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ABSTRACT .

The theoretical treatment of controlled-potential coulometric
method in the presence of kinstic effects has been investigated in the
case of amalgamation electrode reactions. It showed that kinetic stu-
dies of these reactions can be undertaken by this technique even for
elements at tracer scale concentrations (Radlocoulomstry) using radio-

active tracer.
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Introduction.

The current-potential curves obtained with any classical electro-
chemical method require_the presence of the studied electroactivs species
in the bulk of the electrolyte at concentrations higher than 18-EM. In or-
der to pass through this limit [m10'9n1 it 1is necessary to investigate
special techniques and sophisticated equipment ; however, it is & fact thet
whataver the performence of the method is, the current seems to be unmea-
surable for extremely diluted electrolytes (i.e. concentrations less then
10'1DMJ. That is the case for transplutonium slements (95 €Z £ 103) which
are usually availsble at tracer scale (from 10'BM to 10'15Ml. To get aver
the current measurement when such elements are investigates in electroche-
mical methods, we applied radiochemical determinations using radioisotopos
that lead to measure the radioactivity and hence the concentraticn of the
oxidised or reduced substance. Under these conditions, the only electro-
chemical reactions that could be studied are those leading to the formaticn
of the oxidised and reduced substances onto two different pheses : the
electrolyte znd the electrade. This is typically the case of amalgematicn
reactions. The radioactivity of elements collected in the mercury is pro-
porticnal to its amount and hence proportional to the corresponding chrent.
This principle was simply applied to adapt polarographic methaods (1] and te
devise the "Radicpolarogrephy” which is now succassfully used to determine

half-wave potentials of reactions of type :
M ¢ ne « Hg + M(Hg)

for some transplutonium elements at tracer scale (2).



In this work, we devised similarly the "Radioccoulometry” as a
practical method to study electrochemical behavior of cations at tracer

scale.

The method of coulometry is often used to determine the number n
of electrons involved in the overall studied reactions. In most cases the
current-time curve is obtained. In some other cases, the variations of the
cancentration C aof the electroactive spocies with electrolysis time t, is
observed by coupling a polarograph to the coulametric circuit, and the slope
of the linear curve log C= f/t) should give n (3). In both cases, the con-
trolled poterntial is adjusted at values where kinetic effects are avoided,
i.e. the potential of the working electrode is chosen in the potential
range of diffusion limiting current of the correspanding current-potential
curve. Under this condition the rate constant of diffusion process has been
measured for electrochemical amalgamation reactlons with species at tracer

scale concentration (4}).

In the following, we consider the general case of electrolysls at
constant potentisl taking into account the kinetic effect of the slectro-
chemical reaction on the shape of conecentration-time curves and hence on
the shape of current-time curves. The corresponding expressions obteined
in the case of amalgemation reaction are similar to those reported by
A.Blard and K,Santhanam (5) in the case of quasi reversible electrode pracess.

The final purpose is to adapt these eguations to radiochemical in-
vestigations using radiocactive elements at tracer scale concentration.

Theoretical treatment.

The only significant criterion that could replace the current
measurement in case of coulometry with extremely diluted electiosctive
species, is its concentration C in the bulk of electrolyte which varies
with time of electrolysis, for electrode process involving a forming amal-
gam metal. The derivation of the equation C= f{t) should express a quanti-
tative rela:.on between the variation of C and the rate of the electrode
process.

We consider in this treatment the electrode process with amalgam
formatiop and agsume that the electrochemical reaction involves o sirzle

rate determining step so that it can be written in the form :
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The number of moles of Nn‘ being consumed per unit of time and per unit of
ares is

dN +
r k C - ke Ca (&]]

where Ce and Ca are respectively the concentration of Hn’ in the electro-
lyte and of M in mercury. k; and k; are the rate constants for the forward
and backward electrode process respectively. These constants can be expressed
in terms of standard constant rate k° and standard electrode potential E°®

of the coupie M /H[Hg] with the well known following expressions :

k; - K expﬂ (E-E®) (2a)
- K2 expﬂ—"-"—"": (E-E°) (26)

Further we assume that maess transfer in the bulk of electrolyte is
gnsured by stirring, and under the influence of diffusion at the electrode
surface. Therefore, the rate given in equation (1) can be expressed accord-
ing to the first Fick's law :

o o BC
i 1 ['ﬁ]x_ (3a)

If a steady state existing at the interface is assumed, this rate can be
alsa expressed in terms of concentration gradient of M in the mercury :
ac
oy Hg
at - %2 U5x xe0 (3)
0, and 0O, dencte the diffusion coefficients of M im the electrolyte and
the mercury respectively. In other words, the sum of fluxes for "n+ and M

at the electrode surface is equal to zero :
ac
aC Hg
D43 x=0 * D205x x-0 (4a)

According to Nurnst concept of diffusion layer (see figure (1)), eguation

(42) can be written in the form :

g

02(

In addition, the number of moles of M"° consumed -(E?] at the electrode

= (4b)




surface involves a corresponding decrease of concentration --g% on the bulk

of electrolyte so that :

dc _ 5 oN
at v, dt (5)

whera S is the area of mercury electrade and V1 the volume of electrolyte.
Finally, as initial condition, we assume that at time t=0 the concentration

o}
He
tion of M in the eplectrolyte is C°. This leads to the following equation

of M in the mercury of volume V2 is equal to zero, and the concentra-

that expresses the“belance” of the reaction at any instant t of elec-
trolysis :

V1[C°-C) =V, CHg (8)
Expressing the flux g% in terms of g% frem equation (5) and combining
equations (4b) and (6) with equation (1) lead to the following differential

equation :

+ + *+ ~o
BSa ke, B Yo, s Df, Y1ks), 30 Vake &
80, kg Sk fdt V. 8, Y2 ke VySq v kg

(7}

In order to simplify the presentation of the general integration of this
equation, we regrouped the different parameters under the following abridged

forms 1
A_Dz‘51 o 5 s.8 o, b Y4
i R S e A |
6201 1 61 V1 61 VZ
-a

[
kel

+
K
e _ nF - co -
K = - expﬁT[E E°) and kg
e

Thus, the general integration of equation {7) can be written :

Lt . - —gaf—1 > BK_ _BK_ {8)
c° (1 aepkd 7P FA ERE | T
Kk
e

which exhibits an exponential decrease uf the concentration C with time af
electrolysis. This variation of C is essentially E, k; and a dependent. In
addition, when the time of electrolysis is sufficiently long, the concen-
tration C should ettain a limit which is derived from equation (8) by ne-

glecting the first term of the second member, so that :



c . bK

o)t ™ FoBK (83
This equation can be written in the following form :
\ ce-c
2.3RT 1 2.3RT Lo
€ = E°-S250 1pg — - S log (10)
nF V2 nfF Ct+m

which Is similar to the Nernst equation caracterizing reversible equilibrium.

The effect of the mentionned parameters [E,E°,k; and o) can be illus-
trated from the calculated curves €= f(t) plotted in figure (2) for diffe-
rent values of [E-E°),k; and o being constant.0On the 3ther hand the curves
C=f(t) in figure (3) show the effect of the standard rate constant k; on
the shape of the curves plotted at a constant potential. A qualitative exa-
mination of these latter curves shows that the limit (%°)t*m is more or less
ropldly attained according to the rate constant k;; a.g. for reversible
electrode processes [k;> 10-3cm.a-1l. the limit (%°]t¢m should be observed

after 5 to 20 minutes of slectrolysis, whereas this same limit is obtained
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after more than 120 minutes for irrsversible electrode process (k;<10m cm.s ).
This property can be quantitatively examined by considering the exponential
term related to the time t. For this, it 1is useful to derive from equation

(8] the expression of the time t of half-reaction (usually called period),
defined as the time needed to consume the half of moles of Mn' present at

t=0: 1

C
(Eoltar = 2
On the ather hand, T can be expressed in terms of the slopu-G® of the

tangent at the origin to the curve C= f(t} or log C= f(t)

T = °'g§3 (113
with : d(E,) d(10gE,)
G° = ~|—— = f—_— (12)
. gt Jt=0 dt  di=0
ar
8° = — 1A (13)
AvK+ ;f; K%
e
5
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Therefore 1 0.693(A« K+ k%
e

T A (14)

Replacing now the abridged functions f, A, k and a, by their values
one obtains the following eaquation for tne half-rueaction time T :
v.$ D6 0
150,693 mt |1+ =2 explt (E-E°) ¢ —s expX2E(-2°)|  (15)
61DZ RT 61ke RT

S D1

which Includes three terms. As we will see next, according to the imposed
value E and to the value of k; one or two of these terms can be negliacted

and T takes simpler forms,

a. Revervsible electrode process.

In this case equation (15) takes the following form, by neglecting

the third term

v,6 8.D

171 21 nE .. o

T(I) = 0.693 o 01 [I* T"z ; expﬁ[E E J]
This equation exhibits an exponential decrease of 1logTt(I) with the cathodic
patential E, The figure (4) (curve b) shows a thaoretical curve logt (I} =
nF

f{E-E°) 1n which a linear variation with a slope of 7.3qT 1s stated at
sufficiently positive values of {E-E®)., When E-E°® is sufficiently negative

the curve tends toward a limiting constant velue T(III) :

[rtIJ]E«E, -+ 7(III)

with V161
T({I11) = 0.693 —— (17)
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b. Irreversible electrode process.

The equation of the period T defined in this case as T(II) is

der.ved fram equation (15) by neglecting the second term :

D
= a1 e axpXE (g go
T(II) = 0.683 SD1 [1* 61k; exP—RT_(E £ ]] (18)

The theoretical curve 1logtT(IX) = f{E-E°) plotted in figure (4)(curve a)
exhibits a similar shape for logr(I) = f(E-E°)} but the slope is equal to



anf nf
TERT instead of START ¢ the curve sttains the same limiting vealue

T(111)

ft(I1)} + T(III)

E<<E?
It is of interest to keep in mind the particuler valus E2 which

corresponds to the intersection of T(II) and T(YII). The value of E2 is

eagily obtained by equating T(II) = f(E-E°)} (mg.18) with T(III)(eq.17] :

D
Lo . 2.3RT 4
E2 3 - log '—-61k; (189)

This relation shows that E2 represents the half-wave potential obtained
from current-potential curve for irreversible electrode process. This pro-
perty emphasizes the fact that the experimental curve logrt = f(E) leading to
the determination of E2 could be an accessible method to study kinetics of

electrode processes.

I order to understaend the fact that helf-time reaction t could be
a useful parameter which replace the corresporuing current i, it is of in-
terest to show the simple relationship between T and L. We aim feor that to
find the parallelism between equation T = f(E) and 1= f(E). The current i°
exchanged at the beginning of the electrolyse (t=0), is prcportionalito the

corresponding flux (%;"JFO . Thus :
n g Ef_“_
i [dt)t=D nFS (20)

On the other hand according to equation (13)

v - L83 (13)

in which G° denotes the absolute value of the slope of the tangent at the

origin of C = f(t) . [d[%o]]
6 = - Ft -0 an
- s
or R T.c 2n

one can easily relate i° to T by combining equations (20), (13) and (21) :

10 - D.GQSTnF v,C° (22)



in such a way similarly one can relate the limiting current ia to the cor-

responding period T(III)

0.693 nF V, C°
o o 0:693 nF v, C°
iy = T(IIT) (23)
D
or i:; e nfFS -6—1 c° [24)
1

D
Replacing in the general equation (15), T and the term 31 by their values
in terms of i® and 1; from equations (22) and (24) respaétively, one obtains

the general equation of current-potentia. curves :

i° 1
i 0,3, £ o, anF (@8
a——— L -E° -E®
1+ 6102 EXPET(E E®) + 61k; exper {E-E®)

Therefore the functions t = f(E) and 1° = f(E) include the same paramsters
of the electrode process. In addition, since T 1s related to the reversal
corresponding current : T+ Ft%.], the homalogous form of the well-known

-]

£ . e _T(ID)
logIZ:Ia f(E) equation is logt LD f(E) (fig.5).

Radiocoulometry.

The above treatment showed that for electrochemical reactions in-
volving a forming amalgem metal the time 1 of hal--reaction is a suitable N
paramgter to study the oxidation-reduction beha' icr of species at the mer-
cury cathode. It permits to get out of measuring the current, and therefore
ables one to investigate elements at tracer scale concentrations. In this
latter case radioisotopes are used and concentrations are measured with a
good precision by following the radioactivity of the solution during the
electrolysis. Accordingly we propose to call this method "radiocoulometry”.
It permits exclusively to study simultaneously several electroactive species
even eglectrochemically similar, in the same mixture provided that they can
be radiocchemically selected. This selection is baéed on the nature or the
energy of their rays emitted. In an ulterior article this treatment will be

applied to interpret experimental data on some transplutonium elements.

\F' -
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Figure captions.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure S.

Variations of the concentration C end CHg of the reacting spe-
cies with distence from the electrode in both phases of volume
v, and V. 61 and 62 are the thicknesses of the diffusion layers
in the electrolyte and the mercury respectively, Ee and C, the
concentrations of M'° and M at the electrode.

Variations of lug%h with time of electrolysis for different
;alues ufvﬁ-E°. The curves arfqplotted froTzequaE:on (8) with
v1=1.v;=2, a2=a1=9.10 andk;=10 cm.s , ¢=0.5 .
Variations of lnggb with the time of electrolysis shawing the
effect of the standard constant rate k; on the shape of the
curves. The value {E-E°) is meinteined constant [E-E°® e ~10 mv],
as well as the other parameters in equation (8)

ap=a,=0.07 , 2 <1, be2 , a-0.7

te) k2 = 10" em.a”"
(b) K2 = 5.10 cm.s”
(a) k2 = 1072 1

1

cMm.s ~

\ariations of the half-reaction time T with the imposed poten-
tial (E-E°) (equation (1)).
(a) irreversible electrode process (k° = 5.10 8cm.s™1 and e=0.3;

2

(b) reversible electrode process [k; = 10 cm.s-1).

The theoretical curves 1og;§{%§%%; for reversible and irrever-

sible electrode processes are parallel to the well-known curves
-]

logis = FIE-E®).
d
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