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Inversion Amalgam Chronopotentiometry
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The review deals with the theoretical principles of the method of inversion amalgam chronopotentiometry. The transition
times and the potential -time relations for the electrochemical dissolution of amalgams under galvanostatic conditions are
analysed and the applications of the method in electroanalytical practise, in the study of the kinetics of electrode processes
and adsorption, in the determination of the numbers of electrons involved in the reaction and diffusion coefficients, and in
the study of complex formation, corrosion of amalgams, etc. are examined in detail. The fundamentals of the theory of
electrode processes complicated by preceding, subsequent, and simuitaneous chemical reactions are described. The
possibilities and advantages of the method of amalgam chronopotentiometry in relation to other electrochemical procedures

are indicated.
The bibliography includes 86 references.
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I. INTRODUCTION

One of the promising methods for the determination of
low concentrations of elements and for the investigation of
the kinetics of electrode processes on amalgams is that of
inversion amalgam chronopotentiometry (MIAC). The
studies carried out hitherto have shown that this method is
distinguished by the simplicity of the apparatus employed
and of the mathematical treatment of the physicochemical
relations. The latter factor makes it irreplaceable in the
investigation of the chemical reactions accompanying the
electrode process. The linear chronopotentiometric plot
has already been used widely for these purposes, but the
number of studies on the applications of inversion amalgam
chronopotentiometry in the investigation of the kinetics of
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electrode processes and for the determination of micro-
concentrations of elements is still small. This is prob-
ably due to the novelty of the method (the first studies by
this method were published in 1966) and the lack of a
review dealing with the method.

II. THE METHOD OF INVERSION AMALGAM CHRONO-
POTENTIOMETRY

The method of inversion amalgam chronopotentiometry
(or simply amalgam potentiometry) is a variety of the
galvanostatic method, the fundamental principles of which
have been described'*®, In this method analysis of the
transition times and of the shape of the potential-time
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curve yields information about the presence of the depola-
riser in the amalgam and the physicochemical character-
istics of the electrode process are determined.

The galvanostatic method was used for the first time to
investigate the electrochemical dissolution of amalgams
by Zbinden®., He demonstrated the possibility of deter-
mining copper at concentrations down to 10™® M in the
electrochemical dissolution of copper amalgam. The
stepwise variation of the current and chemical dissolution
on open circuit were used by Bruckenstein and Nagai® to
determine thallium and lead at concentrations of 2 X 107
M. They obtained the amalgam at a rotating platinum
electrode.

The method of inversion amalgam chronopotentiometry,
which is essentially a new electrochemical procedure,
has been put forward in a number of investigations®~®°.
Three stages must be distinguished in this method.

1. Preliminary electrolysis. The metal in the solution
is concentrated in the mercury electrode at a specified
potential with formation of an amalgam or a sparingly
soluble deposit.

2. Period without stirring. After pre-electrolysis,
the solution is allowed to stand for 30-60 85 the flux from
the electrode then becomes virtually zero'®,

3. Electrochemical dissolution of the metal from the
amalgam when a direct current is passed through the
electrode. Under these conditions, the pen recorder
draws the curve (chronopotentiogram) characterising the
time variation of the electrode potential (Fig. 1).
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Figure 1. Theoretical chronopotentiometric curve.

If the electrochemical dissolution takes place in a
stirred electrolyte, the system is allowed to stand until
the attainment of the equilibrium (more precisely the
initial) potential of the amalgam. The electrochemical-
concentration and the solution-at-rest stages have been
examined'®'', According to these investigations'®*!, a
uniform distribution of the metal throughout the bulk of the
electrode is observed towards the end of the second stage.
This conclusion played an appreciable role in the formula-
tion of the initial condition in the theory of inversion
amalgam voltamperometry.

The usual circuit for galvanostatic measurements is
assembled for recording chronopotentiometric curves in
MIAC 72,
a mercury film electrode (stationary or rotating) and a
stationary spherical mercury electrode consisting of a
mercury drop with a radius not exceeding 0.1 cm. The
mercury film electrode consists of a film of mercury

Two types of electrodes are used in the method:
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between 4 and 20 pm thick deposited on a polished surface
of the end-face of a silver wire 1-2 mm in diameter.

The silver wire is pressed into a Teflon cylinder (d =

8 mm). A hermetically sealed three-electrode cell is
used for the experiments. When a rotating disc elec-
trode is employed, provision is made for a system regu-
lating the rate of rotation (stepwise or continuous)‘z, The
rates of rotation of the electrode employed usually do not
exceed 10000 rev min™,

II. THEORY OF THE METHOD IN THE ABSENCE OF
KINETIC COMPLICATIONS

1. Expressions for the Transition Time

Suppose that a simple first-order electrochemical
reaction
M(Hg) = M#+ - ze

takes place at the electrode. We assume that there is an
excess of an indifferent electrolyte in the solution, that
the Y1 potential is negligibly small and independent of the
cell potential, that there is no specific adsorption of the
starting materials and products, and that the oxidised
form of the electrochemically active substance is soluble
in the electrolyte solution. We shall bear in mind that
the reduced form of the electrochemically active sub-
stance diffuses under the conditions of restricted diffu-
sion, i.e, during the measurement of the curve the diffu-
sion layer extends throughout the entire volume of the
electrode, The diffusion of the ions formed during the
electrochemical dissolution of the amalgam from the
surface of the electrode will occur under the conditions of
a semi-infinite volume'®. This is valid for Lx > VDoT,
where Lx is the distance from the electrode surface to the
wall of the electrolytic cell, Do the diffusion coefficient of
the ions in solution, and 7 the transition time. This
condition is almost always fulfilled with the exception of
thin-layer electrolysers.

In the electrochemical dissolution of the amalgam at a
constant current dengity ¢ the equations for the distribu-
tion of the concentration of the metal atoms are of the
following form:

'R, = Ck —fR[UR+ %—ﬂ 23 exp(—-:x,,v_R)] ,
n=1 B (1)
on the surface of the mercury film electrode®”'*, where
pn=n1, n=1,2,3,..., v = DRt/I?, and { the time;
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on the surface of a spherical mercury electrode®, where
Bn are the roots of the transcendental equation tan g = Tp.
In Eqns. (1) and (2) jR = qRYo/LR, 9R = 1/2F, gR is the
flux from the electrode, z the number of electrons par-
ticipating in the electrode process, F the Faraday, c°B the
initial concentration of the metal in the amalgam, yo

the characteristic dimension of the electrode (yo = I for
the mercury film electrode and yo = 7o for the spherical
electrode), and DR the diffusion coefficient of metal atoms
in mercury.

Eqns, (1) and (2) have been analysed in detail in a
number of reports'*™'®. For large values of ¢, the
exponential terms in these equations may be neglected.
The following equations are valid (to within at most 1%)
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for the mercury film electrode with vR = 0.35 (when DR =
107° em® s and I < 107 cm, we then have ¢ > 0.035 s)
and for the spherical electrode with v = 0.14 (when 7o <
5% 1072 cm and IR = 10~° cm® s™, we then have ¢ > 35 s):

cRf = C?e_iR(vR + %) 3)
and
R, s :C‘}z—fR(3UR+—;)~ (4)
When vR = 34 (when DR = 10™° cm® s™ and I < 10™° cm,
we have ¢ > 3.4 s), Eqn. (3) reduces to
R, f =k —jRUR. (5)

Since the time required to record chronopotentiograms is
usually greater than 5 s, Eqn. (5) may be used.

The expression for the transition time 7 is determined
by the condition cR (1,vg) = 0, where vf = LRrt/y3.
From Eqns. (3), (4), and (5), we obtain for the film elec-
trode

2Flch I
=77 3Dy’ )
0
=2 (7)
and for the spherical electrode
. 2Flchy re
YT % T BDpg @)

Analysis'*™® of Eqns. (6)-(8) leads to the following conclu-
sions: (1) the transition time for electrodes of both types
is directly proportional to the concentration of the metal

in the amalgam ci’?L (this relation is used in electroanalytical
practise); (2) according to Eqn. (7), the product i7 is inde-
pendent of current density and is proportional to the amount
of metal in the amalgam; (3) the independence of i{T of
current density constitutes a criterion of the absence of a
preceding chemical stage; (4) Eqn. (8) may be used to find
the diffusion coefficient of the metal atoms in the amalgam;
(5) the form of the relation between T and ¢ makes it possi-
ble to investigate the adsorption of surface-active sub-
stances on the electrode.

Table 1. The transition times in inversion amalgam
chronopotentiometry with film (71) and spherical (72)
electrodes and in chronopotentiometry under the conditions
of linear semi-infinite diffusion (73) (2 = 2, I = 10~° cm,
7o =0.06 cm, DR = 107° ¢m® s™; the degree of concen-
tration of the metal in the mercury film electrode was
assumed to be 1000%*),

10'7(:8, 10'55, A TS 79,8 3.8 T T
g-ion cm3 v;m‘2 Ty T
1 4 480 6 1.6 80 300

2 2 960 12 6.4 80 150

4 1 1920 24 25.6 80 75

* The degree of concentration of the metal in the mercury
film electrode usually exceeds this value'.

The expressions for the transition time in amalgam
chronopotentiometry differ from those in the usual chrono-
potentiometry® (under the conditions of semi-infinite

diffusion), Table 1 lists the calculated values of 7 for
chronopotentiometry under the conditions of restricted
linear and spherical diffusion (amalgam chronopotentio-
metry) and semi-infinite linear diffusion. Evidently,
other conditions being equal, the transition time in amal-
gam chronopotentiometry is much longer than in direct
chronopotentiometry (under the conditions of semi-infinite
diffusion), the difference decreasing with increasing con-
centration or with decreasing current density. Table 1
demonstrates the clear advantages of the mercury film
electrode (in relation to analytical practise).

2, Equations of Chronopotentiometric Curves
For a reversible electrode process, the equation of the

chronopotentiometric curve is gin terms of the diffusion
overvoltage—time variables)**™"

ng= 22 RT, (9)

where
LE) = lgvR/(WR - vR)] (1 + Zigd!2/m'%cd)
for the mercury film electrode (vﬁ = 3.4), T is the abso-

lute temperature, c? the initial concentration of the metal
ions in solution and

i Dyt
=— y, = =X
jo 2FD, ° 14

For the spherical mercury electrode (vg > 0.14), we have

L =g (Bvg +0.2) [

3(0g—vp) b

1+ ’—:(1 —expu, - ericv;"):l .

The plot of 74 against I is a straight line with a slope of
2,3RT/2F, This serves as a criterion of the reversibil-
ity of the electrode process",' agreement between the
theoretical and experimental values shows that the elec-
trode process is reversible.

At high overvoltages (n > RT/zF) the irreversible
electrochemical reaction M(Hg) — M?%* + ze~ takes place
and the equation of the chronopotentiometric curve simpli-
fies greatly *™'7:

_23RT( i
Nir= BzF (1g io Lu) ’ (10)
where
Lifl- == lg UR—, R and Lisr = ———3 (U}f“ UR) .
VR Bug+ 0,2)

Hence the slope of the plot of nir against Lijr is fz; the
exchange current density 7o and hence the rate constant for
the electrode process kg may be found from the initial
overvoltages taking into account the relation
to

k= @) (%) (11)
where a and § are the transfer coefficients for the catho-
dic and anodic processes respectively.

The main factors which determine the applicability of
Eqns. (9) and (10) are the exchange current density, the
overvoltage, and the transition time'*, With decrease of
7 and 7 and with increase of 7, the processes shift towards
reversibility and conversely.

A numerical estimate yields

4.1072 > ks> 4. 1075, (12)
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The intermediate values of #g correspond to a quasirever-
sible (quasidiffusional) electrode process. A more
detailed analysis of chronopotentiometric curves has been
given elsewhere'*™'’,

Some problems of amalgam chronopotentiometry at a
mercury film electrode have also been examined by Igolin-
skii and I%olinska.yal and at a spherical mercury electrode
by Galus'® and Baranski®

All the above equaiions were obtained without taking
into account the influence of the structure of the electrical
double layer. In order to allow for the electrical double
layer®, the quantity Y1 must be introduced into the funda-
mental equation of electrochemical kinetics. If it is
assumed that the electrode potential is distributed over the
series-connected capacitances of the dense (C) and
diffuse {Cq) components of the double layer and that the
capacitance is independent of potential in the range of
values of the latter corresponding to the chronopotentio-
metric curve, then

w09, (13)
where ¢ is the zero-charge potentlal

The method of cyclic chronopotentiometry® (with current
reversal), which makes it possible to investigate both the
anodic and cathodic processes, is convenient for the study
of the kinetics of electrode processes. The theory of
amalgam chrono ﬁpotentiometry with current reversal has
been discussed The equations were derived on the
assumption that the direction of the current is reversed
at the instant of attainment of the transition time and that
the current density is not equal to that in the cell before
reversal. If a reduction process takes place after an
oxidation process, then analysis of the theoretical rela-
tions gives rise to the following expression, which is
simplest when the current densities for the forward and
reverse processes are equal:

4
T=—"T
3

(14)

where 71 is the transition time of the oxidation process.
The characteristic points on the cathodic branch of
the chronopotentiometric curve in amalgam chronopoten-
tiometry for a mercury film electrode are 7/4 and 1,07167.
An interesting variety of the method of amalgam chrono-
potentiometry has been proposed , namely amalgam
chronopotentiometry with a programmed current. Cases
have been examined where the current was specified in the
form of linear, exponential, and sinusoidal functions.
The sinusoidal form of the specified current may find the
greatest number of practical applications (under these
conditions, the error in the determination of the transition
time is fully excluded).

3. The Influence of the Charging of the Electrical Double
Layer in Amalgam Chronopotentiometry

In the chronopotentiometric method a proportion of the
charge supplied to the electrode is required to charge the
electrical double layer (e.d.l.), which results in a dis-
crepancy between the experimental and theoretical
(obtained without auowa.nce for the charging of the electri-
cal double layer) relations Using the method of integral
equations, de Vries® ana.lysed theoretically the influence
of the charging of the e.d.l. on chronopotentiometric curves
for the electrochemical dissolution of amalgams from a
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mercury film electrode on the hypothesis that a diffusion-
controlled process takes place at the electrode and that
the e.d.l. capacitance is independent of the potential.

Using the Huber method, he solved the integral equation.
The theoretical ¢~¢ curves, calculated for certain values
of KC and % (see below), are presented in Fig.2, while
Table 2 lists the calculated shifts of the chronopotentio-
metric curves (Ag7/4) with and without allowa.nce for the
charging of e.d.l. HereKc = (RT/zF)C4[cg@DRT)"?]™
is a parameter characterising the distortion of the chrono-
potentiometric curve, % = i*/DR7, A = /T, and T« is the
transition time under the conditions of semi-infinite diffu-
sion without allowance for the charging of e.d.l.

Table 2 shows that the error in the determination of the
transition time is less than 4% for 2> 0.3. This value of
h characterises the applicability of the Delahay-Mattax
method*, which has been used here to determine the tran-
sition time. With decrease of %, the error in the deter-
mination of the transition time increases and the distorting
influence of the e.d.l. capacitance becomes more appre-
ciable (Fig.2); the Delahay-Mattax method becomes
unsuitable under these conditions, Fig.2 shows that, with
increase of the e.d.l. capacitance, the chronopotentiomet-
ric curves shift along the potential axis with a simultane-
ous change in the slope of the initial and final sections of
the curve, the two being equal.

200 b
1)2/3
o
=200 1 ! f |
0 150 a0 035
/T w
Figure 2. Theoretical ¢g~! curves for a mercury film

electrode calculated taking into account the charging of the
electrical double layer for different values of K¢ [1) 0;

2) 0.003; .3) 0.0075] and three values of & [@) % = =;
o)k—01 ¢)h=0,01],

De Vries ?” analysed in detail the case where & — 0
(the case of thin films and large values of 7). The
Delahay-Mattax graphical method may be applied in the
potential range -200 -~ +200 mV subject to the condition
that a horizontal line, parallel to the time axis, divides
the distance between the initial and final sections of the
curve in proportions of 0.382 :0.618. The error in the
measurement of the transition time under these conditions
is not more than +4% for K¢ = 0.01 and % < 0.1.
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The order of magnitude of the error due to the charging
of the e.d.l. can be eslimated approximately by Hirst's
method *:

% _Cae (15)

Q, it '
where A¢(V) is the width of the chronopotentiogram,
Evidently the error is smaller the higher the current den-
sity and the concentration of the electrochemicallzy active
substance, For example, when Cq = 20 UF cm™, A¢ =
0.1V, DR = 107° em® 8™, 2z = 2, and ¢k = 107° g-atom
em™, the current density should not exceed 0.1 A cm™
for a permissible error of 1%.

Table 2. The results of the calculation of the influence

of the charging of the electrical double layer on the charac-
teristics of the chronopotentiometric curves (A@t/q is the
shift of the chronopotentiometric curve).

A , mV Error in the determination
2 (A0g/4) of A, %
h K, 0 0.003 0.0075 0,003 0.0075
0 —1.7 —2.6 —1.7 1.9
h=3 —0.6 —2.4 —3.0 0 2.4
h=1 —5.6 —~7.3 —7.9 0.5 3.5
h=03 | —t4.4 | —15.8 | —16.3 1.5 5.6

IV. APPLICATIONS OF THE METHOD OF AMALGAM
CHRONOPOTENTIOMETRY

1. Oxidation of a Multicomponent Amalgam

If the chronopotentiometric half-wave potentials differ
appreciably, several steps are observed on the potential—
time curve, The system of equations describing the dis-
tribution of the concentrations of the elements at the sur-
face of the mercury film electrode ig'* %23

Em CRn = Em {C(;z.h — i [URJ! + *:3——231 (vR.k)}} . (16)

k=1 k=1
We shall consider the electrochemical oxidation of a two-
component amalgam, where the following reactions take
place at the electrode:

My (Hg) — MI* + 25e,
M, (Hg) — M - ze.
The metal M: is oxidised at more positive potentials.
When the transition time 71 is reached, M: begins to react,
while My continues to diffuse to the electrode surface,
where it is oxidised simultaneously with Ma. If M, is
fully oxidised during the time 71, then it has no influence
on the transition time of Ma.
The fraction of the residual metal M, in the amalgam
after the time 71 may be found from the formula'*®
il
p= . a7)

zFckDp

It follows from Eqn. (17) that the fraction of the residual
metal in the mercury film increases with increasing film
thickness and polarising current density. We shall

estimate p for the following conditions: i = 2 X 10"5A
em™2, 1 =2x10"cm, S=6X 1072 ¢cm?, DR = 107
cm? 57, and cf; = 2 X 107 g-atom cm™, whereupon p =
0.04. Under the above conditions, 7 = 5 s. Usually 7>
55 and ! <2 % 107° cm and p is then less than 0.01.

Consequently when the curves are drawn by a pen
recorder during the transition time, almost the entire
metal dissolves from the mercury film., The constancy
of iT over a wide range of variation of the polarising
current (from 7.5 X 1077 to 1.4 X 10™° A) has been demon-
strated experimentally 4 jn relation to the oxidation of
cadmium (1 M KC1), lead (1 M KNOs), and indium (0.5 M
HC104) amalgams, This implies that, under the conditions
of amalgam chronopotentiometry, the metal emerges
almost completely from the mercury film.

Using the method of additive functions, Pnev and
Zakharov *® arrived at the following expression when they
considered the oxidation of a two-component amalgam:

(18)

2 flck,
G S W — S @)=
R

where

St v)= 2

=1 B

exp [— pj (vg, +0g)]

& exp(—pavg)
Si(v) = S‘J '_"‘&‘ .

n=1 B

It follows from the last equation that, for a fairly large
value 7, (for v§ > 0.35), when the sums Si(m1 + 72) and
Si(11) may be neglected, the transition time for the oxida-
tion of the succeeding element (Mz) is independent of the
transition time for the oxidation of the previous element
(My). For spherical diffusion, this conclusion is valid
when v, = 0.14 (see above). The theoretical results
obtained have been confirmed for the oxidation of thallium
and lead amalgams in the presence of zinc and for a thal-
lium amalgam in the presence of cadmium ***®,

Table 3. Data for the determination of the number of
electrons involved in the reaction by amalgam chrono-
potentiometry.

Element 103(":"exp’ loai’theor’ Zexp| “theor

b 2.65 2.80 1.9
Cd 2.87 2,92 [2.0] 2
In 2.02 2,2 2.8

Under the conditions of semi-infinite diffusion, the
mutual influence of the elements is observed when they are
present jointly in solution, which hinders their accurate
quantitative determination”.

2. Determination of the Number of Electrons Involved in
the Electrode Reaction

Using Eqn. (7), it is possible to determine the number
of electrons z and to reach appropriate conclusions con-
cerning the mechanism of the electrode reaction, This
method has been used in the determination of the number
of electrons involved in the electrochemical oxidation of
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lead (1 M KNOs), cadmium (1 M KCl1), and indium (0.5 M
HC104) amalgams'*, The observed values of 2 agree with
the theoretical values (Table 3). The determination of the
number of electrons from the chronopotentiometric curve
is discussed below.

3. Determination of the Diffusion Coefficients of Metal
Atoms in Mercury

As stated above, the diffusion coefficients of metal
atoms in mercury can be found by analysing Eqn. (8)7.

According to Eqn. (8), the plot of 7 against 1/7 is a
straight line, which makes an intercept 75/15DR on the T
axis, Knowing 7y, it is possible to calculate the diffusion
coefficient of metal atoms in mercury.

4, Investigation of the Kinetics of the Ionisation of
Amalgams. The Use of the Rotating Disc Electrode

Eqns, (9) and (10) have been used'” to investigate the
electrochemical dissolution of thallium, lead, bismuth, and
indium amalgams at a mercury film electrode. It was
established that the electrochemical oxidation of thallium,
bismuth, and lead amalgams in the corresponding sup-
porting electrolytes (Table 4) is reversible, while that of
indium and bismuth amalgams in perchloric acid solutions
is irreversible (Table 5).

Table 4. The results of the study of the electrochemical
dissolution of thallium, lead, and bismuth amalgams at a
stationary mercury film electrode and a rotating mercury
disc electrode (irev = 1200 rev min™) at 293 K.

23 RT/zF,V
Supporting 0 experimental values
Amalgam electrolyte ¢,V . . Theoretical

stationary disc values
electrode electrode

Ti 1MKNOg | —0.484 0.060 0.059 0.058

Pb 1MKNO; | —0.374 0.030 0.029 0.029

Bi 1 MHNO; | —0.008 0.020 0.0215 0.0194

Table 5. The results of the study of the kinetics of the

electrochemical oxidation of bismuth and indium amalgams
at a stationary mercury film electrode.

Supporting 105:8 . 23RT 10%; kg,

Amalgam electrolyte 0 M‘O’ 105, A 7,8 wF V| Bz c:g_'zl\ em 3!
In 2 MHCIO, 1,0 0.9 20.0 | 0.0277 | 2.1 0.9 4.10~8
Bi 1 M HCLO, 1.0 1.3 25.0 | 0.0233 | 2.49 1.83 2.10~4

TIn view of the small thickness of the mercury film
electrode, the analogous Eqn. (6) is difficult to use for
these purposes.
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Kinetic studies can be carried out very conveniently
at a rotating electrode'?, whereby it is possible to take into
account exactly concentration polarisation. The rotating
disc electrode has been used in inversion amalgam chrono-
potentiometry to investigate the kinetics of the electro-
chemical dissolution of amalgams®. It has been stated ****°
that amalgam chronopotentiometry with a rotating disc
electrode is distinguished by the simplicity of the inter-
pretation of the results. If the treatment is based on the
general kinetic discharge—ionisation equationm, then the
equation of the chronopotentiometric curve for the electro~
chemical dissolution of the metal from the amalgam on the
rotating disc electrode is

_23RT( i
= ey, (19)
where
v —uv PN
Lo—lg| JRTOR (14 do\, R
. g[ - ( + c%)e ] (20)

is the thickness of the boundary diffusion layer on the
rotating disc, jo = ¢6/2FDg, & = 0.642 Dgav““n;gg), and
#rev the rate of rotation of the electrode (rev s™').

At fairly high overvoltages (but not such that an irre-
versible electrode process can occur), the n — Lk curve
becomes a straight line with a slope of 2.3 RT/FzF (Fig. 3).
Evidently, with increase of the rate of rotation of the
electrode (with decrease of the parameter jo/ 6‘8), the curve
is transformed into a straight line at lower ovérvoltages.
The limiting case corresponds to jo/¢ <« 1. This factor
makes it possible to simplify the analysis of chronopoten-
tiometric curves. Hence the advantage of amalgam
chronopotentiometry using a rotatirg disc electrode is
evident,

Ly
s}
4
3+
P
2+ 7
~ 4%
7
1 A rt t 1
0o 7 2 3 4 5 6 7

7

Figure 3, Variation of 1 with Lijp for a rotating mercury
disc electrode corresponding to different values of jo/c%:
2)4; 3)1; 4)«< 1; B=0.5. Curve I has been plott
for a stationary mercury film electrode.

For diffusion-controlled processes, the equation of the
chronopotentiometric curve is

2.3RT fo
g= —zF—[lg (1 + ’—O> + Lo} : (21)
where

Lo=lg

T—t
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1t follows from this equation that the plot of nq against L
is a straight line with a slope of 2.3RT/zF. It is appro-
priate here to compare the equation obtained with the
analogous equation [Eqn. (9)] for a stationary mercury film
electrode; the evident simplicity of Eqn. (21) can be easily
seen. Analysis of Eqn. (21) shows that an increase of the
rate of rotation of the electrode leads to a shift of the
chronopotentmmetmc curves towards negative potentials,
the maximum shift being observed when jo/c% <« 1.

Studies at a rotating mercury disc electrode showed
that the electrochemical dissolution processes for thallium
and lead amalgams (in 1 M KNOs as the supporting elec-
trolyte) and bismuth amalgam (in 1 M HNOs as the sup-
porting electrolyte) are diffusion-controlled (Table 4).

The study of the ionisation of cadmium and zinc amalgams
in the appropriate supporting electrolytes at a rotating
disc electrode showed that the electrochemical dissolution
of these metals from the amalgams is determined by
mixed kinetics (Table 6). The kinetic parameters found
by the method of amalgam chronopotentiometry agree with
the literature®

Table 6. The results of the study of the kinetics of the
electrochemical oxidation of zinc and cadmium amalgams
at a rotating mercury disc electrode (i = 1.2 X 10™* A cm
nrev = 1200 rev min™').

-2
’

It

o4 kg, cm s
Amalgam Supporting 104 0 E}E vl gz 1] 01| “expen-
electrolyte 8zF 7 Acm-2| mental literature
data data
Zn 1 M KNO, 1.0 0.050 | 1.16 | 1.1 |3.2.10~%| 3.5.10—3 %37
Cd 1 M Na,SO, 0.1 0.040 |1.45{ 1.2 |1.1.10~2| 2.6-10-2%
(0.5 M Na,50y)

It is noteworthy that the methods used inthe literature *~*
are more complex as regards apparatus and the interpre-
tation of the results than in amalgam chronopotentiometry.

5. Analytical Scope of the Method

Using Eqn. (15), we shall estimate theoretically the
minimum concentration which can be determined by the
method of amalgam chronopotentmmetry When the error
introduced by the capacitance current is m%, we have®

COmin = 10°Siqu> (mole litre™!), (22)
for the film electrode and
1,26 - 10872C A
Comin = ——r"ﬁ(mole litre™), (23)

mzFyV

for the spherical electrode, where v is the coefficient of
consumption of the solution 40541 and V the volume of the
solution analysed.

After recalculation for a sample g (in grams), we have

Amin = %c&mlny (24)

where A is the atomic weight of the element to be deter-
mined and ¢njp the minimum impurity content which can
be determined.

Numerical estimates yielded cof min = 6:5X107° M,
-9 s -
abgn = 6.5% 10°%, ¢35y = 6.7 10° M, and af,, =

6.7 X 10'3% for the following experimental condltlons g=
1g, A=100, V=1ml, v = 0.63, Cd =20 uF cm™2, DR =
2% 10™° cm?® s", z _2 m = 5%, 1'0—4><10'zcm ‘Ag =
0.080 V (for lead) and S = 0.025 cm? (for the film elec-
trode). These calculations have been confirmed by
experimental data obtained in studies ®” where lead,
copper, and zinc were determined at molar concentratmns
of 10~°n (n = 4-8).

In the analysis of multicomponent amalgams a super-
position of chronopotentiograms is possible (when the
equilibrium potentlals of the amalgams are similar). The
problem therefore arises of the resolving capacity of the
method. The resolving capacity may be™ characterised
approximately by the quantity A¢ (Fig.1). The lower the
value of A¢ the greater the number of elements which may
be determined from a si gle chronopotentiogram, It has
been shown theoretically © that, for reversible processes,
Ag decreases with decrease of the concentration of the
depolariser ions in solution and for irreversible pro-
cesses, A¢ is independent of c (Fig.4). Experimental
investigation of the electrochemmal oxidation of lead and
thallium amalgams in 1 M KNOs supporting electrolytes
(reversible processes) and zinc amalgam in 1 M KNOs
(irreversible process) confirmed the theoretical conclu-
sions (Fig.4). A¢ is independent of the thickness of the
mercury film, which is very convenient in analytical
studies (there is then no need for an accurate determination
of the film thickness, which may vary during the experi-
ments).

Ap, V

a.08

007

0.08
-5 -4 -
tgch

Figure 4. The influence of the depolariser concentration
in solution on Ag¢ for the electrochemical oxidation of zinc
(curve I) and lead (curve 2) amalgams.

The minimum value of A¢ has been estimated® for
bivalent elements, amounting to about 44 mV. For com-
parison, we may point out that the width of the polarogra-
phic wave for a dropping mercury electrode is about 72
mYV and the width of the anodic peak in the method of amal-
gam polarography with accumulation is about 60 mV,

The possibility of the simultaneous determination of
different elements with adequate resolution and accuracy
makes the method of amalgam chronopotentiometry of
potential value in analytical practise. The simplicity of
the shape of the chronopotentiometrlc curve permits the
application of the method in schemes for the automatic
monitoring of continuously varying concentrations of
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chemical elements**~**, A model of a digital chronopo-

tentiograph has been constructed for the analysis of
traces of elements by amalgam chronopotentiometry **
Other possible designs for chronopotentiometric apparatus
have been described **~*

The use of a rotating mercury disc electrode yields
more clear-cut chronopotentiograms (Fig.5). This is
achieved as a result of the alteration of the shape of the
curve (the S-shaped curve at a stationary electrode is
replaced by the “logarithmic” curve at a rotating disc
electrode).

-0.58V

Figure 5, Chronopotentiometric curves for the ionisation
of a thallium-lead amalgam at stationary (curve 1) and
rotating disc electrodes (curves 2 and 3) for rates of
rotation of 1200 and 3400 rev min™ respectively.

6. Oxidation of Amalgams in the Presence of Oxygen

The interaction of the oxygen dissolved in the solution
being analysed with amalgams makes a definite contribu-
tion to the dissolution of metals in the absence of a
current Doronin and Kabanova*® used the reaction of
thallium amalgam with dissolved oxygen for the chrono-
potentiometric determination of both thallium and oxygen.
The reduction of oxygen at a thallium amalgam in the
absence of a current but in the presence of thallium ions
in solution has been investigated *°

The joint chronopotentiometric determination of
thallium and oxygen is possible under certain conditions *
In the determination of oxygen the concentration of
thallium in the amalgam should not be high, so that the
rate of its dissolution in the reaction with oxygen can be
measured. Preliminary electrolysis in the determination
of oxygen yields the thallium amalgam and the concentra-
tion of oxygen is then found from the chronopotentiogram
for the decomposition of the amalgam by the oxygen diffu-
sion flux with the solution stirred in a specific manner,
When the ratio of the concentrations of thallium and oxygen
in solution is 10:1, oxygen can be determined at a con-
centration of 3 X 10 M or less.*® Evidently the minimum
concentration of oxygen which can be estimated is limited
by the concentration of oxidants in solution, which may
oxidise the metal in the amalgam to the ionic state. The
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possibility of determining traces of oxygen in gases or
solutions by the chronopotentiometric method has also been
pointed out ™

Buffle et al examined theoretically the oxidation of
metals in amalgams under chronopotentiometric conditions
in the absence of a current. The following reaction then
takes place at the electrode:

M(Hg) + Z-0,~ M + 0™ + Hg.

The reduction of oxygen to water (02
ide (O~) depends on the nature of the metal
experimental conditions ®

The equations of chronopotentiometric curves have
been derived under the following conditions: (1) the
expression for the spreading of concentration in the mer-
cury, drop in the presence of oxygen obeys Shain's equa-
tion®; (2) the flux of metal to the surface of the electrode
is proportional to the flux of oxygen with the sign reversed
and with the proportionality coefficient z/2n; (3) the
chemical reaction between oxygen and the amalgam is
assumed to be rapid compared with diffusion, so that one
can put c(S)2 = 0; (4) the solution is stirred vigorously and

the flux of oxygen (qoz) to the electrode via a diffusion
layer having a thickness 60, is

derugen perox-
and the

2D, ¢,
8,

(25)

qol =

i -1 |

4 70 20 3}]
Z
exp («- ia ?)
Figure 6. Relation between ¢ and the potential in the
electrochemical dissolution of a lead amalgam.

The equation of the chronopotentiometric curve (on the
assumptlon that a reversible electrode process takes

place) is #
D,
] _1 0 O ) _Rr —
=9+ n(zco, D) np (R
32, Dot 2:drDo, | 2zpre o (26)
i 5 Db, + Do, DO:th)’
where
0 axp (— plup)
Seph = Z _XP (T Hat) .

2
=1 Ba

Eqn. (26) was tested experimentally ** in the oxidation
of zinc, lead, and cadmium amalgams. The results of
the test for lead amalgam are presented in Fig. 6 in terms
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of a plot of f against exp (-2F¢/RT), Similar results
were obtained for zinc and cadmium amalgams, The
value of 50, was calculated from the slope of the plot
(Fig.6). For Dpp* = 8.3 X 10~® cm® 5™, 7o = 0.038 cm,
and ¢° = =0.120V, &0, = 7.5 X 10™* cm was obtained,
which agrees approximately with the literature (80, =
107° cm). *°

The expression for the transition time subject to the
condition v = 0.14 is

2
60.’“‘3? N

T= —_—
15D,

32c3,Do, @7)
Hence it follows that the trangition time is inversely pro-
portional to the Oz content in solution. This relation has
been used ® to determine the content of oxygen in an ace-
tate buffer (pH 4.7). The concentration obtained cpy =

2
8.23 X 10" M corresponds to the solubility of Oz in the
test solution.

Thus, using the reaction of dissolved oxygen with
amalgams, the method of amalgam chronopotentiometry
can be applied for the determination of oxygen in gases or
solutions.

7. The Study of Adsorption on Mercury

The simplicity of the chronopotentiometric method in
the study of the adsorption of various substances on mer-
cury has been increasingly frequently emphasised in the
literature®®~%®, A planar mercury electrode is suitable
for such purposes., When the substance in the form of a
sparingly soluble compound or metal deposit is adsorbed
on the surface of a mercury film, the transition time
characterising the complete exhaustion of both the
adsorbed and non-adsorbed depolariser is described by
the equation

(28)

F, 0

2l I.CR +?FTP"

where T is the amount of adsorbed substance (mole cm™2),
If the electrochemically active substance is insoluble

in mercury (but is adsorbed on the surface of the elec-

trode), Eqn. (28) reduces to

o = 2L (29)
Using the values of Tydg, it is })ossible to plot the adsorp-
tion isotherm, Ershler et al.”® and Herman and Blount *®
analysed in detail various models for adsorption on mer-
cury electrodes and the transition times. According to
Herman and Blount®®, the method of chronopotentiometry
with current reversal, whereby it is possible to investi-
gate adsorption phenomena in both anodic and cathodic
processes, is suitable for the study of adsorption.

8. Other Possible Applications of the Method and Some of
Its Modifications

The method of amalgam chronopotentiometry can be
used to determine the solubilities of sparingly soluble
metals in mercury". The essential feature of one of the
modifications is as follows. A preliminary electrolysis
is carried out for various concentrations of the element
(whose solubility in solution is to be determined) during a
period which is always the same and chronopotentiograms
are recorded in each case. The transition time increases

with increase in concentration up to a limit and then
remains unchanged. This limiting transition time corre-
sponds to the solubility of the metal in mercury. The
above method yields correct results only when the solid
phase formed dissolves at an infinitesimally low rate.

The above method can also be used to investigate
chemical processes® which complicate the electrode pro-
cess involving the dissolution of the amalgam (the forma-
tion of intermetallic compounds, complex formation).
This problem is discussed in greater detail in the next
section,

Using the method of the rotating disc electrode, it is
possible to investigate the corrosion of amalgams under
chronopotentiometric conditions.

An interesting version of amalgam chronopotentiomet-
ry—chronopotentiometry in the absence of a current or
chronopotentiometry with a specified resistance—has been
proposed ®7%,  In this method the electrochemical dis-
solution of the amalgam is measured with the aid of addi-
tional resistances introduced into the circuit,

Amalgam chronopotentiometry in a two-sided thin-film
system has been examined®. The author ® showed that
the theoretical relations obtained by Christensen and
Anson® for one-sided thin-film systems can be used in
conjunction with this version of the method.

V. THEORY OF THE METHOD WHEN THE ELECTRODE
PROCESS IS COMPLICATED BY CHEMICAL REACTIONS

In many cases electrode processes take place in
several stages. In order to understand the mechanisms
of the electrode process and particularly for a correct
interpretation of experimental results, it is necessary to
know the characteristics of chemical reactions at the sur-
face of the electrode and the relations governing them.

The electrochemical dissolution of the amalgam may be
complicated by chemical reactions occurring in the amal-
gam or in the solution, Certain metals are known to form
with one another intermetallic compounds soluble in
mercury ¥, In the electrochemical dissolution of such an
amalgam the electrode process is complicated by the dis-
sociation of the compound in the amalgam. If the metal
ions formed on electrochemical dissolution of the amalgam
react chemically with the components of the electrolyte
or are involved in complex formation, the electrode pro-
cess is complicated by the subsequent chemical reaction.
The theory of inversion amalgam chronopotentiometry
with kinetic complications has been largely described'*™,
It is assumed that, in the presence of an excess of an
indifferent electrolyte in solution, there are no adsorption
effects, and that the electrolyte solution is not stirred.

1, Preceding Chemical Reactions

If the electrochemical dissolution of the amalgam is
preceded by a chemical reaction (dissociation of the inter-
metallic compound), the electrode process can be repre-
sented schematically as follows ®°:

ky
Y(Hg)g:M(Hg) + nM, (Hg) % M=,

where Y is the intermetallic compound soluble in mercury
and M and M, are the metal atoms into which the substance
Y dissociates. It is postulated that Y and M; are not

%;[ddised at the potential of the electrochemical oxidation of



10

The expression for the distribution of the metal concen-
tration at the surface of an electrode of any shape, subject
to the condition DR = I'y =D, is

S e RIS KS) (30)
14K,
We have for the mercury film electrode (vg = 0.34)
51=UR+'7§-, (31)
S - 1 e-KvR
*VKtanhvVE K ° (32)
and for the spherical mercury electrode (vg = 0.14)
1
S, =vr-+ 5 (33)
~Kovp
Sym— b e " (34)
®7 3VKcothVK—1 K’
where K = M + X2, \i =K19%/D, }2 =K2y*/D, and Kp is

the equilibrium constant for the chemical reaction,
Hence we have the following expression for the transition
time subject to the condition cR =0:

vk = R —K,pS, V), (35)
where UI'{ corresponds to the transition time in the limiting
case where the chemical reaction is fast:

Dt

0
. Dx
. ln N

y 14 =
Vr = —?;

1t follows from Eqn. (35) that the kinetic effect may be
observed ® under the condition

K,S, (i) > 0.1vk. (36)

According to Eqn, (35), when account is taken of Eqn, (32)
or (34), the plot of the relation is linear with the slope at
low current densities

- Kp
VKtanhV'K

for the mercury film electrode and
KP

3V KcothYK—1
for the spherical mercury electrode. The value of K may
be calculated from these relations when Kp is known.
Since vl’{ is proportional to concentration for constant j,
the linear plot of v§ against concentration may be extra-
polated to vfg = 0. Sz may be determined from the inter-

cept on the ordinate axis and Kp and K can then be calcu-
lated,

In order to derive the equations of chronopotentiometric
curves, it is necessary to substitute in the kinetic equation
the expressions for ¢S and Q- The formula for the dis-

tribution of the concentration C(S) has been published?!.
The equations of chronopotentiograms are simpler ®%°
when Dg = DR:

T in cr— JS1--K,S:

R
9= Py Ky (37)

for reversible electrode processes, and
=g R jng  RTy, RIS K5 (38)
PR kg peF 11K,

for irreversible electrode processes. The quantity
JKpSz/(1 +K p) introduces a correction for the kinetic

effect. Since ijSa/ (1 +Kp) > 0, the chronopotentiometric
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curve should shift towards positive potentials when
there is a preceding chemical reaction.

2. Subsequent Chemical Reactions

The influence of the chemical reaction which follows
electron transfer is manifested in processes with a
reversible electrochemical stage. In irreversible pro-
cesses the subsequent chemical reaction cannot have any
influence on the kinetics of the electrode process. There-
fore the occurrence of the subsequent chemical reaction
can affect only the distribution of the metal concentration
in solution, For the mechanism under consideration,

26— ky
M(Hg) =M+ + NZZY,
.23

where M is the metal in the amalgam, MZ* the metal ions
formed on electrochemical dissolution of the amalgam and
then reacting with the excess of the substance N, and Y
the substance formed as a result of the chemical reaction
(Y is not reduced or oxidised in the potential range where
M is oxidised), the equation of the chronopotentiometric
curve corresponding to reversible electrode processes at
a mercury film electrode is ssub] ect to the conditions

vR 2 0.34 and I'1 = D = D)*

=0, — L —o) + L inp ), (39)
where
1 (29 N K erf V?Z)
P(U):'1+Kp e (40)

For a fairly long transition time (low current density),
the second term in Eqn. (40) becomes negligibly small
compared with the first. Under these conditions, Kp
may be calculated from the chronopotentiometric
half-wave potential (the case of a stable equilibrium in the
chemical reaction).

Using Eqn. (40), it is then possible to calculate K and
hence k1 and k2.

The quantity K yerfVKv /YK introduces a correction for
the kinetic effect.” Since it is positive, in the subsequent
chemical reaction the chronopotentiometric curve shifts
towards negative potentials:

. Kv 41
( ‘ V T IV “

or in the limiting case (low current densities) we have

RT 1
AQyjz = Prjo.k — Pr/2 == 7 In (1K,

— a0 = Lin(l - K. (42)

Thus the shift of the chronopotentiometric half-wave
potential, in which the current density becomes constant,
does not change on further decrease of current density.
Under this condition, it is fairly easy to calculate the
equilibrium constant K.

At high current densities (low values of 7) the kinetic
effect is vanishingly small and in this case Eqn. (39)
assumes the form corresponding to the absence of kinetic
complications.

For an irreversible chemical reaction, which occurs,
for example, in the formation of many complexes the
equation of the chronopotentiogram simplifies ™

. ___13_7‘_ ;o LRT erf Vi
= = p ) e T I (43)
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If the rate of the chemical reaction is fairly high, we
obtain the following expression from Eqn. (43) when e
3:

- RT 1w — o) —RC 44
¢ =gy, — - In@ — o) —g -k, (44)
i.e. the electrode process becomes irreversible. ki may

be determined by Eqn. (44) from the chronopotentiometric
half-wave potential,

By analysing the ¢ ~f curves, Bakanov'* derived the
following criterion of the irreversibility of the electrode
process followed by a chemical reaction:

v Vi
erf VW

Thus, when the rate constant for the chemical reaction
ki1 is greater than k¢ (kg is the formal rate constant for the
cathodic process), the electrode process becomes irre-
versible, This conclusion is consistent with the above
hypothesis that the process is irreversible,

The equations of chronopotentiometric curves for a
spherical mercury electrode are more complex. They
have been analysed in detail together with a quasireversible
electrode process for electrodes of both types*.

k< (45)

Table 7. Criteria for the determination of kinetic mecha-
nisms.
Slope of
Kinetic mechanism Logarithmic time function linear it A2, K
section*
, /2
(He) = M 1 20 T 2qt! R ‘ )
1) M(Hg) = M** - 2¢ P (1+“‘/2D2’2C2 F cons 0
/
RT
2) M(Hg) — M** i = const 0
) M(Hg) 4+ ze p— BeF
&, '~ v K, (S.—S
3 Y (He) MM oo %f_n(__" % i@ | >0
" Sog 2 e
i
k
4 Y (1) MMM e (oo K (5] 5 t% 6| >0
k.
5) M(Hg) 2 M%* - ze - Ny | S RT | const| <0
ke v -0 2F
k, f V kv T
6) M (Hg) =2 M™ 4z = N3y ——e'v,v - 8L jemt] <0

* The slope of the linear section is found from the time
variation of the overvoltage.

3. Criteria for the Determination of Kinetic Complications
in Amalgam Chronopotentiometry

Analysis of the transition times and of the time variation
of the potential makes it possible to determine the kinetic
mechanisms of electrode processes. If the electrochemi-
cal amalgam dissolution stage is preceded by a chemical
stage, the quantity i7 depends on the current density and
the kinetic parameters may be determined from the tran-
sition times. Indeed, we can put Eqn. (35) in the form

v = % —K,S, (vr) —b, (46)

1M

where b = 1/3 for the mercury film electrode and b = 1/15
for the spherical mercury electrode. It follows from
Eqn. (46) that

jok = ck — i 1KpS, (V) + b, "
whence it is seen that the product jug depends on the
current density; for short transition times, this relation
is non-linear.

When the amalgam ionisation stage is followed by a
chemical reaction and the preceding stage is merely diffu-
sion in the amalgam, the product iT is independent of
current density, as in the absence of chemical reactions.
Therefore in such cases the potential-time curves must
be analysed in order to obtain kinetic data. The following
criteria for the determination of kinetic mechanisms may
be suggested: (1) a linear relation between the logarithm
of the corresponding time function and potential; (2)
dependence of the product 7 on current density; (3) a
change in the half-wave potential of the chronopotentio-
metric curve Agr,z in the presence of kinetic complica-
tions. Table 7 illustrates the application of these cri-
teria to certain electrode processes occurring in the
electrochemical dissolution of amalgams at a mercury
film electrode. All the relations indicated in Table 7
were analysed above in detail.

4. Application of Amalgam Chronopotentiometry in the
Study of Complexes Formed During the Electrochemical
Dissolution of Amalgams

The problems. of inversion amalgam chronopotentio-
metry in relation to electrode processes complicated by
complex formation have been examined#"®™ =™ 1f 5
reversible process takes place at the electrode with
formation of equilibrium complexes in the presence of an
excess of the ligand, then the composition and stability
constant of the complex are determined from the depen-
dence of the shift of the chronopotentiometric half-wave
potential on ligand concentration'®. The shift of the
half ~-wave potential is described by the following equation
on the assumption that the ligand concentrations at the
electrode surface and in the bulk of the electrolyte are
the same ™

RT & n
A(Prlg‘k = —“-—ZF-IFI HZ;)OKn (CX) » (48)
where Ky, is the stability constant of the nth complex and
cX is the ligand concentration.

Since the dependence of @72 k on lgcy is similar to
that in the polarographic method, Eqgn. (48) can be analysed
by the method of de Ford and Hume 8.

When only one type of complex is present in solution,
Eqn. (48) reduces to

RT nRT
A = —==InK, — ——lncx.
‘P'c/z,k 2F Kn oF X

(49)
According to this expression, the dependence of the
chronopotentiometric half-wave potential on the logarithm
of ligand concentration should be linear; the coordination
number % may be determined from the slope of this rela-
tion and the stability constant K may be found from the
intercept on the ordinate axis, where cx = 0.

Complex formation in the presence of concentration
polarisation with respect to the ligand has been examined ™.
As in the presence of an excess of the ligand, the quantity
A@t/2 k is in this case defined by Eqn. (49).
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Bakanov'* and Bakanov and Zakharov™ tested the
theoretical conclusions in relation to the hydroxo- and
chloro-complexes formed in the electrochemical oxidation
of lead and cadmium amalgams respectively. The ionic
strength of the solution was kept constant and equal to
unity by varying the concentration of KNOs. The concen-
tration of lead ions in solution was 1 X 10™* M. The
experiments were performed at a mercury film electrode.
It was established that in 1 M KOH as the supporting
electrolyte lead forms the complex Pb(OH);. The slope
of the relation between A¢7/2 k and COH- proved to 85.5
mV. I1gKp = 12,55 was found from the intercept on the
ordinate axis. The results agree well with those obtained
in other studies ™", Lingane®® obtained 1gKn = 12.8 and
n = 3 at an ionic strength of 0.1.

In the electrochemical dissolution of a cadmium amal-
gam in 1 M (KC1 + KNOs) as the supporting electrolyte the
complexes CACI* and CdCl: are formed in succession**.
Their stability constants were found to be 21.5 and 60,7
respectively, in good agreement with other results ™*°,

The method of amalgam chronopotentiometry has been
applied '®"® in the study of the kinetics of the electrochemi~
cal dissolution of the amalgam with participation of com-
plex ions. The following mechanism was proposed:

2rM(Hg) + p X —20MX,, - 2¢
with the subsequent attainment of the equilibrium
MK+ (p — p)) X2 2pMX P,
where P is the composition of the complex predominating
in the solution, p2 the composition of the intermediate
complex formed directly in the electrochemical dissolution
of the amalgam, 20 and 2R are the orders of the electro~

chemical reaction with respect to the oxidant and reduc-
tant respectively, and X is the ligand.

I Cop-

1 1
— 158 — 160
Peq» V (W.r.t. sat. cal. e-de)

—152

Figure 7. The dependence of the equilibrium potential of
a zinc amalgam on OH™ concentration.

The general case has been analysed'® on the hypothesis
that a quasireversible electrode process takes place with
subsequent complex formation. It was shown that the
composition of the intermediate complex p2 and the order
of the electrochemical reaction may be determined from
the exchange current density by means of the following
relations:

= azg —B; =Pz — .
aln ¢ 2P dlncd B
dlnig (50)
dincy . —Bp.
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The conclusions reached were tested in relation to the
formation of zinc hydroxide and tartrate complexes formed
in the electrochemical dissolution of a zinc amalgam ",

The ionic strength was maintained at 3 by adding NaCl
solution. The zinc hydroxide complexes were studied in a
solution having the composition ¥ M KOH + (3 — x) M NaCl.
To determine the composition of the complex predominating
in solution, a study was made of the dependence of the
equilibrium potential on the concentration of OH~ ions for

a constant zinc concentration in solution and in the amalgam
(Fig.7). The slope of this relation pRT/zF proved to be
0.057, whence p = 4 (2 = 2), in agreement with Vetter's
data®, The values of ip, 2R, and Bz were determined
from a plot of 7 against Lir (Fig.8): iy = (175 + 0.3) X
107% Bz = 0.48 £ 0.02; 2R = 0.89 =~ 1.0. Here iJ) is the
standard exchange current density. Using Fig.7 and

Eqns, (50), the composition of the complex p, = 0.96 =~ 1
was determined. On the basis of the results, the ionisation
of zinc amalgam can be represented as follows:

Zn (Hg) + OH~ — Zn (OH)* + 2 - Hg,
Zn (OH)* + 3 OH™ 22 [Zn (OH)J*~.

The clonclusions reached agree well with the literature
data®.

Ly
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Figure 8. Variation of Lir with 7zn(Hg),zZn* at different
zinc amalgam concentrations (g-atom litre™): 1) 6.1 X
107% 2) 1.3x 1073, 3) 3.6 x 107%; 4)5x 1072,

Similar studies on zinc tartrate complexes showed that,
in agreement with the literature®, the complex Zn(tart)
predominates in solution. It was established that zp =
1.0, 8 = 0.49 £ 0.02, z°0 = (2.55 + 0.33) X 10™%, and p2 =
0.13, The value of po obtained leads to the conclusion
that mainly hydrated zinc ions are involved in the ionisation
of the amalgam.

The results quoted above have shown that the method
of amalgam chronopotentiometry can be used to investi-
gate complex formation,

5. Simultaneous Chemical Reactions in Amalgam Chrono-
potentiometry

When several electrochemically active substances
whose standard potentials differ appreciably are present
jointly in solution, a simultaneous amalgam oxidation
reaction may occur. Chemical oxidation of the amalgam
in the presence of oxygen has been investigated 72%:%,
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A quantitative treatment of this phenomenon for the
spherical mercury electrode was described for the first
time by Bararski and Galus®. The authors began with
the following mechanism:

Mg (Hg) 2 M3* - 2
2gMq (Hg) -+ 2,0%s — 2, M7* 4-2,R,,

where Ox: is the oxidised form of the reactant (it may
consist either of the ions of a metal more electropositive
than M, or of traces of dissolved oxygen) and R: is the
reduced form of the reactant,

The electrode reaction is assumed to be reversible.
If the rate of the chemical reaction is limited by the diffu-
sion of Oxz, the expression for the concentration can be
obtained from the equation of Fick's Second Law. The
quantitative treatment of the influence of the simultaneous
chemical reaction on the electrode process involving the
electrochemical dissolution of the amalgam was based by
the authors®® on the equality

lp =i+ ig
where i, is the overall current in the circuit, ¢ the elec-
trode reaction current, and i¢ the amalgam chemical

oxidation current. The results of the study are expressed
as the ratios of the transition times:

T 15 Dp To 6 D,/*2,c} o 32,D5¢)

T 15DgTetrh  nizrecd

(51)

2.0
zl,OCRx

where 7o is the experimental transition time, 7 the tran-
sition time in the absence of a chemical reaction, and c(z)
the initial concentration of Oxa.
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Figure 9. Theoretical To/7T~7o relations for different
values of c3/ck,: 1) 0; 2)0.013; 3)0.04; 4) 0.067;

5) 0.1; 6) 0.33. The circles represent experimental data.
Experimental conditions: 0.1 M KC1 supporting electro-
lyte; ¢z = 1.7X107° M; cgga» = 1.6 X 10™ (curves

2-4), e g = 1.6 % 10™* (curve 6),

Fig. 9 presents curves calculated by Eqn. (51) for the
following parameters: 7o = 0.043 cm; DR, =2 X 10°°
em®s™; D, =17.9x10°%em?s™; a4 = za.

1t follows from Eqn. (6) that, wheni— 0, then T — ;
however, owing to the chemical oxidation of the amalgam,
in practise the transition time is always finite and equal to
Te; it can be obtained from Eqn. (51) subject to the condi-
tion 7o/7 = 0 (or can be found graphically). For example,
when c3/ch = 0.33, then 7¢ = 70 s, i.e. is equal to the
maximum transition time in the chemical oxidation of the
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amalgam, When c3/cR, < 0.01, the error in the deter-
mination of the transition time due to the chemical oxida-
tion of the amalgam may be neglected.

The experimental results obtained in the study of the
electrochemical oxidation of a zinc amalgam in the pres-
ence of Cd* ions in solution are presented in Fig. 9 in the
form of circles. Those on curves 2—4 and 6 correspond
to different durations of preliminary electrolysis (240,
80, 40, and 90 s respectively). The satisfactory agree-
ment between the experimental and theoretical curves is
noteworthy,

Baraiiski and Galus®® described two methods of
reducing the corrosion of amalgams in the presence of
various impurities in solution: (1) by adding surface-
active substances (which complicates the theoretical
interpretation of the results) and (2) by additional pre-
liminary electrolysis in an unstirred solution. A “diffu-
sion barrier” is then created for Oxz, as a result of which
its concentration at the electrode surface falls, This
procedure has been used®® in a study of a multicomponent
system under chronopotentiometric conditions.
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