy values we
have

logo fi* = — z2[D*) — D(C)] + {Exe”J, LOL* + Te”(J, Npny*
+ &”(J, OH)[OH *}ea + {¢”(J, H)h* + £”(J, B)b* (8.61)
+&"(J, A) (ca™ = CO) + Zie”(J, P)pi* an

When defining the ideal diffusion potential, Ep, the term — hog d[OH™]* dx should
be added to Eq. (4-28) in Chapter 4.

When defining the contribution of the activity coefficients to Ep namely Epy, the
term — [OH ~]* Aoy dlogo fou should be added to Eq. (4-34b) in Chapter 4.

The estimation of the function Q{H, [OH]}.

First, we should determine the experimental slope function SL{H, [OH ]} exp.
We can use cell H with a Hy(g) indicator electrode. For the solution Sy, we can have
~2.10 M NaOH + 3 M NaClO,. We can titrate with a solution: 0.1 M NaOH +
3 M NaClOy. For the total cell emf, we have
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En* =En + Ep = Eomy — glog,o[OH ]+ g [D(I) — D(C)] — g&"(A, OH)Aca

+ g Fy[OH Jron — g tag” (A, OH)[OH ] + corr
(8.62)
where Egpy is the experimental constant determined on the alkaline side.
SL{H, [OH ]}y is the slope of the plot Ex* + g log;o [OH™] — g[D(I) - D(C)] -
corr vs. [OH 7], where corr is neglected:

SL{H, [OH™ ]} = d{Ex* + glog,x[OH"] — g [D() — D(C)]} /d[OH]

— g Fohon — g¢(A. OH)(ta + ) (869
as Acy = AOHt M =[OH].
Calculating the difference function: Eq. (8.40)—(8.63), we have
Q{H, [OH"]} — SL{H, [OH" ]} = g&"(A, OH) (8.64)
Knowing the experimental slope function, we obtain
Q{H, [OH™]} = SL{H, [OH" }ex, + g¢" (A, OH) (8.65)

8.2.6 The Protolysis of H,L in Alkaline Solutions

We use the same treatment as in Section 4.3.1.4 (cf Ref. [2]). We study the equilib-
rium processes

H,L = HL™ + H" K; = [HL™] [H"]/[H,L]

HL™ = H' 4+ L* K, = [H"] [L>"]/[HL]

First, we determine Eoy through an acid-base titration, in the absence of the ligand
at [Y~] = C M, constant. During the main titration, we titrate with the buffer system:
0.2M AHL + 1 M A,L + CM AY. In the equilibrium solution, the following ions
are present: HY, OH™, [HL™] = cueig = HLt, 1 = [L”] = cqy = L, Y~ and A*.

The total cell emf was deduced in Ref. [2]. The following result was obtained.
[cf. Egs. (8.12), (8.22), (6.59) in Ref. [3], and (8.6)].

En* = Egma + glog;oh — g [DA) — D(C)] + Lr[ge"(H, L) + g Fo(AL — yAa)
—gtag”(A,L) + g ytye”(A, Y)] + HLr[ge"(H, HL) + g Fo(Apr — 2a)
—gtag”(A,HL) + g tye”(A, Y)1 + [OH™] [g Foron — g tag” (A, OH)]
+ h[—g FoAn + g tye”(H, Y)]

(8.66)
where the last term will be neglected.
For pK; — pK;= 5.
Inserting Eq. (4.135) into Eq. (8.66), we can form Ey”.
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En” = Ex* + glog,o(Ceart/Cacia) + g [D(D) — D(C)] — SL{H, 1
=[HL™J}HLt — g[OH ] [FoAon — tas”(A, OH)] = Eqn, (8.67)
+glog,o Ko + SL{H, 1 = [L* ]}t

The slope function SL{H, 1 = [HL"]} is given by Egs. (8.52), (8.53). Knowing this
experimental slope function, we can plot the function Ey” versus L. Then log;y K,
can be calculated from the intercept (= Eopa + g logo K»). The slope of this plot is
SL{H, 1 = [L]}. For the theoretical slope we obtain from Eq. (8.66)

SL{H, 1= [L"]} = ge"(H, L) + g Fo(AL — yAa) — g tag”(A, L) 4+ g ytye"(A, Y)
(4.143)
When dilute NaOH and a H,L containing solution, or A,L are used at the study of

the protolysis of H,L, the slope function SL{H, 1 = [L?*"]} should be recalculated
into Q{H, 1 = [L*"]}. Hence, we form the difference function

Q{H,1=[L2 ]} — SL{H,1 = [L2>"]} = Eq. (4.53) — Eq.(4.143)
=gyFoA —gyty &"(AY) (4.144)

And knowing the experimental slope function, we have
Q{H,1=[L> ]} =SL{H,1= [Lz_]}exp + the difference function (4.144) (4.145)

For pK; - pK; <5
The procedure of Chapter 4 “Deducation for pK, — pK; < 5” or a curve-fitting
computer program should be used.

Appendix 1 (Chapter 8)
The Hydrogen Electrode [13]

At present, hydrogen, quinhydrone and glass electrodes are used as H*-sensitive
indicator electrodes. In alkaline solutions, the hydrogen electrode should be used.
In theory, the hydrogen electrode is best, but often it cannot be used since it reduces
some substances in the equilibrium solution. In this case, glass electrode should be
used which is calibrated against hydrogen electrode. The hydrogen electrode looks
as shown in Fig. 8.1. It can be prepared either by electrolysis or thermally [13].

The Preparation of the Hydrogen Electrode by Electrolysis

The Pt foil (wire) should be cleaned in conc. HNO3 (or aqua regia for a short time),
water and ethanol, and then ignited in an ethanol flame. Then it should be coated
with Pt, Pd or Ir black by electrolysis. For example, using Platinum black: dissolve
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Fig. 8.1 The hydrogen (00

electrode
£1 Cu-wire

Body of glass

% Pt-wire
° Pt-plate
L/

(OX©)

1 g PtCly in 30 ml H,O, add 0.1 ml 0.1 M HCI and 20 mg Pb Ac;. Electrolyse
(as catode) 1-3 minutes with 0.3-0.15 A (Sirkka), 0.4-0.2 A (Bates, pH 1954,
pp. 166 —167), 0.01 A/cm? (Georg II). Sometimes, no black cover is obtained, it
then helps to add more Pb Ac, (Sirkka). Finally, the foil should be electrolysed (as
catode) in 0.1 M H,SO4 (Georg II), 10 % H,SO4 (Sirkka, Nils) for 20 — 30 minutes
with the same current density as before. When the last electrolysis was cut down to
5 min, equally good results were obtained (Sirkka). The lead acetate does not influ-
ence the electrode (Georg II). The electrode is rinsed with distilled water before it
goes into the equilibrium solution. We can also wipe it off with filter paper.

Old Pt black is removed with aqua regia. When this has been repeated a number
of times, the Pt surface becomes etched and dull, and it is time to reject it (Nils).

For each new titration, a new electrode should be made.

The hydrogen gas must be made free from oxygen. Let it pass through a series
of six wash bottles: the first three should contain acid CrCl, solution in contact
with amalgamated zinc for complete removal of oxygen by oxidation to Cr(III), the
fourth a 10 % KOH solution to remove carbon dioxide, the fifth water and the sixth
C M ionic medium.

The H;(g) stream should be divided into two (regulated by a pincher): one stream
bubbles through the electrode tube and the other one enters below the surface of the
solution. Before the titration, first bubble O,-free N, for at least 30 min, then H,
(O,-free) for about an hour or until changes in the rate of bubbling (always slow)
do not influence E. The outlet for H, should be under water and the titration vessel
should be tight, and not unnecessarily large. It may be a good idea to have the
apparatus standing with N, or H, bubbling overnight, after a titration, and to check
E the next morning (Nils).
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In alkaline solutions which do not cotain O, or other oxidizing substances, equi-
librium is obtained within 30—60 min for each point (Nils).

The Thermal Preparation of the Hydrogen Electrode [14]

The thin Pt-plate electrode should be placed in aqua regia and boiled for 1-5 min
depending on the condition of the metal. The electrode should then be washed
immediately with doubly distilled water, dried and stored under conditions where
no deposits can be formed on the metal surface.

The sensing surface can be prepared as follows. We prepare a 1-2% solution
of hexachloroplatinic acid by dissolving platinum metal in aqua regia. A drop of
this solution is applied to the sensor body so as to cover its entire surface. The
metal plate is the heated gently in an ordinary spirit flame. A yellow deposit is
formed as the liquid evaporates. The heating should be continued until the yellow
colour just disappear, forming a layer of platinum black on the sensor body surface.
The procedure should be repeated until an even layer covers the surface. Excessive
heating should be avoided as this results in a layer of greyish appearance and a
deactivated electrode. The prepared electrode should be used immediately, to avoid
contamination from the air.

The Total Emf of Cell H with a Hydrogen Indicator Electrode

The electrode reaction of cell H is at the platinized platinum electrode surface
1/2 H2 =H'+e
and at the surface of the reference electrode
e” + AgCl(s) = Ag(s) + CI™
The potential of the hydrogen electrode is

en = ey’ + glogy[(a(H)/p(H2)'/?)] (8.68)
The potential of the reference electrode is
Cref = €agc1 Ag’ — 81081[C17] (8.69)
and the total emf of cell H will be
Eny* = Ey + (g/2)log,o p(H2) = Eou + gloglo[a(H+)] (8.70)
where

Ey = the measured emf, in mV, of cell H with the partial pressure of hydrogen
p(Hy), in atmospheres,



8.2 The Presentation of the Potential Functions

229

Ey* = the corrected emf which we would have if the partial pressure of hydro-

gen were one atmosphere,
en’ and eaqc), A" are the normal potentials,
a(H*) = the activity of the hydrogen ions,

p(H,) = the partial pressure of hydrogen, is obtained by subtracting the vapour
pressure of C M ionic medium from the observed barometric pressure.

If the pressure is measured in Pascal (Pa),we have

1Normal atmosphere (pg) = 1.01325 x 10° Pa (Nm‘z)

en = en’ + glog,pa(H") + glog,,(1.01325 x 10°/p(H,)"/*) mV (8.71)

Ex* = Ey — glog,,(1.01325 x 10° /p(H,)"/?) = Egn + glog,o a(H)mV  (8.72)

where p(H) is given in Pa.

Table 8.1 presents some values [15, 16] for the ionic product of water (- logj

Ky ) at 25°C for the equilibrium
H,O = H' + OH~

and

[H*][OH] =Ky

(8.73)

Table 8.1 Survey of some values [15, 16] for the ionic product of water (—log;o Kyw) for the
equilibrium H,O = H* + OH™ and [H*] [OH~] = Ky, at 25°C in different ionic media, measured

by hydrogen indicator electrode

Tonic medium M 0.5 1 2 3
Na Cl04 13.73 m units 13.77 14.08 14.15 (Na) Cl04
Na(Cl0y4) (I=1) (Na) Cl04
14.22 (Na) Cl04
14.03 Na (Cl04) m units
1417 (I =3)
13.74 13.80 13.97 14.20 (I = 2.99)
(I=0.5) I=1 (I=2)
13.95
1 (Na Cl0y)
Na Cl 13.70 m units 13.73 14.03
Na(Cl) =1 (I=3)
KNO; 13.73 13.88
(I=1.01) (I=2)
KC1 13.76 13.80 13.96
(I=0.5) I=1) (I=2)
13.96

1 (KCl)
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Notations to Table 8.1

2 (NaClO,): ionic strength held constant at the value stated (2 mol liter™!) by
addition of the inert salt shown in parenthesis.

I (NaClO4): measurements made at a series of ionic strength (I) with sodium
perchlorate as the inert salt.

2 (Na)ClOy: concentration of the anion (C104") held constant at the value stated
(2 mol liter ~!) with the ion shown in parenthesis as the inert cation.

3 Na(ClOy): concentration of the cation of the ionic medium held constant at
the value stated (3 mol liter™') with the ion shown in parenthesis as the inert
anion.

Presentation of a New Calibration Method for the Glass
Electrode Against the Hydrogen Electrode in Alkaline
Solutions

We should use the following cell construction
— Ref. half-cell || Bridge sol. || Test sol. | H»(g), Pt and GE electrodes +

The bridge solution is C M NaClOy. In the test solution [C104~] = C M, constant.
In the reference half-cell, we should have two reference electrodes, one separate for
each indicator electrode. They should be connected to two potentiometers. For the
glass electrode circuit, we need a digital voltmeter (DVM) suitable for electrodes
of high resistance (glass electrode). The connection of the glass electrode to the
DVM cannot be disconnected during the measurement, because the value of Eg g
will change. For the hydrogen electrode of law resistance, we can have a Vernier
potentiometer (a potentiometer with Wheaston bridge).
The calibration procedure consists of the following steps.

(1) The determination of the experimental constants Egg,(for the hydrogen elec-
trode) and Eggy, (for the glass electrode), respectively, through an acid-base
titration.

In the case of for example NaClO, ionic medium, vp = 50.0 m1 0.010 M HC1Oy4
+ 2.99 M NaClOy should be titrated with totally 24.5 ml 0.020 M NaOH con-
taining 3 M NaClOy.

The emf of the cells can be described by Eq. (8.1) before the equivalence point.
For example, for the hydrogen electrode, the intercept of the plot Eg* —
g logjo[H'] + g[D) -D(C)] versus [H*] will give the constant Egy, and the
slope SL(H, cy). And the same plot should be done for the cell with the glass
electrode.

(2) Then we continue the titration with the calibration, by adding vr, = 50.00 ml
0.040 M NaOH + 3 M NaClO4. We measure the potentials of the indicator
electrodes after each burette addition. Now, Eq. (8.2) describes the emf of the
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cells after the equivalence point has passed. As the sodium error appears in the
potential of the glass electrode, the measured [OH ]y by it will be erroneous.
The [OH ]y measured by the hydrogen electrode is correct. On the basis of
Eq. (8.2), we can define the measured potentials Eg* and Eg. Then we plot
the function for example for the hydrogen electrode: Eg* + g log;o [OH ]y —
g logjo Ky, + g[DI) -D(C)] vs. [OH ]y. The intercept will be the constant
Eoma, the slope SL*(H, [OH ]y). Similarly, we obtain for the glass electrode:
the intercept Egg, and the slope SL(H, [OH ]g).
(3) Then we form the difference function AE o, = Eg*—Ey. We obtain

AE o = Ex* — Eg1 = Eona — Eogla + glogo[OH™ [y — glog;o[OH™ |y
+ SL(H, [OH™ ]g)[OH™ ] — SL*(H, [OH™ ]g)[OH™ ]y mV
(8.74)
Then we plot the correction function AE.q; vs. Egg mV on a millimetre paper.
(4) The use of the correction.

We study the complex formation reaction with a glass electrode and measure the emf
Eg1cpx Which defines [OH ]y . This is described by Eq. (8.3). First, the experimental
constant Egg, should be determined. Now, we have Eqggcpx €xperimental constant.
We read the correction term from the diagram at the E px value measured and form
the function

AEcorr + Eg1,px = Eq. (8.74) + Eq. (8.3).
From here, we can express the real [OH ]y as

IOglo[OH_]H = _(]/g)(AEcorr + Egl,cpx) + (l/g) (EOHa - EOgla + EOgl,cpx)
+1logo Ky — [DI) — D(O)] + (1/2)EvQH, V)V + (l/g)cgrr

(8.75)

as the terms (1/g) {SL(H, [OH ]g) [OH ]g — SL*(H, [OH Ip)[OH ]y} £ 0.
Here, V = [OH ]y, b, 1 A ca. The concentration [OH™]g can be calculated from
Egicpx using Eq. (8.3) by successive approximations. The term “corr” is negligible.
The calibration curve should be determined for every new experimental condition
used ([A*] = C M, constant, I = C M, constant) and new potential functions must

be deduced.
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Notation to Appendix 2 in Chapter 4

In the procedure suggested above for the determination of Egg and Egy, simultane-
ously, the concentrations both cg and cy are varied. Therefore, the graphical deter-
mination of these constants, suggested in Chapter 2, is not possible. Only by numer-
ical calculations. In this experiment, separate reference electrode and potentiometer
should be used for each indicator electrode.

We should remember that during the determination of Eog and Egy, the total cell
emf can be calculated in general as for cell B:

Ep = Eop + (g/2z5) log,o cg — gzs[D() — D(C)] + gdicp + gdacn

(4.234b)
+ SL(B, HyL)[H,L] + corr

where for [A*] = C M, constant, d; is given by Eq. (2.3) and d; by Eq. (2.4). The
slope function involved should also be determined. Moreover,

For Cell H:

En = Eon +glog;, cu — g[DI) — D(C)] + gdscg + gdscy + SL(H, HyL)[HyL] +corr
(4.234¢)

where for [A*] = C M, constant, dj is given by Eq. (2.14a) and d4 by Eq. (2.14b).

A non-conditional constant for Egg can be calculated from Eq. (4.34b), after
conductivity measurements. The same kind of constant for Egy can be obtained
from Eq. (2.34c), having the necessary conductivity data (cf. Chapters 2 and 3).
The slope function SL (B, HyL) can be determined according to Section 4.1.8.1.,
SL (H, HyL) according to Section 4.1.8.2.
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