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The molar conductivity of aqueous Cd(ClO,), solutions has been determined in
the concentration range 0.75-1.5 mol dm 3. The ionic molar conductivities were
determined in the test solutions of some emf cells containing mixtures of
Cd(ClO,),+HCIO,+ NaClO, under the experimental condition that [Na™]=

3 M is kept constant.

In potentiometric titrations, emf cells containing equilib-
rium solutions, often with liquid junctions, are used for
the determination of the equilibrium concentrations of
the species and the formation constants logB,,..
Equilibrium studies, in the present practice, are inter-
preted by least-squares optimization programs® in which
species are suggested until the theoretical and experi-
mental titration data agree with 0.01 mV. The presence
of the liquid junction in the cell causes a potential
contribution of a magnitude of several mV at the bound-
ary of the junction. This total potential anomaly is a
function of the concentration of all ions present in the
two terminal solutions. This has the result that a system-
atic error of several millivolts in the data will be inter-
preted as the formation of additional complexes, often
polynuclear.

The goal of the present series is to develop correct
equations for the calculation of potentials across liquid
junctions, in order to reduce the systematic errors to
around 0.1 mV and to avoid the suggestion of the
formation of polynuclear species, dimers or trimers,
which are artifacts. Moreover, the experimental condition
which results in the smallest liquid junction potential will
be identified.

The total cell emf in potentiometric studies can be
defined as

Ey= Eo; +(g/z5) log ¢; firsa + Ep + Ent (1)
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and the total potential anomalies as

AE;=(g/zy) log firs; + Ep + Ep¢ (2)

Definitions and symbols used throughout this series are
presented in Ref. 2.

In Ref. 2, potential functions were derived for the
calculation of potentials across liquid junctions of con-
stant ionic medium types, for emf cells containing mix-
tures of strong electrolytes: BY ,,+HY +AY under the .
experimental conditions [A*]=CM constant, [Y ]=
CM constant and /=C M constant, respectively. This
kind of cell is used for the determination of the experi-
mental constants Egy. This study has shown that the
determination of the constants of the Nernst equations,
E,;, take place with systematic errors in the present
practice. These errors cause the change of the equilibrium
constants studied (logp,,,) with [B*®*] or [H*],
respectively. Therefore, this phenomenon looks like the
formation of polynuclear complexes, dimers, trimers, etc.
The influence of this error on log f8,,, can be judged
from the calculations given in Tables 1 and 2.

In the present practice, we determine? the conditional
constants Egp, and Egy,:

Eopy = Eop + geud, (3)
Eone = Eou + gcpds 4

The terms d, and d; are the functions of some ionic
molar conductivities and interaction coefficients.
In cells with complex formation, the following reaction
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Table 1. The estimation of the systematic error in the
formation constants log B, caused by the neglected
potential contribution of the H* ions to Egg.

Cell B —pAlog b= pgd,cyz(B)/g
Eog+gd20H/mV p=1 p=2 p:3
z2(B)=2

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
Eog+7.00 0.236 0.473 0.710
z(B)=3

Eog+0.20 0.010 0.020 0.030
Eog +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
Eog +5.00 0.253 0.507 0.759
Eog+7.00 0.355 0.710 1.065

Table 2. The estimation of the systematic error in the
formation constants log B, caused by the neglected
potential contribution of the B*#® ions to Egy,.

Cell H —qAlog h=qgdscg.g

Eon + gdzcg/mV g=1 g=2 g=3
Eou+0.5 0.008 0.016 0.024
Eou+1.00 0.017 0.034 0.051
Eon +2.00 0.034 0.067 0.102
Eon +5.00 0.084 0.169 0.252
Eou+7.00 0.118 0.236 0.354
Eon + 10.00 0.169 0.338 0.507
occurs

pB+4¢gH+rL=B,H,L,

The use of the conditional constant Eqg, in cells with
complex formation will result in the following error in
the equilibrium constant log B, ,

—pAlogb=p(gd,cu)zn/g (5)
in cell B, due to
log B, ,.»=1log [complex] —p logb —glogh—rlog!
(6)
and
log b = (Ep — Eop — 8d,cn)z5/g + z5[D(1) — D(C)]
—(28/8) ; Q(B, V)V —corr zp/g (7

These equations are valid for the preliminary data treat-
ment. Here, Q(B, V) denotes functions with constant
values, in terms of some interaction coefficients and ionic
molar conductivities (cf. Part 6A, to be published).
V denotes the equilibrium concentrations b=[B*®*],
h=[H™], I=[LY"] and the change of the composition of
the ionic medium Ac, =c, — C or Acy =cy— C. Assuming
values for the term gd,cy mV in eqns. (5) and (7), the
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systematic error in log B, ,, can be estimated, as given
in Table 1.

The use of the conditional constant Eqy, in cells with
complex formation will result in the following error in

log B,
—qAlog h = q(gdscy)/g ®)
in cell H, due to

log h = (Ey — Eon — gd3cp)/g + [D(1) — D(C)]
—(1/9) Y Q(H, V)V —corr/g (%)

where Q(H, V) denotes constant functions, again.
Assuming values for the term gdycy mV in eqns. (8) and
(9), the systematic error in log 8, ,, can be estimated, as
given in Table 2.

In order to calculate the correct total potential anomal-
ies in the emf cells used, AEg or AEy,? we need the ionic
molar conductivities in the transition layer (A}) for every
mixture studied. In the present series it will be assumed
that the ionic molar conductivities in the transition layer
can be approximated by the A; values valid in the
test solution.

In the present paper, the molar conductivity of aqueous
Cd(ClQ,), solutions was measured in concentrated and
very dilute solutions.

Moreover, the ionic molar conductivities will be estim-
ated from the measurements of the conductivity of the
electrolyte mixtures BY ,g,+HY + AY with the composi-
tion given below. These mixtures were also investigated
by emf measurements in Ref. 2.

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

Mixture 2: cg=0.050 moldm™3, is kept constant,
[AY]=3moldm™3, is kept constant, ¢y is varied
within the range 0.004-0.1 or 0.2 moldm™3. Here,
B=Cd?**, Y =ClO,” and cy=[H*"]=[HCIO,] mol
dm ™3, cg=[Cd?"]=[Cd(ClO,),] moldm ™3 and [AY |=
[NaClOQ,], the ionic medium used, in C=3 moldm™3
concentration.

Presentation of the conductivity measurements

1. Measurement of the molar conductivity of aqueous
Cd(ClO, ), solutions. In order to be able to calculate the
deviations of conductivity from the additivity in the
mixtures of aqueous Cd(ClO,), +HCIO, +NaClO, solu-
tions, 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(ClO,),, in the concentra-
tions range 0.76-1.5moldm™2 at [H*]=8.891x 1073
mol dm ~3, constant, and 25.000+0.005°C. The uncer-
tainty of the resistance measurements was, in general,
ca. 0.02%. The measurements have been carried out as
forward and back titrations. The A value of Cd(ClO,),
has also been checked in some points of low
concentration.
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In this publication, all molar conductivities (A and L)
are expressed in S cm? (gmol)~! and the conductivity
() in cm ™! S. These units are generally omitted in the
text for simplicity.

1.1. Survey of the measurement of the molar conductivity
in concentrated solutions of Cd(ClO,),. The conductivity
of the test solution can be given according to eqn. (13)
in Ref. 2 as

10° k = zghg[B*® [+ Ay [Y "] + Au4[H™'] (10)
Introducing the concentration condition

[Y7]=z5[B*® ¥} +[H"] (11)
we obtain

10% k= z5[B*®* (g + Ay] + [H ¥ |[Ay + Ay] (12)

Plotting 103 k versus [Cd2™], (Acq +Ay) can be calculated
from the slope. This plot is presented in Fig. 1. The
function obtained could be divided into three regions,
each of which could be described by a straight line. The
results are given in Table 3.

As seen, we could obtain the quantity (Aqq + Ay ) accur-
ately. In these solutions, the conductivity of the ClO,~
ions can slightly be influenced by the presence of HCIO,
at a constant level. This can be estimated as follows.

In these solutions, Ay may be estimated according to
the additivity rule, in terms of the ionic strength fractions.

3
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Fig. 1. Determination of the molar conductivity of the aque-
ous solutions of Cd(ClO4)z, Acgcio,,, in the concentra-
tion range 0.75<[Cd(CIO,),1<1.54 mol dm~2 at [HCIO,]=
8.891x 10~3mol dm™~3, constant, and 25.000+0.005 °C.
10% k vs. [Cd?*].

Table 3. Molar conductivity of the aqueous solutions of pure
Cd(Cl0,), in the concentration range 0.75-1.5 mol dm ™3,

[Cd(CIO,4),1+ 0.008891 HCIO, ACd(CIOy,);

/mol dm ™3 /S cm? mol ™!
0.75-1.03 41.1
1.03-1.29 32.3
1.29-1.50 23.6

The ionic strength is
I=C+cy+cy(z8+23)/2 (13)
and therefore

Ay =[(z5 + z8)/21[B*® " Ay (BY ,5))/1 + [H* Ay (HY )/1
(14)

where the values of Ay (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 " ];.

The order of magnitude of the last term in the previous
equation was estimated at 0.75 and 1.50 mol dm™3
concentrations of [Cd?*] using the values Ay (1 mol dm~
HY)=329.3%0.15=51.0 and Ay (3 moldm™3 HY)=
233.1x0.17=39.6. The result is Ay (HCIO,) [H*]/I=
0.20 and 0.08, respectively. The molar conductivity of
HCIO, at 1 and 3 mol dm ~3 levels and the corresponding
transport numbers were taken from Ref. 2.

As is seen, the first decimal place of the value
(Aca+ Ay )exp is influenced by the presence of 8.891 x 1073
mol dm ™3 HCIO, in the solution studied. (Here, exp=
experimental.) If we give the A [Cd(ClO,),] values with
one decimal place accuracy, no further correction is
necessary.

If higher accuracy is required at a given concentration
of, e.g., Cd(ClO,),, then conductivity measurements
should be carried out using a constant concentration for
Cd(ClO,), and varying the concentration of HCIO,
slightly: e.g. 0.008 <[HClO,]<0.060 moldm~3. Then
extrapolation of a plot of 10* x vs. [H*] to [H*]=0 will
give the correct value for (Acq+Ay) on the basis of
eqn. (12).

1.2. The molar conductivity of very dilute Cd(ClO,),
solutions. Matheson® has measured conductivities in
dilute Cd(ClO,), solutions at 25 °C in the concentration
range 0.001-0.1 N, where the test solutions had acidities
pH=4.8-5.0. He tried to make corrections for the
hydrolysis of the Cd?* ions. He considered only one
hydrolysis process.*

Cd** +H,0=CdOH* + H*

3

However, the hydrolysis of the Cd?* ions is much more
complex.’

For comparison, the molar conductivity of dilute
Cd(Cl0,), solutions was also measured in the present
study, for some concentrations, in the presence of H*
ions. The value of A [Cd(ClO,),] was calculated through
approximations of two steps.

1.2.1. Considering eqn.(12), the conductivity of
Cd(ClO,), solutions can be written as

zg[B* P ] (g + Ay) = 10° Kppeas — [HT 1 (hu + Ay)  (15)

Here, meas=measured.
We assume that

A= A3 = 349.81
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and
Ay =Ay =67.37

both values at infinite dilution.®® Hence, the values
presented in Table 4 could be calculated for Acg+Ay=A
[Cd(ClO,),] from eqn. (15), as a first approximation.

1.2.2. We assume now, as a second step in the approxi-
mation, that Onsager’s limiting law®® is valid for the
value of Ay+Ay=A (HCIO,) at the ionic strength in
question

A(HCIO,) = A°(HCIO,)

gA°(HCIO,)
-(0.7852 T+ +30.32(|zy| + |25]) | I (16a)
where
|z12,] 7‘(1)‘*‘7‘3
- x E - (16b)
CTAINPN R PATERNPATE:

Subscript 1 denotes the H* ion, 2 the ClO,~ ion. For
Izl =lzl=1.q1s 1/2.

From eqns. (15), (16a) and (16b) the value of the
second approximation could be calculated for A
[Cd(ClO,),], as presented in Table 4. As is seen, the
results of the second approximation agree within ca. 1%
with the values obtained by Matheson, although strictly,
Onsager’s limiting law is valid only if the concentration
of the component is <0.001 N.

2. Measurements of the ionic molar conductivities in the
mixtures of Cd(ClO,),+ HCIO;+ NaClO, at [Na*]=3
mol dm™3. In order to calculate the different potential
functions describing the total potential anomalies,? we
must know the ionic molar conductivity values A{j, A%,
and also Ay and AN, in the actual mixtures. Here,

tr denotes trace.

2.1. Conductivity measurements in mixtures where C¢, is
varied while cy is kept constant. Conductivity measure-
ments have been carried out for the determination of the
Ay values in question in Mixture 1 where [Cd(ClO,),]
was varied in the range 0-0.187 mol dm 3. The conduc-
tivity of the mixtures, 10% x, was calculated according to
the definition given in Ref. 2. The conductivity data have
been interpreted, in terms of the ionic molar conduc-
tivities, with the help of several plots as presented below.

2.1.1. The percentage deviations of the conductivity from
additivity. First these deviations have been investigated
through a plot of 10%(10% k — 103 k,44)/10% x vs. [Cd**].
We assume that Ay .44 is valid and that it will change
linearly with the composition. Here, 10° k stands for the
measured conductivity of the solution studied and
103 x,q4q is calculated according to the additivity as

10% Kqq = [H* Ag(C M HY) + [Na* A, (C M AY)

+ 1Y yaaa + zs[B*®* p(C/zg M BY,s)
(17)

Here
A(CM HY)=1(CM HY)A(CM HY) (18a)

Ms(C/zs M BY ) = 15(C/z5 M BY ;) A(C/z3 M BY 5,
(18b)

AM(CM AY)=1,(CM AY)A(CM AY) (18¢)

Ay aaa = [ATIAy(CM AY )/T+[H" Wy (CM HY)/I
+[(z8 + 28)/21[B*® " Ay (C/zg M BY ,5))/1 (19)

In the equations above. t; stands for the transport
number of the ion J and A is the molar conductivity of
the electrolyte noted at C/|z,| mol dm ™3 concentration,
respectively. Ay .qq 1S calculated in terms of the ionic
strength fractions. The necessary values of A and ¢ can
be found in Ref. 2 for NaClO, ionic medium. Moreover,
the approximation tcy [1.5 moldm ™3 Cd(ClO,),]~ 1z,
[1.5 mol dm 2 Zn(ClO,),]=0.319 was used, taken from
Ref. 6c.

The plot in question is shown in Fig. 2. As is seen, the
deviations from additivity are rather small, <1%, and

(- Xaig)1g?
X%
ol 0.020 0.060 0.100 0.%60 0.180M [cd?]
T T T T T T T T T

h—O——0Co-@ \
TO—e-oe_
Oe
.\O~.\
-1 [ O'\
O FORWARD TITR.

@ BACK TITR.

Fig. 2. Deviations of the measured conductivity (10% x) from
additivity (10% k,qq), in %, as a function of [Cd?*], in
the system 0.025 mol dm~2 HCIO,, 3 moldm~2 NaClO,,
0<[Cd(Cl0,),1<0.18 mol dm~3 at 25.000 + 0.005 °C.

Table 4. A survey of the molar conductivity of aqueous Cd(CiO,), solutions at some low concentrations and ionic strength
(I/mol dm~3): comparison is made with values from the literature.

This work
1st approx.

This work Matheson’s work®

[Cd?*] [H*] 103«
/mmoldm~2 /mmoldm™3 /Scm™!

AIC(CIO,),] 1

/ScmZmol™" /moldm™

2nd approx.

50.08 2.104 9.932 90.39 0.1523
46.95 1.97 9.358 90.90 0.1428
44.19 1.86 8.842 91.26 0.1344

A(HCIO,) AICd(CIO,),] 1 A[Cd(CI0,),]
3 [cf. eqn. (16a)] /Scm?mol~' /moldm~3 /S cm?mol™’

367.20 91.45 0.1515 92.58

368.79 91.92

370.24 92.25 0.1338 93.39
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they are negative. They can be described with the help
of two straight lines. As the deviations are a linear
function of the [Cd%*], they can be interpreted as the
result of the presence of the Cd?* ions. Therefore, A%,
will be smaller than its value in the pure solution of 1.5
moldm™3 Cd(ClO,),, and it changes its value at
[Cd**1~0.090 mol dm 3. Moreover, the negative inter-
cept is most probably due to the decrease of Aj value,
compared to Ay (3 mol dm~3 HCIO,).

2.1.2. The plot 10°x vs. [Cd*"] at [HCIO,]=
0.025 mol dm ™3, constant. This plot is presented in Fig. 3.
As is seen, the function has a break point around
[Cd?*1~0.090 moldm~3. It is interpreted as the result
of the change of Acyq. The linearity of this plot before
and after the break point shows that the ionic molar
conductivities in this system are either constant or a
linear function of [Cd?*]. The conductivity of these
mixtures can be given as

10° Keate = zg[B*® I + [HY ML + Ay aa YT+ [ATThA

(20)
Here, the validity of Ay ,4q Was again assumed.
The intercept of this plot is
[H* M+ [A" s +[Y " JAy adaaz) = 169.15 (21)

at [Cd?*]=0 mol dm 3. This represents the ionic molar
conductivities in the two-component system 0.025
mol dm ~3 HCIO, +3 mol dm ™3 NaClQ, . As these con-
centrations are kept constant, this mixture is functioning
as a constant ionic medium in this system. This mixture
will be termed ‘actual medium’. Here, Ay, can be consid-
ered as constant, being equal to the value in 3 mol dm ™3
NaClO,. The ionic molar conductivity of the ClO, " ions
in this two-component system, Ay qay=Ay >, can be
calculated due to the additivity [cf. eqn. (19)]. Therefore

%.103
8 cm" O FORWARD TITR. /
@ BACK TITR. O
17 | /
./O
L d.
2 | O/O’O
m |
i i 1 i 1 1 i A L
0 20 60 100 %0 180.1073 4 [cd?Y)

Fig. 3. 103k vs. [Cd?*], for the determination of the ionic
molar conductivities in the system 0.025 mol dm~3 HCIO,,
3moldm~2 NaClO, and 0<[Cd(CIO4),]1<0.18 mol dm 3,
(k is the measured conductivity at 25.000+0.005°C.)

we have

Ana = 0.43 x 54.60 = 23.48

AYEP =31.19

In this case Ajj can be obtained from the intercept
M) =174.40

As is seen, the H* ions are slowed down in this mixture,
as their conductivity in 3moldm™® HCIO, is 233.1
x 0.83=193.5.

The value of A{j cannot be obtained with a very high
accuracy using eqn. (21). The reasons are as follows.
(i) M is obtained as the result of a difference between
two almost equal numbers, which then must be divided
by a very small one. Therefore, a possible experimental
uncertainty in the position of the intercept will be very
much magnified. (ii) According to the author’s experi-
ences, gained in the conductivity measurements in ques-
tion, the slopes of various plots such as Fig. 3, can
always be reproduced very accurately. On the other
hand, the starting points (intercepts) of two identical
experiments can differ by around 0.1%. This uncertainty
in the position of the intercept can result in much larger
error in A{j. Accepting 0.1% uncertainty in the position
of the intercept, the following alternative value can be
calculated from eqn. (21):

Mg = 166.01.

If we choose the average of the two values obtained, as
the final result (denoted R), we have

Miw) = 170.20 £+ 4.20.

This result includes +2.46% uncertainty. Now, only
&4 1s to be determined.

2.1.3. The plot of the deviation of A%y from Agy
[1.5 moldm™3 Cd(ClO,),] vs. cg=[Cd**]. In order to
investigate how much A, deviates from its value in 1.5
mol dm ™3 Cd(ClO,),: Acq [1.5 mol dm~3 Cd(ClO,),]=
23.6 x0.319=7.5, the deviation, defined as

AQAR) = 10% k — [H+]7¥g(1) - [A+])\'A - A'Y,add(.’;)[Y_]

_ ZB[BZ(B)+];»B(C/ZB M BYz(B)) - _ZB[BZ(BH—]’,1
(22)

has been plotted as a function of [Cd?*]. The subscript
(3) refers to the three-component system. Here, those
values of Ay, and Af;, should be used which have been
determined in the previous section. This plot is shown in
Fig. 4. Here, the break point is clearly visible at [Cd**]=
0.086 mol dm 3, where the ionic molar conductivity of
the Cd?* ions changes. The deviation, r;, could be
calculated from the slopes. The results are presented
in Table 5.

We can conclude from these results that the concentra-
tion of the Cd?* ions should be <0.086 mol dm ™3 when
this system is studied, in order to insure the constancy
of A&. It is seen from Fig.3 and Table 5 that the
individual values of A; and the ratios of some ionic molar
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Fig. 4. The deviation of A%, from its value in 1.5 mol dm 2

Cd(Cl0,),, as a function of [Cd?*], in the system 0.025
mol dm~2 HCIO,, 3 mol dm~3 NaClO,, 0<[Cd(Cl0,),]<0.18
mol dm 2 at 25.000 +0.005 °C.

conductivities, which appear in the potential functions
derived in Ref. 2 for the calculation of AE,, are constant.

The data were also treated with the curve-fitting pro-
gram MLAB.” Eqn. (23) was fitted to the data using the
values A§, A{j and A, as parameters.

F([B*®* ], [H]) =10° Kk — Ay aaa[ Y]
:ZB}\‘g[Bz(B)+]+)\‘g[H+]+C)\,A (23)

The results are presented in Table 5. The author prefers
the graphical result as the final one, which is based on
the value Ay, =23.48, determined experimentally.

2.2. Conductivity measurements in mixtures where cy is
varied and c, is kept constant at [Na™ ]=3 mol dm3,
constant. Conductivity measurements have been carried
out for the determination of A{j, Ay, and Ay in Mixture 2
where [HCIO,] have been varied in the range 0-0.1
mol dm ~3, The treatment of the data was similar to that

used in section 2.1.

2.2.1. The percentage deviations of the conductivity from
additivity. The deviation function defined in section 2.1.1
has been plotted as a function of [H*]. This plot is
shown in Fig. 5. As is seen, the deviations are <3%. We
have positive deviation at [H*]=0 moldm 3, due to the
presence of the Cd?* ions in 3 mol dm ™3 NaClO,. The
presence of the H* ions causes negative deviations from
additivity. The deviations are a linear function of [H*].
This means that the ionic molar conductivities are either
constant or a linear function of [H*].

2.2.2. The plot 10°x vs. [HY] at [Cd(CIO,;),]=
0.050 mol dm 3, constant. This plot is presented in Fig. 6,
which is a complete straight line. Mathematically it is
described by eqn. (20). For this plot we have

Intercept = [A "]k + Z5[B*® " IAF + Ay aqa [ Y 7]
=166.45 (24)

The intercept represents, again, the properties of the
two-component system 0.050 mol dm ™3 Cd(ClO,),+
3moldm~3 NaClO,. As these concentrations are kept
constant, this mixture can be considered as the actual
medium used. Here, Ay, can be considered to have the

Table 5. Survey of the values for ionic molar conductivities in Scm? mol~' for the mixtures of 3 moldm™3 NaClO,,
0.025 mol dm 3 HCIO,, 0 <[Cd(CIO,),] <0.187 mol dm 3 at 25.000 + 0.005 °C.?

Graphical analysis

0.014 127 < [Cd(CIO,),] < 0.080/mol dm 3

Ana = 23.48
Al =170.20 + 4.20

In the ranges
0 <[Cd(CI0,),1 < 0.086 mol dm~3:
Ay =7.54—-0.90=6.64

0.086 < [Cd(Cl0,),] <0.187 mol dm~3:

My =7.54—5.25=229

—0.15<

30.98 < Ay agaiz) < 30.08

Ay add(3)
057<ty=—"-""—<0.56
Y Ma + Avada@

7LNa
043 < tyy=——2 — <0.44

Ana + Ay,add@)

)\-Cd —Zcd )‘Y,add(S) < —-0.14
"7 72303 Clng + Avadam)

Computer analysis

In the range 0 <[Cd(ClO,),] < 0.086 mol dm~3:
AL, =6.85, =167.85, Ana=23.52

In the range 0.086 <[Cd(Cl0,4),]1<0.187 mol dm ~3:
M,=223, Aj=196.73, Ay, = 23.55

# Some quantities (Ayagqe3. ty, tna, €tC.) Which appear in the potential functions are presented, Here, Y denotes CIO, . The
values of Ly, aqqz change according to Ay,aga@ = 31.19 —[Cd?*] x 13.87.
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Fig. 5. Deviations of the measured conductivity (10° k) from
additivity (103 «,q44), in %, as a function of [H*], in the system

0.050 mol dm~3 Cd(ClO,),, 3 moldm~3 NaClO,, 0.005
<[HCIO,1<0.1 mol dm~2 at 25.000+0.005 °C.
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Fig. 6. 10° k vs. [H*] for the determination of the ionic molar
conductivities in the system 0.050 moldm™2 Cd(CIO,),,
3 mol dm~2 NaClQ, and 0.005<[HCIO,]<0.1 mol dm~3, at
25.000+0.005 °C.

same value as in 3 mol dm ™3 NaClO,, again. Ay 4q42)=
AMED can be calculated in this two-component mixture
according to eqn. (19). Then A&, can be obtained from
the intercept. Hence, we have Ay, =2.48, AYEP=30.40
and Adyqy=17.57.

Again, the value of A&, is strongly influenced by a
possible small uncertainty in the position of the intercept.
It was noticed in a second experiment that the intercept
of Fig. 6 was 0.21 units higher: 166.66. With this value,
we obtain an alternative result for Ag;: Az =19.80.
Taking the average, as a final result, we have Af;g) =
18.68 +1.12. This corresponds to =+6% uncertainty,
which is caused by 0.12% deviation in the position of
the intercept.

Now, A should be estimated.

2.2.3. Plot of the deviation of 1% from Jy (3 moldm ™3
HCIO,) vs. cy=[H" ]. In order to investigate how much
ME deviates from its value in 3moldm ™3 HCIO, [A}
(3moldm™3 HClO,)=233.1 x0.83=193.5], the devi-

ation, defined as
A(ME) = 10° « — [A+]}"A —Ay[Y 7]~ ZB[Z(B)+]7"B(1)
—[H"MH(CM HY) = +[H"]r, (25)

has been plotted as a function of [H*]. Here, those
values of Ay, and Ady, should be used which have been
determined in the previous section. For the ionic molar
conductivity of the ClO,~ ions, both AYEP, constant, and
Ay ada)»> varying and calculated according to eqn. (19),
have been tried.

2.2.3.1. The plot in question, using AYEP, is presented in

Fig. 7. The slope of this straight line is identical with the
deviation r,:

r,=—48.41 and Mj=193.5—-48.41=1450.

These results have been refined by using the curve-fitting
program MLAB.” Substituting the concentration condi-
tion

(Y ]=z[B*®"]+[AT] +[H"] (26a)

into eqn.(20), we obtain, omitting the index MED,
10° Keaie = zg[B*® ] (M5 + Ay) + [HTJM + Ay)

+[AFI(As +2y) (26b)

with
Slope =A% + Ay =177.0 (26¢)

Equation (26b) was fitted to the data by adjusting A{,
Ay, M, As as parameters. The earlier results have been
used as start values. The experimental slope [cf.
eqn. (26c)] was given as a condition (‘constraints’) in the
calculation. The results are presented in Table 6. As is
seen, from the conductivity data of this table, the H*
ions are strongly retarded in these mixtures.

2.2.3.2. The same plot can also be investigated using the
assumption that the ionic molar conductivity of the
ClO,~ ions can be described by Ay ,443), valid for the
three-component system and calculated according to
eqn. (19). In this case, the results given in Table 7 have

0 20 ) 60 80 1001071 11°]
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Fig. 7. The deviation of Al from its value in 3 moldm™2

HCl0,, as a function of [H*], in the system 0.050 mol dm~3
Cd(CIO,),, 3 moldm™3 NaClO,, 0.005<[HCIO,]1<0.1 mol
dm 3 at 25.000 +0.005 °C.
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Table 6. Survey of the values for ionic molar conductivities
in Scm?mol~!, valid in the mixtures of 3.00 mol dm™3
NaClO,, 0.050 moldm™3 Cd(ClO,),, 0.0046 <[HCIO,]
<0.100 mol dm 2 at 25.000 + 0.005 °C.?

g = 14660 ACdYZ = )"gd + }\.y = 47.83
Ana = 23.48 Anay = Ana + Ay =53.88
Ay
}\.y = 30398 ty = )\' T 7\' = 056
Na Y
AL, =17.43
A AL }‘-Na
HY = H+}"Y=177-0 tNa=)\' +>\' =043
Na Y

?The molar conductivities Acay,, Apy and Anay, and also ty
and ty,, which appear in the potential functions, are pre-
sented. Equation (26b) was fitted to the experimental data

using program MLAB.” The validity of AYEP was assumed,

denoted Ay here.

been obtained. The data were also treated with the curve-
fitting program MLAB.” Equation (23) was fitted to the
data by using Af}, A&y, Ana as parameters. The results are
shown in Table 7.

As at present we do not have any theory about how
to interpret conductivity data in mixtures of concentrated
electrolyte solutions, it is difficult to say which of these
explanations is correct.

In sections 2.1 and 2.2 we have investigted two different
types of mixture of Cd(ClO,),+HCIO,+3 moldm™3
NaClO,. As is seen from the results presented in Tables
5-7, the ionic molar conductivities or the necessary ratios
of them are constant in every special mixture. On the
other hand, the individual values, especially A&y and A,
differ greatly in the different mixtures, and they cannot
be interchanged. Therefore, these ionic molar conduc-
tivities should be determined again, if both c¢¢q and cy

are varied durign the titration. This large variation of
the values of Agy and Aff in the different mixtures of
Cd(Cl0,),+HClO,+3 moldm™3* NaClO, has great
importance for the determination of the constants of the
Nernst equation, Egy and Eqp.

3. Conductivity measurements in mixtures where both c,
and cy are varied. If both a H* and B*®* jon-sensitive
indicator electrode is used in an emf titration, both Eqy
and Egyg should be determined within one titration. In
this case, both ¢y and ¢y should be varied. The ionic
molar conductivities Aff and A§ will have new values
which should be determined.

Conductivity measurements have to be carried out
when the composition of the test solution is varied during
the titration as 0.002<[HCIO,]<0.025 moldm ™3,
0<[B(ClO,),] < Br(maximum) mol dm ™3 and NaClO,
ionic medium, when [Na®]=3 moldm™3, constant.
Here, Br(maximum) is the highest value of the total
concentration used for BY g, during the main titration
in which complex formation is studied. As both cc4 and
cy are varied in these mixtures, the graphical treatment
used in sections 2.1.2 and 2.1.3, and 2.2.2 and 2.2.3,
cannot be employed here. The measured conductivity
data, 10° x, can be interpreted in terms of the ionic molar
conductivities only with the help of a curve-fitting pro-
gram, e.g. MLAB.” This can be done by fitting eqn. (23)
to the experimental data. Aj], A&y and Ay, should be
adjusted as parameters. The ionic molar conductivities
of the pure components at the C/|z;] mol dm ™2 concen-
tration level can be used as start values for these para-
meters. These can be calculated in the same way as
shown in section 2.1.1.

This procedure was tried on a mixture where both
[Cd(ClO,),] and [HCIO,] were varied equally (Mixture
3), in the range 0-0.110 mol dm 3, using NaClO, ionic

Table 7. Survey of the values for ionic molar conductivities in Scm? mol~", valid in the mixtures of 3.00 mol dm~2 NaClQ,,
0.050 mol dm~3 Cd(CIQ,),, 0.046 < [HCIO,] < 0.100 mol dm~3 at 25.000 + 0.005 °C.?

Graphical analysis

0.046 < [HCIO,] <0.102/mol dm 3

H = 13778 30.42 < }‘Y,add(S) $ 30.69
Ay =18.68+1.12
Ana =23.48 0.56 < tv— Ay.ada@) <056
R Ana + Ay,add@)
)"Na
0.43<thga=T—"""7""""x0.43
N2 Ana + Avada@
0.29 M = Ay, ada(3) <029

<
2.303 ClAna + Av.addis)

Computer analysis

Al = 136.35
= 16.48
Ana = 23.52

?The validity of Ay .qq3) Was assumed, describing the three-component system studied. Quantities like Ay agq(3), ty, tnas €fC.,
which appear in the potential functions, are presented. Y denotes ClO,~. Here, the values of Ay 443 change according to

Av,adda = 30.41+2.80[H™].
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medium under the experimental condition that [Na™]=
3 mol dm 3, constant. The results given below have been
obtained.
For 0<[Cd(Cl0O,),]<0.060 mol dm 3
11=122.72 and iy, =23.97.
For 0.060<[Cd(Cl0,),]<0.109 mol dm~3; A% =9.21,
AMi=117.52 and Ay, =24.32.

r =16.11,

Discussion

We can conclude that the ionic molar conductivities
obtained are rather constant in the different mixtures
studied. This constancy is valid for a given set of
experimental conditions. The individual values of Agy
and Ay differ greatly in the different mixtures. They
cannot be interchanged. In the potential functions? AEg
and AEy ratios of the ionic molar conductivities appear:

ty = My ada/(Aa + Ayaad); 2o =2Aa/(Aa + Ay ada)
(Mg — zBAy 244)/[2.303C (XA + My aqa]
(Mt — My ,20a)/[2.303C(A 5 + Ay aad]

These ratios are rather constant. The uncertainty of these
values, due to the slight change in Ay .44, does not exceed
the uncertainty of the transport numbers and molar
conductivities of NaClO, and HCIO, solutions obtained
from separate measurements.®-

It is surprising that the ionic molar conductivities are
so different in the three different mixtures studied. On
the other hand, the actual ionic medium is quite different
in these three types of mixtures. It means that the ions
are migrating in quite different ionic environments in
the different mixtures. It cannot be expected that the
Ay values are independent of the potential fields what the
different actual mediums represent.

Obviously, this is the explanation to the fact that in
the common point of Mixtures 1 and 2, with the composi-
tion [H*]=0.025 mol dm ™3, [Cd?*]=0.050 mol dm 3
and [Na*]=3 mol dm 3, the values of Ay and A4 are
different. In these points, the measured value of 10° x is
practically the same. This is also valid for Ay, and
Ay ada)- However, Aqq and Ay cannot be determined
from the conductivity of one point. We must examine
the entire plots of 10% k vs. [Cd?"] and [H *], respectively.
In Mixture 1 the actual medium is 0.025 mol dm™3
HCIO, +3 mol dm 3 NaClO,, both kept constant, with
[Cd**] as the independent variable. In Mixture 2 the
actual medium is 0.050 moldm™3 Cd(ClO,),+
3 mol dm ™3 NaClO,, both kept constant, with [H*] as
the independent variable. The functions 103 k vs. [Cd?*]
and 10® x vs. [H*] have different intercepts and slopes.
These should be examined when we determine Acy and
Au, as we did here.

For these common points we have

10° k — [A" Ao —[Y Ty aaa3)
=2[Cd* " Ay + My [H]

=[H" e + 2[Cd** ey (27)

Here, Ay [H]=4.36, valid in the two-component
Mixture 1, and is determined by the intercept given in
eqn. (21). Acqs) is valid for the three-component
Mixture 1 and can be calculated from the slope of
Fig. 4 (6.64).

2[Cd**hcyy=1.77, valid in the two-component
Mixture 2, and is determined by the intercept given in
eqn. (24). Aye is valid for the three-component
Mixture 2 and can be calculated from the plot 2.2.3.2
(137.78).

The value of function (27) is 5.02 for Mixture 1 and
5.21 for Mixture 2. This means that the values of Agy,
and Ay, are correct.

After the determination of the ionic molar conductivit-
ies in Mixture 1 and Mixture 2, we can calculate the
potential contribution of the H* ions to Egg, [cf.
eqn. (3)] and of the Cd?* ions to Egy, [cf. eqn. (4)]. We
obtain geyd,=—0.17mV and Egg=Eqgg,+0.17mV on
the basis of eqn.(42) in Ref. 2. Moreover, gccqads=
1.9 mV and Egy=Eou,—1.99mV on the basis of
eqn. (46) in Ref. 2.

According to these results, the constants Egg, has
—0.17mV and Egy, has 1.99 mV systematic errors, if
we do not correct for these effects. According to Table 2,
2 mV uncertainty in Egy causes the following systematic
errors in log B, , .

g=1 g=2 g=3
0.034 0.067 0.102

at [Cd**]=0.050 moldm~3 kept constant during the
determination of Egy,. If we have higher concentrations
for the Cd?"* ions, this systematic error will increase and
the uncertainty in log B,,, will be higher. This also
means that with the use of a least-squares optimization
program, the real accuracy of the data should be used
for the limitation of the fit, —0.17 and 2 mV here, instead
of 0.01 mV, which is the accuracy of the readings of the
potentiometer. However, the real systematic error in
log B4, will be higher, because of the potential contribu-
tions of the ions of the equilibrium solution in cells with
complex formation.

In Ref. 2 the potential contributions of the changing
concentrations of the Cd®>* and H* ions, respectively,
to the total potential anomalies in the cells were calcu-
lated, in order to prove the theory developed in Ref. 2.
The calculated and measured slopes (defined in Ref. 2)
agreed well. This means that both the developed equa-
tions and the determined ionic molar conductivities are
correct.

No method can be found in the literature for the
determination of the ionic molar conductivities in a
junction of the type

AY |BY, 5 + HY +AY

In earlier studies of simpler junctions, the values of the
conductivities of the ions involved were used which were
valid at infinite dilution. This is completely erroneous
for liquid junctions of the constant ionic medium type.
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Scheme 1.

In some cases, A; values were used that were valid at the
total concentration of the common anion (Y 7) involved.

For the concentration cell of the electrolyte MY and
for junctions developed between two different electrolytes
or mixtures of electrolytes, Harper'® suggested a new
calculation method. For these cases, it is supposed that
for the ion J the values of A; and In f; in the mixture can
be calculated as a linear combination of its values valid
in all the pure binary components in which it participates,
measured at the total ionic strength of the mixture, and
weighted according to the ionic strength contribution of
each component in the mixture. The use of this model is
discussed at both moderate and higher concentrations.
Harper’s A, values vary with 7. Harper has also developed
a Fortran program for his calculations. The agreement
between calculated and measured liquid junction values
was good. The drawback of Harper’s method is that the
potential functions are rather complicated, even in the
case of simple junctions.

Experimental

Reagents and solutions. Sodium perchlorate and dilute
perchloric acid solutions were prepared and analyzed as
usual in this laboratory.!! The cadmium perchlorate
stock solution was prepared and analyzed according to
Ref. 5. The crystalline Cd(NOj),:4H,0, Merck p.a.
quality, did not contain any Cl~ impurity, so was used
without purification. Gravimetric determinations of cad-
mium agreed to within 0.1 mass %.

The hydrogen ion concentration of the cadmium per-
chlorate stock solution was estimated by potentiometric
titration. A weighed amount of the stock solution was
added to 50 ml of 3 moldm~3 NaClO, with a known
hydrogen ion concentration in a titration vessel. Then
H™ ions were generated with the help of a coulometric
circuit, in a titration procedure. The hydrogen ion con-
tent of the test solution was evaluated with the help of
a Gran plot.'?2

Silver perchlorate stock solution was prepared by
dissolving Ag,CO;(s) in a slight access of perchloric
acid. The silver content was determined gravimetrically
as AgCl(s).

The experimental details of the emf measurements
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are presented in Ref. 13. In the cell where [Na*]=
3 mol dm ™3, constant, a glass electrode (Beckman Co.,
type 40498) was used. The emf of the cell was measured
with a Dynamco Ltd. digital voltmeter, type DM 2022.
Stable emf values were obtained within a few minutes.
A constant current power supply was used (Electronic
Measurements, model C633).

The description of the coulometric circuit is given in
Scheme 1 above for the generation of H* ions.

The conductivity measurements were carried out as
described in Ref.9. A dual-beam oscilloscope, type
DM 64 from Telequipment, was used as a zero instru-
ment, without amplification between the bridge output
and the oscilloscope. During the conductivity measure-
ments the temperature fluctuations in the bath were kept
below +0.005 °C.

The accuracy of conductivity measurements can be
increased by using properly designed conductivity cells
with large cell constants.
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