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We have proposed the determination of the kinetic parameters of the electrode reaction by

means of convective voltammetry.

At the pushed-out mercury-drop convection electrode (PM-

DCE), the ratio of the current on a totally-irreversible wave to the limiting current was derived

as follows:

i 1.64 kpDg—2/3y—1/2y1/841/2

i1 141,64 kgDo—2/3y—1/2y1/841/2
This equation was applied to the determination of the kinetic parameters for the electro-reduction

of cupric ions in a 0.1 M perchloric acid solution containing 0.05%, Triton X-100,

It was found

that the values of an and k° the kinetic parameters are 0.59 and 4.2 x 10~° cm/sec respectively.

In our previous papers,:?) the convection elec-
trode system developed by the present authors was
applied to the microdetermination of electroactive
substances. The results showed that it had a high
sensitivity and a good reproducibility. At the
convection electrode in the laminar flow, the limit-
ing current, i;, was found to be given by:3%

i = 0.61nFACDY3pt/2y-1/8d-1/2
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where n is the number of electrons involved in the
electrode reaction; F, the Faraday constant; 4,
the area of the electrode surface; C, the bulk con-
centration of electroactive substances; D, the diffu-
sion coefficient of an electroactive substance; v,
the tangential velocity of the rotating disk; v, the
kinematic viscosity of the solution, and d, the di-
ameter of the convection electrode (the working
part plus the non-working shield). The rate of
mass transfer at the convection electrode can be
controlled by changing the tangential velocity of
the rotating disk.

In the present paper, the use of the convection
electrode for the study of the kinetics of the electrode
reactions will be investigated and the rate constant
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for the electro-reduction of cupric ions in 0.1 M
perchloric acid containing 0.059%, Triton X-100
will be determined by analyzing the current-voltage
curve,

Theoretical

In the quantitative treatment of the electrode
reaction, it is necessary to consider the rates of both
the mass and the electron transfer. For the reduc-
tion of an oxidized species, Ox, to a reduced spe-
cies, Red, when both of the species are soluble, the
simplest electrode reaction can be presented in the
form of:

Ox 4+ ne = Red (1

where 7 is the number of the electron.

The net electron transfer may be given by the
difference between the rates of a forward (reduc-
tion) process and a backward (oxidation) one. The
corresponding rates are expressed as follows, in
accordance with the treatment of Kimball:®

Ry = kgr-ao°® )
Ro = ko' ag® ®
where ky and ko denote the rate constants of the

first order. Therefore, the net electron transfer
is given as follows:

forward process:

backward process:

R = Rg — Rg = krao® — kgrar®
= krfoCo® — ko frCr° C)]
where a° and C° denote the activities and concen-
trations at the electrode surface respectively; f, the

activity coefficient, and the subscripts, O and R, the
oxidized and reduced forms of the electroactive

species.
The rate constants of kg and kg can be defined as:
kg = k° exp [~ a(E— E°)nF|RT)] ©)
ko = k° exp [(1- 2)(E—E°nF[RT] (6)

Here, k° is the spe :ific rate constant at the standard
potential, E°, wherse kg, ko, and £° equal each other;
o, the transfer coefficient, and F, R, and 7T, the
usual thermodynamic signature.

By combining Egs. (4), (5), and (6), the net cur-
rent at the potential, E, is given as follows:

-;3,1 = k° exp [«(E°— E)nF|RT] fo-Co°

— k° exp [(1—a)(E—E°)nF|RT] fr-Cr°® (7)
where 7 is the net current at the electrode surface of
A cm?.

On the other hand, the rate of mass transfer,
that is, the flux at the electrode surface, depends
upon the mechanism of mass transfer, diffusion,
forced convection, efc.

The rate of mass transfer is in proportion to the
difference between the bulk concentration of elec-
troactive substances and their concentration at

5) G. E. Kimball, J. Chem. Phys., 8, 199 (1940).
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the electrode surface.
transfer is given by:

Therefore, the rate of mass

Jjo = mo(Co—Co®) 8
—jr = mp(Cr°—Cr)  (9)
Here, m denotes the mass transfer coefficient, which

was in a previous work® determined at the con-
vection electrode as follows:

m = 0.61 D*3p1/2y-1/8d~1/2

for oxidized species :

for reduced species :

(10
Assuming a steady state, one has:

i
nFA

Co°) = mgr(Cr°—Cr)

(1n
From Egs. (7) and (11), the following equation i¥
obtained:

= jo = —jr = mo(Co—

( mo( foCo exp [«(E°—E)nF|RT] ))

i \—/frCrexp [(1—a)(E—E°)nF|RT]
nFA (mo/k®)+ fo exp [«(E°— E)nF[RT] )
+(mo/mg) fr exp [(1 —«)(E— E°)nF|RT])
(12)
Under the initial condition of Cg=0, Eq. (12}
becomes:
-i‘-i”‘ - k° f exp [(E—E°)nF|RT]
+ MOIR o [(E—E*WF|RT) a3

mg fo

where i; is the limiting current, which is equal to
ﬂFAComo.

Equation (13) represents a current-voltage curve-
equation for a stationary electrode-moving solution
system.

In Egs. (12) and (13) mo/k° was defined as the
“irreversibility index” (IRI) by Jordan and Javick.®
The character of the current-voltage curve depends
upon the IRI value; that is, the current-voltage
curve varies from reversible to irreversible with an
increase in the IRI value, as is shown below.

a) mo/k°«1. In Eq. (13), the first term on the
right hand side can be neglected; it is clear that the
current-voltage curve has a reversible character,
that is,

/3 :
E=E°-—£T-h‘l(&-) IE__RT_I_‘.‘_‘_

nF D) " fo  aF O i—i
(14)

o _ RT | (Do fr
Eyy = B =t (%) - 2 1s)

where E,;" is the reversible half-wave potential.
b) mo/k°~1. In this case, the current-voltage
curve obeys Eq. (13).
c) mo/k°>1. In Eq. (13), the last term on the
right hand side can be neglected ; that is, the current-
voltage curve has an irreversible character,

6) J. Jordan and R. A. Javick, Electrochimica Acta,.
6, 23 (1962).
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. RT 1.64k°u1/¢ RT da\u:
E=E"+ omFLn Dp23 ankF ]n(a)
RT i
~ anF I i—i a6

Equation (16) is rearranged in the following
manner:

i 1.64kg Do =23 ~1/2y1/8d1/2

i1 1+ 1.64kgDo=*/3 1ty 1/ed1/ un

This is analogous to the equations for an irreversible
wave derived by Koutecky”) and by Okinaka and
Kolthoff.® Equation (17), also, allows us to cal-
culate the values of ki from the measurement of
the i/i; ratio at various potentials on the current-
voltage curve obtained with the convection elec-
trode, and a plot of the calculated log kg us. the
potential may yield a straight line. The values of
« and k° can be determined from the slope of this
line and from its intercept at the potential of E°
respectively.

Experimental

Materials. All the chemicals were of a chemical
pure grade and were used without further purification.
A solution of cupric ions was prepared by dissolving
copper perchlorate in redistilled water, and the copper
content was determined by titrating with a standard
EDTA solution. A stock solution of Triton X-100 was
prepared by dissolution in redistilled water.

Electrodes. The electrode system, a pushed-out
mercury-drop convection electrode (PMDCE), used in
the present investigation was almost the same as has
been described in previous papers®'® with the exception
of the orientation of the working surface against the
liquid flow (Fig. 1). A saturated calomel electrode
was used as the reference electrode.

Measurements. A current-voltage curve was
recorded by using a Yanagimoto Polarograph, Model
PA 102. All the solutions were kept at 254-0.1°C.

Direction of flowing fluid
\ / Mercury coated platinum ring

— > 4 —— Glass
v —> tube
—_—

s .
To microsyringe

Mercury drop

Mercury coated
platinum wire
Fig. 1. Pushed-out mercury-drop convection
electrode assembly. .
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Results and Discussion

Reduction of the Copper(Il) Ion in Per-
chloric Acid Containing Triton X-100. The
logarithmic plot of an irreversible wave vyields
either a straight line or a curve. When the rate
of the electrode reaction was not slow enough to
increase the over-voltage more than about 0.12/n
V1) (n, the number of electrons involved in the
rate-determining step), the logarithmic plot shows
a curve because the backward reaction can not be
neglected. Such a wave is “quasi-reversible” and
it is to be distinguished from a “totally irreversible
wave,” which has an over-voltage greater than
0.12/n V. In this case, the logarithmic plot yields
a straight line. In a recent investigation,® the
reduction wave of copper(II) ion in 0.1m perchloric
acid was found to be quasi-reversible, because the
logarithmic plot showed a curve.

The reduction of the cupric ion in a perchloric
acid solution gives a one-step wave, but in a solution
containing Triton X-100, a non-ionic surface-active
substance, it shows two step-waves. The first step-
wave has a kinetic character and is very small in
comparison with the second step-wave. Kolthoff
st al.®» have shown that the kinetic current of this
case is caused by the penetration of the copper(II)
ion through the adsorbed film of Triton X-100.
However, in a perchloric acid solution containing
0.05% Triton X-100 the penetration is negligibly
small. This can be attributed to the extremely
slow penetration of the cupric ion through the ad-
sorbed film, because the film exhibits a very compact
nature. Consequently, the reduction wave of the
cupric ion in perchloric acid is slightly irreversible,
i.e., quasi-reversible, in the absence of Triton X-100,
but in the presence of 0.05% Triton X-100 it be-
comes completely irreversible. That is, the second
step-wave is “totally irreversible,” and its half-wave
potential at the ordinary DME is shifted about
0.5V in the negative direction compared with the
case of the absence of Triton X-100.1V

The Determination of the Kinetic Parame-
ters for the Second Step-wave. The observed
waves were analyzed by applying Eq. (17); the
results are shown in Fig. 2. It can be seen from the
figure that the plot of log kg vs. E yields a perfectly
straight line. From the intercept of this line and
its slope, the values of the rate constant, £°, at the
standard potential of the copper(II)-copper am-
algam and of on were determined at four dif-
ferent tangential velocities of the rotating disk; the
results are summarized in Table 1. As is shown
in the table, the values of k° and an are almost
constant. They agree with the results obtained at
the ordinary DME? by applying Koutecky’s

11) P. Delahay, J. Am. Chem. Soc., 75, 1430 (1953).
12) I. M. Kolthoff and Y. Okinaka, ibid., 81, 2296
(1959).
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Fig. 2. The plots of log kg vs. applied potential

for the reduction of cupric ion in 0.1m per-
chloric acid containing 0.05% Triton X-100;
the tangential wvelocity of the rotating disk,
157.0 em/sec.

TaBLE 1., THE VALUES OF THE KINETIC PARAMETERS FOR
THE ELECTRO-REDUCTION OF CUPRIC IONsS IN 0.1 M
PERCHLORIC ACID CONTAINING 0.05% Tritox
X-100 (at 25°C)

v, cm/sec xn k°, 10-? cm/sec
94.2 0.59 4.0
125.6 0.59 3.8
157.0 0.59 4.7
188.4 0.59 4.2
Average 0.59 4.2
Standard _ 6.6

deviation (%)

equation” and at the other electrode.®

The Difference in the Half-wave Potential at
the DME and at the PMDCE. From Eq. (16),
the half-wave potential, (E,s,),, at the PMDCE
is given by:

RT 1.64k°v1/8

(Eva)p = E° + anF In Dg'/2

H
8)

Equation (18) shows that the half-wave potential
shifts gradually in the negative direction with an
increase in the tangential velocity of the rotating
disk. That is, the plots of the half-wave potential

RT I (d)‘f’

n
anF
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vs. the logarithmic value of the tangential velocity
yield a straight line; the slope of this line is given as:

A(Ey0)p  29.5
B Adlogv on (mV) a9
On the other hand, the half-wave potential at
the DME is given as follows:%:11:13)

RT . 0.874 RT ..
(Buap = E° + S In p o+t (20)

The half-wave potential at the DME varies with
the drop time, ¢

From Egs. (18) and (20), the difference between
the half-wave potentials at the DME and at the
PMDCE is given by:

AEyss = (Eyns)p — (Eyn)p

/8 . 1/2
=B mosy( 2" (5" @
Table 2 shows the slope of the plots of the half-wave
potential us. the logarithmic value of the tangen-
tial velocity in the range from 94.2 to 188.4 cm/sec,
and also the difference between the half-wave po-
tential at the DME and at the PMDCE.

TABLE 2. DIFFERENCE IN THE HALF-WAVE POTENTIAL
At DME anp AT PMDCE, AND THE SLOPE OF THE
PLOTS OF THE HALF-WAVE POTENTIAL v5. THE
TANGENTIAL VELOCITY OF THE ROTATING DISK

Difference A(;log}c
7 A\aielp
v, cm/sec 4E,;s, mV T Alogo ’ mV
——
— e
Obsd Caled Obsd Caled
94.2 61 69
57
188.4 8 84 =97 >

Drop time of DME: 3.0sec at —0.80V »s. SCE
in 0.1 M HClIO;+0.05% Triton X-100.

It can be seen from the table that the experimental
values of the slope and of the difference in the half-
wave potential are in good agreement with the va-
lues calculated from Egs. (19) and {21) respectively.
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