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Contemporary inverse methods of electrochemical analysis make use of concentration of material in the form
of an amalgam [1, 2] or solid phase [2, 3]. Information on the composition of a solution is obtained mainly by the
use of polarization curves for the dissolution of amalgams, metals, or chemical compounds, with an electrode po-
tential which alters linearly with time. There are numerous statements in the literature as to the possibility of
carrying out both [4] or one [5] of these states at a given current, but the latter is mainly used in amalgam vari-
ants [6].

The object of the present paper {s to estimate the possibilities of using various electrode polarization condi-
tions in analytical and partly electrochemical investigations. We have restricted our considerations of category of
process to the ionization of metals at the surface of an indifferent solid electrode, uncomplicated by chemicalstages
[7, 8], and we make use of literature data and our own specially made calculations. It is assumed that the deter-
mination always consists of two stages. The first involves accumulation (deposition) of the metal under stationary
hydrodynamic conditions. It is completed by de-excitation of the solution. The second stage, ionization of the
metal, is carried out with a quiescent solution, which contains an adequate concentration of indifferent electrolyte.
Electrolysis is carried out under conditions such that depletion of the solution can be neglected.

Let us consider the features which characterize the stage of accumulation and oxidation (deposition of metal),
for various electrode polarization conditions.

The following symbols are used:

a and a_ are the activities of the deposit on the electrode and of the corresponding macrophase respectively

B3k

C(0, t) is the concentration of discharging fons close to the electrode;
C9 is the concentration of ions in the bulk of the solution;

D is the diffusion coefficient;

F is the Faraday number;

ig is the limiting diffusion current for the ion to be determined;

Kg is the rate constant for the electrode process at standard potential;
n is the number of electrons;

Q is the quantity of electricity equivalent to the amount of metal deposited;
S is the electrode area;

t is time;

ty is the relaxation time;

~ v is the rate of change of potential;
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TABLE 1. Relations between Parameters for the Process of Electrodissolution of Metal at a Potential

Varying Linearly with Time [3]. Recorded Relation { = f(@)

Process Reversible Irreversible
crophase
Equations relating " Microphase Macrop}::se Mlcro%t;asev |, Mz - _prlf e
main parameters 1= - 0,29 %’;vo 1=—0,93 £=VQ' | 1=0,3757 BVQ . If.rp
F oy TR -+0,835 —=BVQ
o =we+§—; +o.93—;‘ﬁ Ve | op=0"+—F , RT
T, nF X In ——r——eme
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Parameters of process : .
de- , Kao ¥
which can be de- n,v Bn, Kg
termined

Valuesdepending on

concentration and

The maximum anode current is proportional to the copcenuz::;c;;loflo;oc:is-
solution of the. microphase. and varies linearly with concen

dissolution of the macrophase

the character of this
:gela(t:m' nship.

Accumulation Stage

determined by the relationship.

shows

1318

o and B are the transport numbers for the electrode process;
y s a proportionality coefficient;

8 is the thickness of the diffusion layer;

Tde is the time taken for deposition;

¢ is the conversion time;

¢ Is the electrode potential;

e is the equilibrium potential;

#° is the standard potential,

: _ 5
Glven a Constant Electrode Potentlal. The quantity of metal, or the equivalent quantity of electricity Q

¥

co—C(0, 1 o G
Q=nFSD —5—Tde _ ,

At the potential corresponding to the limiting diffusion current of the fon C(0, t) = 0, so that

Cot @ .
Q = nFSD—=..

Equation (1) converts into the well known equation (2) and agrees well with experimental data [9], which
a direct proportionality between concentration and quantity of metal deposited.

Given a Constant Current (). A. 1< 14, then

oc : ' G
= — = t. .
{=nFSD % gm0 cons
Under stationary hydrodynamic conditions (6= constant) (stirred solution):
‘ ' Co—C (0,¢
{ = nFSD ~——-6—(--l (4)



TABLE 2. Relations between Parameters for the Process of Electrodissolunon of the Metal at a
Constant Current [5, 13]. Recorded Relationqo f()

Process Reversible : Irreversible -

Equatfons relating - Microphase ‘| Macrophase Microphase Macrophase
main parameters g go 4 KTy, L o _go RT =g+ RT RT_.
P 0= +TRIn o4 fe=e+Ig | e=0"+pn “’="+sn1~*'
. T C ey 20 { l
(C +,TF§ ,;—D). Xin (C FoFs | XIn RFSKgv . x“’—EFs'Es_
R T : e __RT
—=F 1 — it t ). —1
n@-m | XV‘;:B) —paF 'n @—1t)
tc=Q/i tctet T =Q/¢ . -:ch/1
Parameters of process -
whichcan be deter- n, ¥ By Kgo ¥
mined
Values dependin on con-; The conversion time of the process is directly proportional to the con-
centrationand € - +1 centration
character of this re-
lationship

Equation (1) should apply to the relationship between the quantity of metal deposited in the accumulation
process and the concentration of its ions in the solution.

B. 1> ig. Inthis case the quantity of metal jons discharging at the electrode is determined by the limiting
diffusion current of the ion, and should conform with equation (2).

Thus, direct proportionality between the quantity of metal deposited and the concentration of the correspond-
ing fon in solution can be obtained only at a constant potential, corresponding to the limiting diffusion current, or
at a constant current exceeding the limiting diffusion current for the discharging ion. However, in the latter case,
the process of discharge of the ions to be determined is not a single electrode process. Any more electronegative ele-
ment will be discharged at the electrode at the same time. The quantity of it, at any given current, willbe greater
the lower the concentration of the ion to be determined. Oxidation of the foreign material deposited can make it
difficult to measure the latter.

We will assume below that the accumulation stage is carried out under conditions such that equation (2) ap-
plies, i.e., the quantity of metal deposited on the electrode is proportional to the concentration of its ions insolution.

Dissolution Stage

Given a Potential Varying Linearly with Time (Inverse Voltamperometry [3]). The principal measured value,
under these conditions of electrode polarization is the maximum current for electrodissolution of the metal (Table
1). Between this value and the amount of metal deposited in the accumulation stage, there is a proportional rela-
tionship for dissolution of a microphase, or a linear relationship for dissolution of a macrophase [2, 3]. If the ac-
cumulation stage is carried out at the potential of the limiting diffusion current for ions to be determined, then
there will be relationships, similar to those described above, between the ion concentration and the maximum cur-
rent for dissolution of the metal. This variant, inverse voltamperometry of the metal, has been widely discussed in
the literature, so that we will not consider it specially. Information on the concentration of ions in solution can be
obtained, regardless of the kinetics of the electrode process used [3].

Given a Constant Current (Inverse Chronopotentiometry). The relation between potential and time is recorded
and the conversion time of the process 7¢ is measured. The method has been called chronopotentiometry [4], or
film chronopotentiometry with accumulation [5]. For reasons, presented by one of us previously [10], it is clearly
expedient to call this variant electrochemical analysis by inverse chronopotentiometry (chronopotentiography).

The main relations between the parameters, for the process of electrodissolution of the metal at constant cur-
rent, are given in Table 2. From this data, and by use of equation (2), it follows that the convers[on time of the
process is proportional to the concentration of electroactive ions in the solution:

nF SDC°1:de (5)
'tc = __——Gi .
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i Equation (5) is truly independent of the kineties of the

:;:;/T electrode process, and of the properties of the system form.
’ ing in the accumulation stage. -
046 It is possible to obtain information on the kinetics of
044 the electrode process from the chronopotentiograms foreleg-
047 trodissolution of the micro- and macrophases of the metal,
’ together with the equations shown in Table 2. An experi-
0,40 mental check of the equations was obtained for an example
! L ! i of the category: ionization of silver (reversible process) and
20 40 60 ¢t sec fonization of cobalt (frreversible process).
F.ig. 1. Chronopotentiogram for the oxidationof The.electrodeposition of silver was carried out at a
silver. Supporting electrolyte M KNO; + HNOq; potential of — 0.6 V (relative to a silver/silver chloride elec-
PH 2; [A_gs“‘] = 4+ 107 g-fon/liter; 7de=2min; trode), and that of cobalt at —1.6 V (relative to a mercuryy
1=3-10" 4. mercurous sulfate electrode). The working electrode was of

graphite, type 1 [3, p. 46]. The power supply was from a P-
5827 potentiostat., Curves relating ¢ and t were recorded
with a KSP-4 potentiometer. The solutions were freed from
surfactant material by passage through a charcoal column
[3, p. 149]. o

Figures 1 and 2 show chronopotentiograms for the oxi-

dation of silver and cobalt, previously deposited on a graph-
ite electrode. Figure 3 gives the relation between ¢ and

2i .
Co+FsV t/nD

—lg q—1F , for dissolution of the silver micro-

' ' : 90 ’
phase, and between ¢ and — Ig (CO +5Fs Y t/nD ) , for dis~

0 60 120 180
Fig. 2. Chronopotentiogram for th t;’zec ~ solution of the silver macrophase. Analysis of the data
cobalt, Supporting ele cgtrol h ro 1e oxidationof showed that the process Ag ~>.Ag+ + e was reversible, The
[C0%*]= 3.10% g-jon/lite yte 0.1 M K,S0,; slopes of the straight lines were 0.057 and 0.050, which are
X 1075 4, I} Tde = 2min; i=3 consistent with the equations given in Table 2. The valueof
the proportionality coefficient y, calculated from the equa~

tion and the data of Fig. 3, was close to 5+10° C™. _
Fi i .
balt T}%:r; ¢ gives the relationships between ¢ and—1g(7c —t), and between ¢ and —Ig i, for the dissolution of co-
an irreversib(I)ePes of the straight lines (1) and (2) were 0,060 and 0.050, which are consistent with the equation for
process, with Bn = 1.0 to 0.8, The value of Ks was 2+ 10~% cm/sec, and y was of the order 10* C™1.

Fi i . ,
and the f‘;::: gives the relations between the conversion times for the processes of oxidation of silver and cobalt
nwrations of these fons in the solutions, The fact that there was direct proportionality in both cases

confirmed , . :
purposes that it should be possible to use both the reversible and frreversible electrode reactions for analytic»alu

of the Irtn:l:;g;d b;: ;Ote:uﬂ;(at inverse chronopotentiometry has a definite advantage over the normal direct variant
Processes depends onv:h nown that, in the direct variant, the conversion time for ;uccessively occurring electrode
concentration of elecue conversion time of the previously occurring electrode react(op (11, p. 228}, f.e., on the
process s completed optc:sitive elements in the solution. In the case of inverse chronopotentiometry, the previous
only one electrode reat ti e instant that the potential for the subsequent process is reached. At any moment there is
depends only o action proceeding, determined by the potential, so that the conversion time for any process

Y on the quantity of the corresponding metal on the electrode. Y

Gt ' i ro ' genera
tem of d;’:cnr::) {Clilzntsl:antlmectrode Potential (Inverse Chronoamperometry). From the general point of view the prob-
¢ electrodissolution of meta
can be expressonns o 1 from the surface of an indifferent electrode, at constant potential,
. ac
i=— nFSD -'5}—

k0 ' (6)
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Fig. 3. Relationships between electrode poten-

Vi/xD
tial and —1g _i%’.’_____ 3-u/ (curve 1), and be-

tweenelectrode potentialand —lg (C' + -p5- VifmD )

for the electrodissolution of silver.
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Fig. 5. Relation between conversiontime and con-

centration of (1) silver fons and (2) cobalt ions in
solution.

and
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Fig. 4. Relationships between electrode poten-
tial and —1g(7o—t) (curve 1) and betweenelec-
trode potential and —1g i (curve 2) for the elec-
trodissolution of cobalt.

The concentration field of electroactive fonsis given
by Fick's equation:

ac 9%C
o =Dgm ("
with initial and boundary conditions:
C (X, 0) =
ac Ks[ BEw@—o0
— ax 0 = D ae .
—28F g —om)
— C (0, eRT * ], )]

)

A strict solution of this problem presents known dif-
ficulties, so we will first consider the simplest case of a
slow electrochemical reaction (irreversible process). Using

equations (6) and (8), and neglecting the second term in
equation (8), we obtain:

i =nFSKsleo

7 BnF T
X {l—exp[—y(Q— Sidt)]}expELT((P—‘P"): (9)
: b

Introducing the symbols

% = nFSKgawexp f{‘—TF @®— ),

rm[oo- ]
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TABLE 3, Relationships between the Parameters for the Process of Electrodissolution of a Metal

at Constant Potential. Recorded Relation i = f(t)

Process Reversible Irreversible
Equations relating the Mlcxl'c/);hase Macrophase w9 1)
main parameters t=nFSD "a_vQ. lnnf/.go” f , HVEL Ve
1 X5 t / A F
X (——-—-K VB) ——T—ﬂn o~o)
‘:ﬁ‘- 0 %= nFSKsame KR ( l)
-0 :
KT (2=1) .
t=nFsp'a_y 07[::=t ::aoo Microphase | Macrophase
nF BT 09—
SEe RT ("’ “’1)
e T((p ‘9]) Xe lt_’oinu‘vQ ‘ “t-’o
Parameters of the process -
which can be determined n, ¥ Kg. Bn, ¥

Values depending on con-
centration and character
of the relationship

Peak current propor-
tional to concentra-
tion

~ [Peak current

proportional to
concentration

then y' = yyi, and equation (9) can be written in the form:

Integration of this gives;

I4

oy
37 =% —0).

In T—_{’_—-y == %Yl ~ In const .

Using the initial condition y=e~YQat t = 0, we find that the constarit'erQ-— 1, so that

y=[14 ("¢ —1) e %%~}

The expression for the current has the form;

The peak current is given by

%21y

e*VE L ¥Q

i
3
- 70

For dissolution of the microphase (yQ «<1)

ltwo = %yQ.

For dissolution of the rﬁacrophase (yQ> 1)

Lo =%

vQ
% (e 1
0(, )

(10)

(11)

12)

13)

(14)

(15)

(16)

It follows from equations (15) and (16) that, in the case of dissolution of microphase metal, the peak current
is proportional to the quantity of metal deposited, or, taking equation (2) into account, to the concentration of the

ion concerned in the solution.
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For the case of dissolution of the macrophase, the peak current is de-
termined only by the kinetic parameters of the process, and does not depend
3 on the concentration of electroactive fons in the solution. Table 3 gives the
fundamental relationships between the parameters for the process of electro-
dissolution of the metal at constant potential.

The following reasoning may be used to evaluate the nature of the re-
2 : lation between peak current and quantity of metal deposited on the electrode,
for the case of a rapid electrode reaction.

From the moment that the dissolution potential ¢ is reached, the con-
centration of metal ions close to the electrode surface rapidly increases. The
< rate of the process is then determined by the rate of the act of ionization of
=’-I the metal. The conversion time of the process (relaxation time) may be esti-
mated from the nonidentity D/Ks <VDt, so that, if D = 10°% cm¥sec and Kg
= 102 cm/sec, t > 0,1 sec. If the quantity of metal deposited in the accumu-
lation stage is big enough (yQ>> 1), then, in the course of a small elapse of
L time after attainment of potential ¢, the quantity of metal dissolving will be
' small as compared with the initial quantity. Accordingly, any change in ac-
tivity of the metal during the dissolution process may be neglected,

}Eiec The boundary conditions for equation (7) can be expressed as follows:
Fig. 6. Chronoamperograms for F
the oxidation of cobalt; Support- - - C(0, t) = acexp ®T (p— 99 = A. 1

ing electrolyte 0.1 M K,80,; [Co*]
=5-1074, 6-1074, and 1-10"% g-

If ¢ »>¢e, then A »C°.
ion/liter for 1), 2), and 3) respec-

tively; Tge =30 sec; dissolution Equations (7) and (17) have a solution of the form [12]);
potential 0,1 V.
ATt =t (52 18)
-4 = 2y DT )

Then an expression for the current can be obtained for the identities (6) and (18);

i=nFSD'sn—"1s¢—"s4, (19)

PR
which is correct if t > t; and ¥ (Q — é. idt) > 1. From this it is clear that the current does not depend on the

amount of metal depos'ited on the electrode, nor on the concentration of metal fons in the solution.

In the case of dissolution of the metal microphase (yQ <« 1), the boundary condition for equation (7) can be
written in the form:

ac .
& 20
ox dr, (20

x=0

t
CO, )=L+K é’o

where
nF , =
L= aooYQ epr—T ((p — (p(l)) H
; nF 0
K = ynFSaw exp (q;‘_ q,l);
C(x 5C% Cx 0)=Co.
Equation (20) Is correct if t> D/ KS2 Then, applying a Laplace transformation to equations (7) and (20), we ob-

tain an expression for the flow of metal fons:
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. ac S 0! __—1
i3+~ 0, pA {2 4mg i . — D5 x=o=VD(§—C)[W
1 _ ‘ , A

1o 0207 — K VD xeX' erfs (K V/DY)]; . @
8 0,16 _

6 4,11 1 1Dt = KyD at t=0

4 0'08- Ky DeK*Pteric (K v Dt} =lo at Ky Di>2.

z 0,041 The relation between the current and the process param=

705 10 715 27 75 30 - eters, under the above stated limiting conditions, is given by the

C;’1 .g-lon/liter equations: ,
L A i i L i L - ) . : F
o' 61 03 G4 05 06 07 o y 1 D) e L (oot (a8
C, 104, g-ion/liter = nFSD'*awyQ (—l/’_{i Ky'D Tﬁ( i@y

Fig. 7. The relation between the peak current ' . oF , . o
and the concentration of 1) cobalt fon, and 2) i = nFSD"* axsyQ —_—t— X exp BF (tp —_ q>1)- @3
silver ion In the solution. ) va

It is clear from these equaiions that, in the case of dissolution of a metal microphase, the current is P"Ol:"f"-'}x
tional to the quantity of metal deposited on the electrode, or, since identity (2) applies, to the concenj:ratlon of the
corresponding metal fon in solution.

Thus, information as to the concentration of ions in solution can be obtained from the analysis of inverse .
chronoamperograms only in the particular case of dissolution of metal microphase. The absence of a relation be-
tween current and the amount of metal deposited on the electrode in other cases (macrophase’,metal)’ mak@s the‘ i
method as described unsuitable for analytical pruposes. Polarization of the electrode at constant potential can evi-
dently be used for analysis only in its coulometric variant.

The above conclusions were compared with experimental data, using as examples the discharge qf gllver (re~
versible process) and of cobalt (irreversible process). The electrodeposition of silver was carried out at ¢ '=—0.6 V,
and of cobalt at —1.6 v (mercury/mercurous sulfate electrode). Electrodissolutior was carried out at +0.1V for
silver, and — 0.8 V for cobalt, The magnitude of the peak current was measured with a KSP-4 potentiometer for
cobalt, and with an M95 low-inertia microammeter for silver.

Figure 6 shows the relation between current and time for the electrodissolution of cobalt. Figure 7 shows the
relationships between the corresponding peak currents and the concentrations of Ag* and Co®* fons {n solution. Over
the concentration ranges 2° 107% to 2-107° g-ion/liter for silver, and 5-107% to 1.5 10" g-ion/liter for cobalt,
the peak current was proportional to the concentration of the corresponding fon. But, when the concentration was
increased, the peak current became independent of the concentration of electroactive fon.insolution.

This agreement between theory and experiment confirms the view, expressed above, that it 1‘s impossible to
determine the concentration from the value of the current observed at constant electrode potential. However, if we
take into account equation (2), and assume that the anodic process is carried out to complete dissolution of the
metal from the electrode surface, we would expect a proportional relationship between the quantity of electricity
Passing in the anodic stage and the concentration of the corresponding metal fon in the solution. In this case it is
Possible to make use of coulometric measurement.

Mrlson of the Sensitivities of Determination for Various

Electrode Polarization Conditions

The main factor restricting the sensitivity of determination is the capacity current. We can calculate the
value of the capacity current term in the measurement, for various electrode polarization conditions.

The value of the capacity current is given by the equation:

: - dQc (24)
. ic = _d'T‘ .
In the case of a linear change in potential with time, the above equation can be rewritten In the,form:
de dp  de T (29)

| ic=Sgg ar+ear
where do /dt = v, de/dt = C4.
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When S = const,
ig = 8SVCyq. (26)
Using the equations presented in Table 1, we can obtain for the reverse process:

fe _ Cqd el
T = TT.6n2FDCorgg "

For Cd = 20 uF/em?, 6=10"%cm, n =1, D = 10"° cm’#sec, and Tde = 1800 sec, we obtain ic/I = 0.5 atCl
=2-10"! g-jon/em?® = 2+ 10°° g-ion/liter.

Calculations by Zakharov [5], at given constant current conditions, showed that C(r)nin = 1.15-107® g-ion/liter
for the following experimental conditions: Cq = 20 uF/cm?; A¢ = 0.1 V; & =1-10"2 om; D = 1°10"° cm?jsec;
Tde = 1800 sec; n = 2,

When the coulometric variant is used, at a given constant potential, the condition that Q¢ = 0.1Q should be
fulfilled. we may write approximately that QC = Cg(we; —¢)S, or with A¢ = 0.5 V, then Qc/Q = 0.1, with C(r)nin
=5-10"! g-jonem® = 51078 g-ion/liter.

From the above analysis it follows that, in electrochemical analysis, the optimum conditions for concentration
are achieved either at a constant electrode potential corresponding to the limiting diffusion current of the ion to be
determined or at a constant current greater than the limiting diffusion current. Information on the concentration of
ions in solution can be obtained either from the analysis of polarization curves for the dissolution of metal, recorded
using a potential which alters linearly with time, or from chronopotentiograms recorded with a given current. Re-
cording the current at a given constant electrode potential in the dissolution stage gives information on the concen-
tration of the solution only in particular cases. The coulometric variant of this procedure can be used inanalytical
chemistry. Information on the kinetics of the electrode process can be obtained under all conditions of electrode
polarization,

The advantage of inverse chronopotentiometry is the existence of a proportional relation betweena measurable
value (the conversion time) and the concentration of the ion to be determined in the solution. The slope of the
straight line,with coordinates 7¢ and C°, remains constant over a wide range of concentration, and does notdépend
on the kinetics of the electrode process.

The maximum sensitivity for determination can be achieved by polarizing the electrode at a potential which
varies linearly with time (inverse voltamperometry).
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