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EFFECT OF CONCENTRATION OF THE REACTANTS ON THE
MEASUREMENT OF TRANSFER COEFFICIENT AND RATE CONSTANT
OF FERROUS-FERRIC REDOX PROCESS UNDER IDEAL CONDITIONS

H. P. AGARWAL
Department of Chemistry, Motilal Vigyan Mahavidyalaya, Bhopal (India)

(Received July 14th, 1962)

The rectification of alternating current by electrodes in an aqueous solution con-
taining a reversible redox couple has been reported by Doss AND AGARWAL1L. This
rectification is caused by an electrode reaction due to the asymmetry of its current-
potential characteristicwithrespect tothe equilibrium potential. It wasoriginallynamed
the redoxokinetic effect but is now usually called the faradaic rectification?.3. The
theoretical treatment given by Doss AND AGARWAL#.5 for equimolar concentration
of the reactants, whose diffusion coefficients are equal, and the generalised treatment
given by BARKERS and also by VDovINS have made possible the study of fast electrode
processes. The theory has been worked out assuming a concentration of reactants
of the order of a few mmoles/14:5. In the present work, the effect of change in con-
centration of the reactants on the measurement of transfer coefficient has been
studied. The transfer coefficient thus obtained for an ideal solution of the reactants
was used for determining the standard rate constant at equilibrium.

EXPERIMENTAL

The small change in the mean potential when an electrode is polarised by an alter-
nating current, was measured by the method described previously?. The frequency
of the alternating current was checked during the course of the experiment on a
Philips oscillograph Type GM 3156 which was also used for the measurement of
the applied a.c. voltage (sensitivity 1 mV r.m.s./cm). All the data were obtained
for platinum/aqueous solutions. Solutions of the desired strengths were prepared
by dissolving the calculated amounts of ferric ammonium sulphate (A.R.) and
ferrous ammonium sulphate (A.R.) in 1 N sulphuric acid (A.R.). To determine the
effect of dilution on the transfer coefficient, equimolar concentrations of the cations
Fe2+ and Fe3+ ranging from 0.01 M to 0.001 M were used. A few readings were
also taken using 0.001 M ferric ion and 0.002 M ferrous ion, and vice versa. The
results obtained at varying frequencies are shown in Tables I and II. For the sake
of brevity the readings of 4, the shift in mean potential, have only been given at
4 mV. a.c. in Tables I and II. At 8 mV a.c., the values of y are exactly 4 times
greater than those measured at the corresponding frequency and at the particular
dilution of the reactants used.

J. Electroanal. Chem., 5 (1963) 245-252
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TABLE I

Dimensions of bright, polished, platinum foil electrodes used: 1. length 1.60 cm, breadth o.go
cm; 2. length 1.60 cm, breadth 1.00 cm (earthed); reference electrode, length 1.60 cm, breadth
1.00 cm. Temperature of the thermostat 35° 4 0.05°

Values of vy at the following concentrations

) of oxidant and reductant ions at 4 mV a.c.
A.c. frequency (f’) (uV) Remiarhs

(c/sec)

001 M 0.004 M o0.002M o0.001 M

50 — 34 -7 —11 —11 At all frequencies, the magnitude
100 — 6 —1II —15 —15 of 1w increases with dilution of
200 — 8 —16 —21 —21 reactants up to 0.002 M. On
500 —11 —24 —24 —24 further dilution, 4% becomes

1000 —1I —24 —26 —26 constant at the respective frequen-
2000 —11 —24 —26 —26 cy. At all dilutions, y oc J/f’
5000 —11 —24 —26 —26 approximately, but at dilutions of

0.002 M and above, the relation-
ship holds good more rigorously.

TABLE II

Dimensions of bright polished platinum foil electrodes used: 1. length 1.60 cm, breadth 0.90 cm;
2. length 1.60 cm, breadth 1.00 cm (earthed); reference electrode, length 1.60 cm, breadth 1.00 cm.
Temperature of the thermostat 35° 4 0.05°

Values of v at the following oxidant : veduc-

, jos at c.
A.c. frequency (f’) tant mtzo;”aV)z; mV a.c Remarks

(c/sec)

0.002 N : 0.00r N o0.001 N :0.002 N

50 —20 —20 The values of y are constant at a
100 —24 —22 frequency of 500 c/sec or above,
200 —30 —26 in both of the cases, but at lower
500 —36 —40 frequencies i.e. below 500 c/sec,

1000 —36 —40 @ is not proportional to |/f ’ though

2000 —36 —40 it decreases with the lowering in

5000 —36 —40 frequency in both of the columns.
TABLE III

Values of concentration gradient and of mean concentration for diffusion of o.0o1 M ferric

ammonium sulphate in 1 N sulphuric acid. Volume of 0.001 M ferric ammonium sulphate solution

taken in compartment A of porous diaphragm cell, 60 ml. Volume of 1 N sulphuric acid taken in

compartment B of porous diaphragm cell, 110 ml. Characteristic constant of the cell 3.46. Tempera-
ture of the thermostat 35° + 0.05°

Concn. of the diffused Concn. of the diffused Concn. gradi- Mean concen-

(n::n ) salt, Cy (mlizn ) salt, C2 ent dc'_ . tration, C
(g equiv.[l-108) (g equiv.[l-108) @ T°°) (g equiv.|l-108)
275 19.9 601 29.8 0.030 24.8
302 20.6 570 29.2 0.032 24.9
339 22.4 542 28.2 0.028 25.3
376 23.7 514 26.9 0.023 25.3

Mean of first three 0.028 25.0

Similarly the values of concentration gradient and mean concentration for diffusion of ferric
ions at higher concentrations in 1 N sulphuric acid were obtained. Their mean values at 35° are
given overleaf.

J. Electroanal. Chem., 5 (1963) 245-252
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Initial concentyation of ferric ion Commgc“f“m gradient . . P —_—p
prior to diffusion (—-106) (C"-108)
M dat
0.002 0.051 63.0
0.005 0.12 56.8
0.02 0.33 116.0

To find the value of the rate constant under ideal conditions when the salt com-
pletely ionises, it was necessary to determine the diffusion coefficient of ferric
ammonium sulphate or ferrous ammonium sulphate at zero concentration in 1 N
sulphuric acid at the desired temperature. To do this, diffusion coefficients of the
reactants at varying concentrations were determined by the porous diaphragm cell
method, the details of which are given in a separate communication14, As the diffusion
coefficients determined at a particular concentration of ferrous salt or ferric salt
were equal, only the values of the concentration gradient and the mean concentration
for the diffusion of ferric ammonium sulphate at concentrations varying from 0.0z M
to 0.002 M in 1 N sulphuric acid are given in Table III.

RESULTS AND DISCUSSION

Redox couple having equimolar concentration

At all dilutions ¢ is proportional to the square of the applied a.c. voltage. It can
be seen from Table I that with increase in concentration of Fe2+ and Fe3+ ions
(between o.01 M and 0.004 M), y decreases in magnitude at the corresponding
frequencies. The decrease in ¢ with the increase in concentration of the reactants
can be explained by considering the equivalent circuit of the cell which is of the
form shown in Fig. 1, where Rc is the internal resistance of the cell, Cq; is the double

Fig. 1.

layer capacity of the electrode and Zg is the faradaic impedance. The change in
mean potential depends upon Vr which may be somewhat smaller than the applied
voltage Va. It seems probable that the decrease in 4 with increasing concentration
of the redox couple (Table I), is mainly caused by a decrease in Zy which, for con-
centrations of 102 M, is no longer much larger than Rc. At all dilutions, and below
a frequency of 500 c/sec the shift in mean potential decreases with decreasing frequen-
cy and it varies with the square root of the a.c. frequency (especially when the
concentration is of the order of 0.002 M to 0.001 M) in accordance with the theoretical
analysis®. The decrease in y with decreasing frequency is presumably due to the
fact that the faradaic impedance contdins an appreciable reactive component at the
lowest frequency. If this interpretation is correct, Rc must be approximately equal
to 0.5 Zr when the reactant concentrations are both 10-2 M. As there is an appreciable

J. Electroanal. Chem., 5 (1963) 245-252



248 H. P. AGARWAL

decrease in g at 50 c/sec the value of R¢ may be of the order of 0.2 Q and the rate
constant about 2.5-10-2 cm/sec.

ANsON® has shown that both ferrous and ferric ions are strongly adsorbed at the
metal electrode surface. Hence the decrease in the value of o with increasing con-
centration of the reactants may be due to adsorption of such ions on the platinum
electrodes. From Table I it can be seen that y does not vary at any particular voltage
or frequency used when the concentration of the reactants is between 0.00z2 M and
0.001 M, showing that in this range the effect is independent of variation in con-
centration. Therefore, in this concentration range, the values of «, the transfer
coefficient, can be measured free from influence of changes in concentration of the
-reactants (activity coefficient approaches unity). Further, it is doubted whether the
adsorption of the reactants would affect the validity of the simple expression for ¢
when the frequency is sufficiently high for the reaction to be controlled by the
kinetics of the electrode reaction. Under these conditions, the transfer coefficient of
the ferrous—ferric redox system may be measured correctly, as the value of the
frequency independent resistance, Rk, may be negligible?.

When o does not change with the variation in concentration of the reactants
(when the concentration of each of the reactants is of the order of 0.002 M or less)
and with variation in frequency of the alternating current, the value of «, can be
calculated from the following equation derived earlier3.

where R is the gas constant, T is the absolute temperature, » is the valency, F is
the Faraday number and V is the applied a.c. voltage. On substituting, from Table I,
the values of p = —26 uV at 0.001 M equimolar concentration of the redox couple,
V = 0.004 V and T = 308 in the above equation, the value of & obtained is 0.586.
As this value is less than 0.6, the adsorption of the reducible ion at the electrode
surface is very low!0. Therefore, when the concentration of the reactants is of the
order of 0.002 M or less, the values of & could be determined correctly. The transfer
coefficient diminishes with the increase in concentration of the reactants, as does!!
y, beyond 0.002 M. The values of x have been given to 3 decimal places since «
varies by approximately 0.001 when the temperature is varied by 5 degrees.

To determine the value of K, the value of the diffusion coefficient at zero con-
centration of the reactant is obtained from the data for the diffusion coefficients of
the reactant at varying concentrations. The diffusion coefficient of ferric ion at a
particular concentration in 1 N sulphuric acid (supporting electrolyte) is calculated
from the data for the concentration gradient and mean concentration given in
Table III, by adopting the method of HARTLEY AND RUNNICLES!2. The calculation is
illustrated below for of 0.001 M ferric ion in 1 N sulphuric acid.

The average value of concentration, C, before and after the diffusion = 0.001 —

(110/60)0.000025 = 0.000954
AC = C — C’ = 0.000954 — 0.000025 = 0.000929

_ de’ 0.028 * 10-8 0.028
-~ KD = = — =
dat-AC 0.000929 929

J. Electroanal. Chem., 5 (1963) 245-252
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where K is the cell constant and D is the mean diffusion coefficient.

= 0.028
D =—

= 8.7+ 10" 8cm2sec~!
929 * 3.46

The values of the diffusion coefficients of ferric ion at concentrations of 0.001 M,
0.002 M, 0.005 M and 0.02 M were obtained similarly from data given in Table III,

and are summarized in Table IV.

TABLE IV

VALUES OF DIFFUSION COEFFICIENTS DETERMINED FOR VARIOUS CONCENTRATIONS AT 35°

3

Concn. of fervic ions D,
(g molll) (em? sec~1-108)
0.001 8.7
0.002 8.1
0.005 7.1
0.02 4.8

From the above table it can be seen that the diffusion coefficient varies with the
change in concentration of the diffusing ion, hence the ONSAGER AND Fuoss equation??
as modified by HARTLEY AND RUNNICLES could be used more accurately for the
determination of the correct diffusion coefficient values under ideal conditions. It
has been shown by ONSAGER AND Fuoss that the ratio of the diffusion coefficient at
a sufficiently low concentration ¢, to that at zero concentration, is given by

D. dlogf

B, 1
Do dlogec ()

where fis the mean activity coefficient, provided that there is noinfluence of interionic
forces on the mobilities. The use of osmotic coefficient g in Guggenheim’s equation
is very convenient for the calculation of D i.e. the mean diffusion coefficient at
a particular concentration. For concentrations below 0.1 N the following equations
were used by HARTLEY AND RUNNICLES.

dlog(fe) _ d(ge) (2)

dlogec de

whence, denoting the ONSAGER-Fuoss mobility by ¢(c), we have

c DOC c )
f de = f 1= $01d(e0 (3)

bo". L e

==~ | gd 4)

To verify the above equation the values of D, and Do were calculated by HARTLEY
AND RUNNICLES using the following equation:

_ o
Dot = Dere, — (Do — Dere)
C

J. Electroanal. Chem., 5 (1963) 245-252



250 H. P. AGARWAL

The values of D, given in the above table were plotted against l/c. On extrapolating
the plot to ¢ = o the value of D ¢ was found to be 9.7-10-¢ cm?/sec. The value so
obtained is identical to Dy as ¢ is very low. The value of Dy thus obtained was used
for calculating the ratio of D,?/Do which can be considered equal to D¢/Do as
¢’ is almost zero. The values of D /Do were plotted against ¢ as shown in Fig. 2,
to verify eqn. (4). Figure 2 shows an asymptotic curve as predicted by eqn. (4).

1 1 Fa— n A n I 1 A A
0001 0.005 .01 0.015 0.02
0.00

1
OO 60

A 1 1
120 180
Vw sec-!

Fig. 3. Relationship between w, the shift in mean potential, and Vw, where w is the angular
frequency at 4 mV a.c., at 35°.

On plotting , (for 0.001 M concentration of the reactants see the last column
of Table I) against ]/w (where w = 2xf’, f’ being the frequency of alternating current
used), a curve as shown in Fig. 3 is obtained. It can be seen from Fig. 3 that
varies linearly with Vw when the a.c. frequency lies between o and 200 c/sec, whereas

J. Electroanal. Chem., 5 (1963) 245-252
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at a frequency of 1000 c/sec or above, v is found to be independent of variation
in frequency. The slope of the plot between o and 200 c/sec gives the value of y)/]/w.
On substituting the value of [/w/q) (1.7-108 sec~1/V), & (0.586) and Do (9.7-1075)
in the theoretical eqn. (5) of faradaic rectification applicable at low frequency i.e.

VenF y/wDo (5)
K.s = (0~5 - 0‘)
4RTy

2

where V is the applied a.c. voltage, » is the valency, F is the Faraday number,
Ris the gas constant, T is the absolute temperature and w is the angular frequency,
the value of the rate constant at equilibrium obtained is 0.048 cm sec-! at 35°

Effect of change of redox concentration ratio on transfer coefficient

From the generalised theoretical analysis given by BARKER et al.? (when Co # Cr,
Do # D), it was found that  tends towards the limiting value (0.5 — ) V2 F/[2 RT
as the frequency increases. Hence the values of o« were obtained by substituting
the values of V, T and , at a frequency of 1000 c/sec or more, from Table II. The
values of x obtained for the platinum/aqueous solution containing 0.002 M oxidant
and 0.001 M reductant (in 1 N sulphuric acid) and vice versa are 0.619 and 0.633,
respectively. It is interesting to note that the value of « for either of the redox
ratios is higher than those obtained at the same temperature using equimolar
concentrations of the reactants in the same dilution range. This shows that the
rectification becomes more pronounced when the concentration of either of the
two components (oxidant and reductant) exceeds the other in the mixture. The
rather large limiting values of o with increasing frequency (Table II) suggest some
change in the state of the electrode surface which accounts for the higher values
of the transfer coefficient. The rate constant for such systems can be determined
at frequencies below 500 c/sec, if the diffusion coefficients for oxidants and reductants
at concentrations of 0.002 M and 0.001 M are known.
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SUMMARY

When the equimolar concentration of a redox couple is 0.00z M or less, the values
of the transfer coefficient for Pt/Fe2+, Fe3+, 1 N HsSOs, can be determined by the
faradaic rectification method, independent of the change in concentration of the
reactants. With increasing concentration (above 0.002 M) of the redox couple (at
equal concentrations), the transfer coefficient, «, decreases. The values of x and of
K;, therate constant at equilibrium, were determined for a platinum/aqueous solution
containing equimolar concentrations of ferrous and ferric ions at infinite dilution.

The values of & obtained with unequal concentrations of oxidant and reductant
in the redox mixture are found to be higher than those obtained with equimolar
concentrations.

J. Electroanal. Chem., 5 (1963) 245-252
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FARADAIC ADMITTANCE, A DIFFUSION MODEL. III
S. K. RANGARAJAN
Central Electvochemical Reseavch Institute, Karaikudi (India)

(Received June 28th, 1962)

The object of the present paper is to compare the expressions for the elements of the
equivalent circuit derived earlier! for a perturbed diffusion model, with those obtained
for other models which explicitly take into account the corrections due to the migra-
tion in the diffuse double layer or the adsorption of the reactants.

§ I. DIFFUSE DOUBLE LAYER

MATSUDA AND DELAHAY? have solved the eqns.

2 /3C  ZyF d¢ i |
{*(—_ + <G *) = — (=0R) ()
2#\dx  RT dx 2t

with the initial and the boundary conditions

Ci(x,0) = Ci° exp (—Z; FP/RT)

C Z;F d (¢
Di(b_gc, : _¢) o B

RT dx nFA
(positive sign for oxidant, negative sign for reductant)

ff C,-(x,t) = C.'o
z—>00

(Z1 s the valency of the species 7, with sign; ¢(x) is potential distribution in the Gouy
Layer).

To solve this, the electrode-bulk region has been split up into two regions x < d;
and x > ;. In the former, migration-effects are taken into account whereas for the
latter, they are omitted. The solutions are fitted at the boundary x = &; so as to
ensure the continuity of mass transfer (z.c., the concentrations and the fluxes are
equated at x = d;). The effects of this on faradaic impedance manifest themselves in
the elements of the equivalent circuit which are proved to be

Rr’ = Rr+

RT ( a0 i+ ar ) (3)
2 F2\xCo°Do ' #Cr°Dr
I/wC, = 1/wC,
with
a1 = gi(£|ZiZ|) — gi(F1Z4/Z))

J- Electroanal. Chem., 5 (1963) 253—260



254 S. K. RANGARAJAN

X Z|F |RT] —
siyy = RO —B I Z1 1o | IRT) — x (= 0.k
(¥ —3)

assuming a Z : Z supporting electrolyte with upper signs for the case of repulsion,
and lower, for attraction. (It may be mentioned that in the expression for R,, Io
represents the apparent exchange current density; MATSUDA AND DELAHAY? use the
notations Rs and 1/wC; instead of R,” and 1/wC, as given here).

A sufficient condition for this first approximation to hold good is

(o)t 1202 1) < o

An alternate solution has been obtained by RANGARAJAN3 and the expressions for
R; and 1/wC;s are of the same form except that 4o in this case, has the corrected form

© Zi | F|g|
aozsz. sinh { 4 | — dx
o zZ RT

(4)

In either case, it may be seen that such perturbations cause a parallel shift in the
straight line R, vs. I/[/w i.e., only the intercept gets changed. Also 1/wC, remains
unaffected, to this order of approximation. A comparison of the above model with
the perturbed diffusion model shows that ai/x corresponds to »[(D;,/Ds)) — 1] so
that, a; < o (attraction in the diffuse layer) implies D;, < D;; and a; > o (repulsion of
the oxidant) corresponds to the condition Dy, > D; . The parameters which may
be taken as indexes to the order of perturbations in the two models are (1/x) Vw [Ds, . a
and l/w/Dz2 vo)/Diy/Ds,.

In the case of repulsion, it may be easily seen that order of ao/»?( ]/w i,)? corre-
sponds to that of

D“’( Do) [ s=124z1)

This may be seen to be so if one writes a:ifx as equal to

»

gF 1Zidz]) [g(i | Zdzl) 1]
. 8(F 1Zilz])

and relate I/n g(:F[Z /Z|) Wlth vi and Dy,[Dy; with g(£|Zi/Z])[g(F|Z:/Z|). The
ordersbof g(—fEAX}) and (1—D; ,/Ds,) can be taken to be that of unity, (this corre-
-sponds to the .case Dy,. < Di,). Hence a sufficient condition for the validity of the
first order approx1mat10n in the diffuse layer model viz., aiw[%x2Ds, < 1, is equivalent
to the condition vo%w/D;, in this diffusion model.

Similarly in the case of attraction in the diffuse layer, a sufficient condition for
writing (3) will be a;%w/%2D;, <1 which is of the same order as vi?w[Ds, (since in
this case Dy, > D).

§ 2. ADSORPTION OF THE REACTANTS

To explain the anomalous value of the phase angle between the alternating compo-
nents of the faradaic current and the potential, LAITINEN AND RANDLEs? had
proposed a model wherein it was assumed that ““the loss or gain of an electron by

J. Electroanal. Chem., 5 (1963) 253-260



FARADAIC ADMITTANCE 255

ions of the reactant (which remain adsorbed on the electrode surface) contribute to
the additional current’’. The rate equation in its usual form is assumed and surface
concentration is related to the current through

FA d ( A 10
nFA —(1 — )" =1
dt :

where " == total surface concentration and x = fraction of coverage of the oxidant.
It has been shown that a corresponding diffusion model would be that wherein
Di; > Ds, so that v,-l/(m < I. Such a model has been discussed in detail else-
where?® and one comes across some striking similarities, on comparison.
As an example, one may compare the boundary conditions

((t)InAF 2 ( ) r
—it)nAF = — —(1 — x
dt
d r
= — 5
e (5)
2Co)
0, — *) =0
¥ /2 Yo
2Co . :
Do, —) = i(t)/nAF
X /xr -0

2 ~ ~
2Co 2o
0, -

e ot
For the diffusion model one can easily prove that

d Vo | Vo 22Co i dCo\vo . .
*[( Col(r,t) (l,t'] = f Do, ——dx = (DUl —) = —i(t)/nAF (6)
dtld o 0 dx? dx /o

Thus the condition

drve
[J Co(x,t)dx] = —i(t)/ndF

atlo

corresponds to

and similarly |

-

UNUNYBATTN NTINIMITAS
NIENINBATINNIIY

corresponds to
d Vo _
—[{ (‘R(,v,i)dx] = +i(t)/nAF.
df Jo

In an earlier communication3 x(¢)/", the instantaneous surface concentration of the
oxidant, has been identified with v0Co(0,f). Further comparisons based on this
model were found to be consistent and self-explanatory. This was possible because
of the inequality vol/m/Dol < I
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As x(t)I refer to those ions that are bound to the surface, it may be interesting
to relate them not to voCo(0,t) of the diffusion model, but to the integrated instantane-
ous number present in the volume bounded by the planes x = 0 and ¥ = »o with

unit area of cross section; ¢.e., to relate the quantities x(¢)I" and fvoCo(x,t)dx
0
(moles/cm?).
Co(x,p) has been proved to be’ equal to
Co® + A exp {p|Do x) + B exp (—)p/Do x)
with
A — B = i(p)|nFAYDo,p 0
and
A — Bexp (—2)/p/Do, - vo) = o (8)

$[ f voCo(x,l)dx] = Co®v0 — (4 — B)}/Do,[p + |/ Dorp(A exp)/p|Dopo—B exp —}/p/Do,vo) (9)
0
which gives, in view of eqns. (7) and (8)
,5,”[ f voCo(x,t)dx] =Co%0 — 1(p)[nFAp (10)
1]

Hence, if x(¢)]" is taken to correspond to J.va Co(x,t) dx, xoI" corresponds to Co°vo
(= (vo Co(x,0)dx) and ’

i(t)
nFA

d Ax@) "
alamor] - -
Also
(I'O[Co(x,t) -+ Cu(x,t)] dy = constant = Co°vo + Cr°r (x1)

v 0

Cf. (ref.4) the equation: x(f)I" + [1—x(t)]]" = constant = I".

§ 3. ADSORPTION OF THE REACTANTS WITH DIFFUSION AS THE SOLE MODE OF MASS
TRANSFER

LLoPIS et al.® have made a detailed study of the effects of the adsorption process in
the expression of the faradaic impedance of an electrode, in the preserce of a redox
system and it will be of interest to note how the results of some other models are
deduced from these. It is also shown that under certain conditions, the results of the
perturbed diffusion model correspond with those derived when the adsorption rates
have not been assumed to be infinite.

The surface coverage 6;, net anodic current j and the net desorption rate v; are
related as

d6; J
H— = —l= (12)
dt nF
where
- Cs
vy = ki?0; — k;‘(l = 6)"C( = — Dy ——)
0% /z -o0-

(positive sign for ¢ = O, negative for i = R)
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For the particular case, Do = Dr = D, and K§ = K} = K* and K} =
K% = K%, LLoPIs et al.® have proved that the amplitudes of the periodic variations
00; in the surface coverage of the oxidant and the reductant and the phase angle
of 80; with the current are given by 60; = A0; exp (iwt)

with
Aj K1 — ¢
Moo= — A, = M. 1FPEG—D (s}
nF ke 4+ xwi + xofk(1 + i)

where the current (net anodic) is taken as A exp (iwt) and B stands for (I~6_)/V22515
(¢ =)=1).

Diffusion is the sole mode of mass transfer and the presence of diffusion is felt
in the quantitative expressions through the dimensionless parameter ks = (1 — §)
k‘/[/zauT). A small value of this parameter, compared to unity, means (by writing
the parameter § k2 in the form

and noting that ]/Di/wrm diffusion layer thickness, the significance of this parameter
can be realised at once) that diffusion has no say ¢n the matter. Similarly, a high
value for fks (at least comparable to unity) is to be expected when a diffusion phe-
nomenon is to have significance.

Yet another dimensionless parameter of interest is »w/k? where x has the dimensions
of moles/cm?. A zero value of this equates the net current with the flux + [Ds(6/C:)/
(6/%))z =0 as has been assumed for the linear diffusion models with no specific
adsorption of the reactants. Thus, it is seen that a small xw/k? is another index
of deviation from the classical diffusion model?; (we are considering, of course,
only small deviations).

Some limiting cases which illustrate the significance of the parameters fk* and
xnw[ke are:

(i) Bhr > 1, xowlkt< 1 and Bhixw/k? < 1.
(i) Pke < 1, xwlk?>1 and Phsxw/k? < 1.
(i11) xwlk? > 1 and Bkxw/ke > 1.
(iv) Bkt > 1, xow/k? < 1 and fBkxw/k? > 1.
(v) Pk# > 1, xw[k? < 1 and Bkixw/[ki: o (1).

Case (i)

A5 BRe(r — 1)
nkF kd

A60 —

so that
Abo Aj k(1 —0) 1
000 nkF kd"()o l/lil)D

A4j I [ .
= — — |since
nF ColfiwD

°g, ke C,°] B 3Co

(1 — °6) ke Ca
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a result already derived for the classical case?.

Case(11)

Aj 1+ Bks(1 — 9) Aj
nFkd (1 4+ xwilkd 4 xwfks(1 + i)[kY) nFxiow

A0o = (14)

a result derived already by LAITINEN AND RANDLES4 The relationship of this
limiting case with the diffusion model has already been discussed®. (Also refer § 2
of this paper.)

In view of the form taken byA0o in the limit, it can be seen that the parameter x
can be identified with I” (of ref.4), the total surface coverage (cf. the result derived
by LAITINEN AND RANDLES which reads d(x)/d¢ = — (¢f)/nFA/; the discrepancy
in the sign is due to the different conventions chosen for the net current in the two
formulationss).

Case (11)
By writing

doo N 1+ Bhs(r — i)

nFke HW;i .
v 2 et — )
kd
it is observed that
k) ke
A6o ann]wi ifﬂ i > 1 and :Tw >1;

Note that this result was also obtained for case (ii).

Case (iv)
Since f k> 1 and xw/k¢ £ 1 with Bksxw/[ke > 1, Ao — AjjnFricy — a limiting
result identical with those for cases (ii) and (iii).

Case (v)
For the particular case, Bk*> I, aw/k? € 1, with xwfks[k? comparable to
unity.

A6 45 Phe(1 — 1) 4 Bhexe (1 + i)[ke
© T WFRe Bl T wFxio 1+ Prwa(t + i)k (15)
I + »xw e (r + 9)

To compare this with the result one would obtain with the diffusion model!, we
identify the ratio 400/6 (¢ = o) with

Yo
f [Co(x,t) — Co(x,0)]dx
0

,
j o Co(x,0)dx
0
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(cf. § 2, for its significance). It can easily be seen that,

Vo
{ J [Colx.t) — Col,0) }dx]
g 0

Coo Yo

1 [ 1(p)

— = Ble —V/p/Do. —
" Co°voluFap (A exp}/p|Do;vo — B exp (—|/p|D ,vo))VDo,/p]

(refer eqn. (9))

i(p) i(p) _exp (—}/p[Do,v0) (1 4 D’o)
MFAPCUQVO nFAPCooVo 1+ Do Cxp(—Zl/P/Do,vo)

W (1 =VpIDo)
nFApCo°vo 1 — 2D%/(1 + D,O)VI-’/DOA Yo

approximately.
VDO‘: - V/Dol
0O = 7.
}/ Do, + |/ Do,

’

(for Details, refer Appendix I, reference 1).

_ ith) _ [VpIDoyrols — D%o)/(x + D'o) o)

nFApCo®o| 1 — 2D’|(1 +D’o))/p[Do, vo

Since
1 — D’ = 2}/ Do [(}/ Do, + }/Do,)

and
1 + D’o = 2}/Do,/() Do, + }/Do,)

eqn. (16) becomes

_ i) PIDoywo (17)
nFApCo®vo 1 4 (1 — |/Da|D1)|/p| Do, vo

Hence, one can prove that, for the steady state,

f Y0 Colt) — Cu(x,o)]d,v/fvo Colx,0)dx
0 [\]

I Ve l2Ds - vo(r + i)
nFACo°voiow | 4 Vol2Da(1 + i)vo(t — |/DafDr)

(18)

Correspondingly, for the steady state, as obtained from the model used by LLop1s
et al. and under the conditions k¢ > 1 and xw[k? € 1, we have

J. Electroanal. Chem., 5 (1963) 253-260



260 S. K. RANGARAJAN

460 _ A5 Prexw(1 + i) [ke
°9o ' nFxiw°6o 1 + xwPks(1 + i)/kd
Aj w/2D2(1 + 1)xks|ke
= 4 i Vel2Dals + dpebef (19)

. 7 —  xhks
nF(iw)Co F 1 + J/w[2Ds(1 + l)F(I — 0

Since I represents the total cathodic current, —I/A corresponds to 7, the net anodic
current density. Hence we conclude, on comparison of the expressions in eqns.
(x8) and (19), that the parameter »o (cm) corresponds to xks/k? and [/D—oz—/boﬁ;rto
(1—@). Since, for this limiting case a small § is to be expected, we find that, generally,
the value for D; [D;, will have to be greater than unity, if comparisons are to be
made with adsorption models.

CONCLUSIONS

The results obtained in the diffusion model are compared with those derived from
models wherein the effects due to the migration in the diffuse double layer or due
to the specific adsorption of the reactants are accounted for. No conclusions have
been attempted with regard to the inteipietation of these parameters. The limiting
expressions that one obtains from the adsorption model of Lioris ef al. are also
discussed in detail.
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SUMMARY

The results obtained for the perturbed diffusion model! are compared with those
obtained for other models, taking into consideration the effects due to migration
in the diffuse double layer or the specific adsorption of the reactants. The limiting
expressions obtained from the adsorption model of LLoPIS ef al. are also discussed.
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INTRODUCTION

In recent years polarographic methods have been increasingly used for studying
several aspects of molten salt systems, e.g. oxidation states of metals, analysis of
solutions and the mechanism of electron transfer processes at the microelectrode.
Applications in several fused binary and ternary metal nitrates and chlorides have
been adequately covered in recent reviews!-4. This communication describes the
polarographic behaviour of several metal ions in the fused ternary eutectic MgClz—
NaCl-KCl (50 : 30 : 20 mole percent) which were studied as a part of extended
electrochemical investigations?:6 in this solvent.

Assuming that the electrode is subjected only to concentration polarization, that
the electrode process is reversible, and that metal is deposited at the electrode
surface at unit activity, the current—voltage functions of the polarographic wave on
a solid microelectrode would be expressed by the equation?:
2.303RT] ks . 2.303RT

=

Eme = EY — o
e " nF O f, nF

log (ia — 1) (1)

where the symbols have their usual thermodynamic significance; in this case the half-
wave potential (E}) would shift with metal ion concentration (C) according to:

2.303RT C
s log 5 (2)

Eyp =

However, in the use of solid microelectrodes several other variable factors, such as
the nature of the electrode and the surface conditions, the reactivity of the deposited
metal, and the overvoltages in the deposition of ions on that electrode, have also to
be considered. DELIMARSKII AND GORODISKII8 in applying the theory of absolute
reaction rates found, on the other hand, that polarographic waves with solzd microelec-
trodes should be represented by the equation:

2.303RT i
— log ( )

Em.f.‘. = E1/2 = = =
la— 1

(3)

which is similar to the Heyrovsky-Ilkovi¢ equation® for a dropping mercury

* Present address: Department of Chemistry, New York University, New York 3, N.Y. (U.S.A4.).
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electrode; the activity of the metal deposited on the microelectrode would be a
function of the current strength, and E} would be independent of the depolarizer
concentration.

In polarographic studies in molten salts using solid microelectrodes, the applica-
bility of both eqns. (1)1°-12 and (3)8:13-15 has been claimed. This aspect is considered
in detail in this paper.

EXPERIMENTAL TECHNIQUES

Experiments were carried out in a pyrex cylindrical cell which was about 350 mm
long, 58 mm. o.d., closed at the bottom and having a side tube near the top. In use,
the mouth of the vessel was closed with a rubber stopper having a number of holes
which supported, inter alia, the different electrodes, thermocouple sheath and gas
delivery tube. The cell was vertically mounted in an electrical furnace up to a depth of
about 200 mm (melt level in the vessel being 40-60 mm) and could either be connected
to a vacuum manifold or a stream of hydrogen chloride or nitrogen.

The electrical furnace, rated at 750 watts and having a rectangular cavity 8o X
80 x 200 mm deep, was fabricated in the laboratory. A set of four heaters on the
sides provided the bulk of the heat which was just less than that needed for a particular
temperature setting; an additional heater at the bottom was switched on or off, as
needed, by a temperature controller, the temperature sensing element being a
chromel-alumel thermocouple. The working temperature was 475°. A temperature
control of 4 2° of the melt in the cell was obtained.

The solvent was prepared by a method essentially similar to that employed by
LAITINEN et al.17 for the eutectic LiC1-KCl. A stream of oxygen—free nitrogen was
passed over the melt surface throughout the experiment. The solvent in the cylindri-
cal vessel was divided by using tubes with pyrex fritted-glass bottoms (medium
porosity). The electrolytic resistance between two platinum foil electrodes dipping
into two such compartments was of the order of 20 ohms and diffusion of the solute
from one such compartment to another over a period of 3—4 h was not detected so
long as the melt level in the compartments was the same.

The solvent had a decomposition potential span of over 2.5 V, limited by the
electrolysis of the solvent itself, .., anodic oxidation of Cl- and cathodic reduction
of Mg(II). A polarogram of the solvent with a platinum microelectrode (area 0.126 mm?2)
and Pt/Pt(II) in the melt as reference, (Fig. 1), showed a residual current of the order
of 2-3 pA up to an applied potential of —1.8 V.

The system Pt/Pt(II) in the melt was used as reference, having been shown
earlier to be reversible and depolarized®; the Pt(II) solution was about 0.01 molal.

At the close of the experiment the compartment containing the solution was
removed, and cooled in a desiccator. The contents were analysed for total chloride,
from which the weight of the solvent was calculated.

Microelectrodes for polarographic work were fabricated by sealing suitable lengths
of 0.3-0.4 mm platinum wires into 6-8 mm soda—lead glass tubing (Corning 0120)
with the end ground flush with the seal to expose the cross-section. These were
polished with o/3 emery paper and the projected surface areas were determined by
optical micrometry.

A manual polarographic arrangement was used. In all the experiments steady
values of the current were recorded.
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RESULTS

Polarography of lead, cadmium and tin

Representative polarograms for the reduction of Pb(II) and Sn(II) at a platinum
microelectrode are presented in Figs. 1 and 2. Similar waves were obtained for reduc-
tion of Cd(II)3, deposition potentials being ca. —1.15 V vs. a 0.01 molal platinum
reference. In all these cases, in the concentration range 3—71 mmolal the current
showed a plateau; the limiting current, after applving the residual current correction,
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MICROELECTRODE POTENTIAL vs. Pt REFERENCE, (V)
Fig. 1. Polarograms of lead(II) chloride. O, residual polarogram of the melt; A\, A, [J and W,

polarograms obtained on adding 21.6, 37.8, 60.2 and 82.6 mg of lead chloride to 7.16 g of the
solvent; @, reverse polarogram of curve M.
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Fig. 2. Polarograms of tin(II) chloride. o and A, polarograms obtained on adding 29.6 and
35.4 mg of tin chloride to 5.47 g of the solvent; @, reverse polarogram of curve o; [J and W,
logarithmic plots for curves A and O, respectively.
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was proportional to the metal ion concentration (Table I). The data recorded in
different experiments, in separate batches of the melt and in one case using microelec-
trodes with different areas, give an estimate of the precision with which iz situ metal
ion concentration may be determined in these cases.

On reversing the direction of polarization, the curves were retraced up to the
deposition potential, passed through zero current axis and then changed sign due to

TABLE I
RELATIONSHIP BETWEEN LIMITING CURRENTS AND CONCENTRATION

Limiting curvent

Reducible Concentration (C) Lzmzlmg constant. (uA mmolal—1
; curvent (ia)
species (mmolal) fnd) per sq. mm of the
© projected area)
Cd(II)e 3.227 2.30 10.08
7.866 5-55 9.95
13.52 8.50 8.89
17.10 12.50 10.34
Cd(Il)s 12.60 9.00 10.10
21.58 15.20 9.96
37.27 35.60 13.51%
Average 9.9
Average 0.3
deviation
Sn(II)2 3.278 2.10 9.06
13.50 14.6 15.30*
28.54 17.6 8.72
34.14 22.1 9.15
Sn(II)= 51.50 32.8 9.00
68.76 42.5 8.74
Average 8.93
Average 0.16
deviation
Pb(II)» 10.85 6.4 4.69
18.98 10.8 4-53
30.25 16.7 4:39
41.51 26.9 5.16
Pb(II)2 11.48 3.7 4.56
22.34 70 4-43
40.74 5.4 5-35*
Pb(II)= 10.45 2.35 3.18*
20.90 6.35 4-30
29.41 8.20 3.95
Pb(II)» 28.64 15.20 4.22
41.60 26.00 4.97
54.91 41.00 5.76*
Pb(II)= 23.19 6.25 3.81
40.03 13.80 4.88
52.76 16.25 4-36
71.85 22.05 4.34
Average 4-53
Average 0.03
deviation

* Not used for calculation of average.
a Electrode area 0.071 mm?2.
b Electrode area 0.126 mm?2.
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anodic dissolution of the metal deposited at the microelectrode. At potentials anodic
to the deposition potential, the current gradually decreased to the residual value at
that potential. Once the deposited metal was stripped off, the residual polarogram
could be further retraced up to the dissolution potential of platinum. In this way it
was possible to take several polarograms of the same or different solutions with the
same microelectrode; for a given polarogram the current values were reproducible
within 4 29,. The anodic process Sn(II) — Sn(IV) did not take place within the
above potential range!8.

Polarographic reduction of Co(I1), Ag(I), Niy(11) and Pt(1I)

Some of the typical polarograms using platinum microelectrodes with an area
0.071 mm? are shown in Fig. 3. In these cases the electrolysis current did not show a
clearly defined limiting current plateau. At the end of the S-shaped curve, the current
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MICROELECTRODE POTENTIAL vs. Pt REFERENCE, (V) MICROELECTRODE POTENTIAL vs Pt REFERENCE, (V)
F.ig. 3. Polarograms of chlorides of cobalt, Fig. 4. Polarogram of platinum(II) chloride.
nickel and silver. O, residual polarogram of O, initial polarogram of PtCl.; @, reverse and
the melF; A\ and A, polarograms obtained successive polarogram of curve o; [J, loga-
on adding 19.0 and 27.6 mg of CoCly to rithmic plot for the initial polarogram.

4.64 g of the melt; @, reverse polarogram
of curve A; [, polarogram of AgCl; W,
polarogram of NiCl,.

increased on increasing the cathodic polarization and also with time. At higher metal
ion concentrations the plateau was even less well defined, and the increment in the
current was not proportional to the increase in metal ion concentration. On reversing
polarization the cathodic portion of the current was not reproducible, although in
each case the current became zero at the deposition potential. The deposited metal
could be completely stripped off, slopes of the curves showing that the process was
uncomplicated by any passivation etc.1®. With a stripped microelectrode surface,
current values in the polarograms for the reduction of Ag(I), Ni(II) and Co(II) were
reproducible to within 5%, In the reduction of Pt(II) on a platinum microelectrode,
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the initial and successive polarograms on the same microelectrode (with or without
stripping) are presented in Fig. 4. After the initial polarogram the current readings
for successive polarograms in this case were reproducible to within 4-59%,.

Polarography of Cu(l), Fe(II) and Cr(1I)

Polarograms for the cathodic reduction of these ions (Fig. 5) using platinum
microelectrodes (area 0.071 mm2) were similar to those obtained for the deposition
of Pt(II), Ag(I), Ni(II) and Co(IT). Well defined limiting current plateaux were not
obtained and the rising portions of the curve were not retraced on reversed polariza-
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Fig. 5. Polarograms of chlorides of metals with two stable oxidation states in the melt. o, polaro-

gram of chromium(II) chloride; @, reverse polarogram of curve 0; /A, polarogram of iron(II)

chloride; [J, polarogram of copper(l) chloride; M, logarithmic plot for the anodic wave of
chromium(11) chloride, curve o.

tion; at potentials anodic to the deposition potential the metal could be completely
stripped off, the electrolysis current decreasing to the residual value at that potential.
The anodic processes Cr(II) — Cr(III), Fe(II) - Fe(III) and Cu(I) — Cu(II)
commenced at about —o0.65, —o0.11 and —o0.10 V respectively vs. a 0.01 molal
platinum reference. A limiting current plateau was obtained only for the oxidation
process Cr(II) — Cr(III); the redox potential for Fe(II)-Fe(III) and Cu(I)-Cu(II)
couples® are quite close to the platinum dissolution potential and hence these polaro-
grams overlapped with the anodic platinum wave.

DISCUSSION

Polarograms
It has been observed that limiting current plateaux were obtained only in the
reduction of Sn(II), Pb(II) and Cd(II) at the platinum microelectrode. In these cases
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the working temperature (475°) is higher than the melting point of the metals, which
therefore deposit as liguid on the microelectrode. Once the microelectrode surface is
covered with the liquid film, there is no appreciable change in its area on further
deposition. Thus a limiting wave can be visualized in such cases.

In other cases the metal is deposited as a solid on the platinum microelectrode. The
deposit may have a dendritic growth and/or may increase the surface roughness. In
such cases the area of the microelectrode and hence the electrolysis current would
increase with increased polarization and also with time. This explains why the elec-
trolysis current does not attain a limiting plateau in these cases. This “‘increasing
current” tendency first observed by LAITINEN, Liu AND FERGUSON!! for deposition
of a solid metal on a microelectrode is not serious if electrodes with larger areas!2 are
employed ; however in the latter case rather dilute solutions have to be employed in
order that the reference system does not become polarized, and even then the precision
of the data (5-89,) is of a lower order than that obtained with microelectrodes of
smaller areas (2-3%,) as used in the present study. Since the area of microelectrode,
with a metal deposited as solid on it, will not be well-defined, it also follows that the
proportionality of limiting current with concentration is less reproducible in these
cases.

A rather large increase in the electrolysis current in the deposition of Pt(II) after
the initial polarogram is probably due to an increase in surface area of the microelec-
trode due to enhanced roughness from the deposition of the metal or anodic stripping.

Analysis of the polarographic waves

In the absence of a clearly defined limiting current plateau and the tendency of
the electrolysis current to increase with time, a critical analysis of the polarograms
involving the deposition of metals as solid on the platinum microelectrode was not
possible in all the cases. The Em.e. vs. log (ta — %) plot for the initial polarogram for
the reduction of Pt(II) on the platinum microelectrode (Fig. 4) had a slope of 0.072
compared with 0.0742 for a two-electron process at 475°. In other cases, also, the
polarographic wave approximately obeyed eqn. (1). This leads to the conclusion that
in all these cases deposition of solid metal occurred reversibly and without any alloy
formation.

Polarograms in the reduction of Sn(II) were also satisfactorily expressed by eqn. (1).
In four typical cases plots of Em.e. vs. log (2 — %) had slopes of 0.072, 0.084, 0.084 and
0.073 V compared with the calculated value of 0.0742 for a two-electron process at
475°. Changes in E} with increase in concentration were of the same order as the
calculated values.

However, current-voltage functions of the polarographic waves for Pb(II) and
Cd(IT) reductions on platinum microelectrode could not be satisfactorily expressed by
eqn. (1). Em.e. vs. log (ia — %) plots were always curved (Fig. 6). On the other hand,
Em.. vs. log [¢/(fa — )] plots were rectilinear, the slopes of the plots being of the
order of the calculated pre-logarithimic terms and E} was, within limits of experi-
mental error, independent of the metal ion concentration.

Liquid metals are known to be quite corrosive even at relatively low temperatures0.
Platinum has appreciable solubility in liquid cadmium and also forms an alloy?! of the
the type CdePt. Similarly platinum has been reported to have poor resistance to
attack by molten lead or tin2°. Deposition of these metals as liquid on platinum
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microelectrode could lead to the formation of “surface alloys” resulting in the
current-dependent activity of the deposited metal. In such cases current—voltage
functions of waves should be represented by a Heyrovsky-Ilkovi¢ type equation®.
This is supported by the data for the reduction of Pb(II) and Cd(II) in this paper.
Different behaviour in the reduction of Sn(II) could arise if the alloy formation was
relatively slower, so that for the duration of the observation the equilibrium metal
activity at the platinum microelectrode surface remained constant; further work
would be needed to substantiate this point.

-04 s s L
-108 -112 -6 -120

MICROELECTRODE POTENTIAL
vs Pt REFERENCE, (V)

Fig. 6. Logarithmic plot for lead(II) chloride polarograms corresponding to different curves in
Fig. 1.
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SUMMARY

Polarographic studies of several metal ions in the molten ternary eutectic MgCla—
NaCl-KCl at 475° were carried out using flush platinum microelectrodes as the
cathode and Pt/Pt(II) in the melt as a reference. Limiting waves were obtained only
in the reduction of those ions (Cd2+, Pb2+ and Sn2+) where the metal was deposited
as a liqguid on the microelectrode at the working temperature (475°); in these cases,
the wave height was proportional to the metal ion concentration in the solution. In
other cases, where the metal was deposited as a solid on the microelectrode, the
electrolysis current at the end of the S-shaped curve increased with increasing cathodic
polarization and also with time; this severely limited the analytical utility of these
polarograms. It was found that the current-voltage functions of the polarographic
wave in the former case (metal deposited as liquid) were expressed by the Heyrovsky-
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Ilkovi€ equation due to “‘surface-alloy” formation on the platinum microelectrode; in
other cases the usual equation involving the deposition of a metal without alloy
formation with the electrode was obeyed.
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INTRODUCTION

Earlier work on this subject!.2 has already indicated that the literature contains
numerous examples of controlled-potential electrolyses that lead to the formation of
two products in varying proportions: one a dimer of an intermediate formed at the
electrode surface by the reduction (or oxidation) of the starting material, the other
the product of further reduction (or oxidation) of that intermediate; e.g., the reduction
of picric acid3-3, the reduction of aromatic ketones®.?, the oxidation of hydrazine?,
and various others. Coulometric measurements in all such cases give apparent #-
values that vary with the initial concentration of the starting material; the higher
this concentration, ceferis paribus, the higher the concentration of the intermediate
at any instant, the greater the rate of its dimerization compared to that of its further
reduction, and the smaller the apparent n-value.

Until now it has been impossible to evaluate the rate constant of the dimerization
step in such a process, for lack of quantitative information on the relation between
this rate constant and the experimentally observable parameters. This information
has now been obtained by numerical calculations based on a simple model of the
reaction mechanism. This paper describes in detail the results of these calculations,
an empirical equation which reproduces these results with an accuracy better than
can be expected from the experimental data, and the manner in which the significant
parameters in this equation are obtained experimentally.

THEORETICAL

It is assumed that the overall reaction consists of three steps: the #;-electron reduction
of the starting material O to yield an intermediate 1

0+ me - 1, (1a)

the pseudo-second-order reaction in which I dimerizes to yield an electrolytically
inactive dimer D

2l - D, (1b)

and the #ns-electron reduction of the intermediate to the final reduced form R

I + nze > R. (1c)
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It is further assumed that the I produced at the electrode surface is at once homo-
geneously dispersed throughout the solution. In fact, the concentration of I will
always be somewhat higher in the diffusion layer than has been taken into account
in the following calculations, so that the results of the calculations must be lower than
the actual extents of dimerization. Intuitively, however, it appears that the error
will not be serious unless the rate of dimerization is very high. In principle it is poss-
ible to vary the extent of dimerization of the intermediate over a wide range (most
simply by varying the initial concentration of the starting material). Moreover, it will
be seen that experimental measurements made under such conditions that the rate
of dimerization is very high are not well suited to the evaluation of the rate constant
of the dimerization step. Thus one would normally prefer to select those conditions
where the extent of dimerization is not too large. In this range of conditions this
assumption is unlikely to lead to gross error.
On the basis of this assumption the rates of reactions (1) are given by

dCo

o puco = —puceren ()
[<(oF 5
T 3RC, (2b)
dCr
7dt_ = f:Cr (2c)

The values of f appearing in equations (2a) and (2c) are given, according to the Nernst
diffusion-laver theory, by
Bi — ( D) A
Y (3)

where D is the diffusion coefficient of the reducible species and d the thickness of its
diffusion layer, A is the electrode area, and V is the volume of the solution. Since
the current obtained for the reduction of the i’th species is given by

ii = n; FD;AC)d; (4)

it follows that
Ig - ii/Ci ()
T nFV >

or, if 7 is expressed in mF per sec (a more convenient unit in coulometric work than
amperes), C in mmoles per liter, and V in liters,

i/Cy ’

Bi = (©)

ny V

It has been assumed here that 8o = f;. Data on pairs of closely related substances
that would bear on the validity of this assumption (which is reasonable in view of
the general similarity of molecular sizes and structures to be expected between O and
I), are nearly impossible to find. For vanadium (IT) and (III) in bisulfate solutions
under otherwise completely identical conditions, f71/f1:r is approximately 1.25°. But
vanadium(II) and (IIT) form sulfate complexes of widely different stabilities, so that
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the differences between their ions must be much larger than those between typical
organic molecules and the free radicals formed on reducing them.
Applying the conservation rule, then, combining equations (1) gives
dC:
— = fCo%e#t — BC; — kC/* )
dt
where 8 is the common value of o and §;. It is the solution of this equation that has
constituted the basis of the work reported here.

TECHNIQUE OF SOLUTION AND INTEGRATION

The form of eqn. (7) and the values that must be assigned to the variables proved
ill suited to solution and integration with the desired accuracy by available analog
computation equipment. The following procedure has therefore been followed.

The values chosen for § and Co° define the value of dC/df at zero time. This leads
immediately to a value of C; at a subsequent instant, where typically f¢ = o.o1. This
in turn permits each of the terms on the right hand side of eqn. (7) to be computed
at that instant, and from the new value of dC,/df one can then compute C; at the
instant where ¢ = 0.02, and so on. In general, calculations have been performed at
intervals in B¢ of 0.01 up to 0.1, of 0.0z thence to 0.3, of 0.05 thence to 1, of 0.1
thence to 3,and of 0.2 thence to 10. Special care is necessary at points where the inter-
val width changes; using the calculated value of dC;/d¢ gives an erroneous value of
Cy at the end of the first wider interval, and the nature of the eqn. is such that this
soon leads to oscillating values of C; that would cause difficulties in integration. In
such cases the preceding values of dC;/d¢ were extrapolated to obtain a value more
properly representative of the wider interval.

| or kC2)
5

10® (BC

o
o

| 1
0 500

t, sec 1000

Fig. 1. Plots of O 1088C; and @ 108:C;” vs. t, as calculated for f = 0.006 sec~!, & = 20 1 mole~1!
sec~!, and Co° = 0.001 mole-1-1 with interval width 4.

From such a computation there results a series of values of fCr and of AC £ which,
when plotted against time, give curves resembling those in Fig. 1. These were care-
fully drawn on sheets of graph paper of appropriate size, and integrated by means
of a Keuffel and Esser No. 4242 polar planimeter set for nearly the highest sensitivity.
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To avoid errors resulting from variations of paper size with humidity, the paper was
allowed to stand in a room of essentially constant humidity for several weeks before
measurement, and each area was computed by comparing the planimeter reading
with that obtained for a reference area nearly coincident with the curve. Variations
of the order of 0.3%, were found in the calibration figures obtained with sheets taken
from the same lot of paper at different times of the year.

Four integrations of each curve were performed. The planimeter could always be
read to better than +0.19,. The standard deviation of a single result was always of
the order of 4-0.159%,. The standard deviation of a set of 15 measurements of reference
areas (delineated by straight printed lines on a single sheet of graph paper) was
4-0.09%,.

The results of these integrations are, of course, incorrect; forcibly fitting the curve
by a series of straight lines yields calculated values that are in error at every point.
Calculations and integrations employing different interval widths give results such
as those shown in Fig. 2, where the calculated percentage of I that dimerizes is plotted

T T
w [ 1
S
'
-
>
Q 5 =4
1 i
0 A 24

Interval width

Fig. 2. Effect of interval width on the directly calculated value of

n

a0
100 J kC2dt/C o°
0

(i.e., the percentage of I that undergoes dimerization by reaction (1b). For a definition of the
interval-width parameter A see the accompanying text.)

against the interval width. An interval width of A corresponds to the set of values
given above (intervals of 0.0I in 8¢ up to 0.1, etc.); for the calculations denoted by
an interval width of 0.54, each of the individual interval widths was halved (intervals
of 0.005 in B¢ up to 0.1, of 0.01 up to 0.3, etc.).

Because the points in Fig. 2 do not lie on a straight line, extrapolation to zero
interval width in this fashion is extremely tedious. An alternative procedure was
therefore devised which yielded exactly the same result within the error of the gra-
phical construction. It is obvious that the sum of

2] 00
f BC:dt and f ECAdt
0 0
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obtained from any one calculation must be equal to Co°. However, because of the
systematic errors caused by the use of finite interval widths, thls was never the case.
It was therefore assumed that the relative error in [3° kC, *dt was twice that in
I3 BCrdt —1.e., that

00 o0
(x — 2e)f RCdt + (1 — &) f Cidt = Co° ®)

From this eqn. the relative error ¢ could be calculated, and this in turn permitted
the calculation of a corrected integral, (1 — 2¢) [ kC [ dt. All these steps were then
repeated for a different interval width, almost always 2/. The value of & was generally
about 0.0z for an interval width of A and about 0.04 for an interval width of 24.
The behavior of the resulting corrected integral at different interval widths is shown
in Fig. 3. This is linear and has a much smaller slope than the curve shown in Fig.2,

. O?>0 T T
O
tt; = -
o
o~ T
g - -
o
e 1 1
27O A 24
Interval width

Fig. 3. Effect of interval width on the value of
00
100 f kCAtCo°
0

after correction as described by eqn. (8) and the accompanying text.

and equally well-behaved curves were obtalned with other values of the fundamental
parameters. Hence the final values of 3’ kC [~ dt were obtained by a linear numerical
extrapolation of the above corrected mtegral from interval widths of 24 and 4 to an
interval width of zero.

Various tests for internal consistency of the results, some of which are obvious
from the Figs. that follow, indicate that none of the final values for percentage di-
merization can be in error by as much as 0.3%, absolute.

RESULTS AND DISCUSSION

It is convenient to express the results of these calculations in terms of a parameter 7,
which is the fraction of the intermediate I that undergocs dimerization, and which is
given by

2dt (9)

]
Co°

where the integral is understood to be corrected to zero interval width as described
above. Very little insight into the form of eqn. (7) is needed to produce the conviction
that there are in fact only two fundamental variables, 8 and the product £Co°.
Calculations have been performed for values of 8 ranging from 0.001-0.05 sec~! and
for values of kC ¢° ranging from 0.0002 —5 sec~1. For # = 0.001 sec~! a simple mass-
transfer-controlled single-step electrolysis would reach 909, completion after 2303
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sec; for § = 0.05 the corresponding time would be 46 sec. The calculations thus cover
the entire conveniently accessible range of mass-transfer rates.

The values of 7 are given in Table I. A few values at high 8 and low kCo° have
not been computed, for under these conditions the extent of dimerization is too small
for convenient coulometric measurement. Should values under these conditions be
wanted for some other purpose, they can be very closely approximated by assuming
7 to be proportional to 2C o°. This reflects the fact that the value of C; at any instant
is insensitive to variations in the slight extent of dimerization under these conditions.

100 7 T T T

80 [~ =

% dimerization (=100 #)
log,, =/(1- =)
/
n
1 I

60 |- —
= -3 -l 0.5
g =15/ 3/ 5 10 -10° sec ol i
e B ol
20 - 4 L 0.02
0.005
o E=2 | 1 ] o 120001 L
0.001 ool 0l I o o) 041
kc;, sec ™' B, sec
Fig. 4. Plots of 100 7 (i.e., the percentage of I Fig. 5. Typical plots of log 7z/(1 — z) vs. log
that dimerizes, after correction to zero inter- f. The number beside each line gives the
val width) vs. log 2Co° for various values coresponding value of £Co° in sec—1.

of B.

Some of these values are shown in Fig. 4. The familiar sigmoid shape of the curves
suggests attempting to linearize them by plotting log zz/(1 — 7) vs. log . Such plots
are accurately linear over the range 0.05 << < 0.96, as is shown by Fig. 5. However,
it follows from the preceding paragraph that the variation of z with log kC o° is asym-
metrical, so that linear plots are not obtained if log 2C o° is taken as the independent
variable instead of log f. Hence it is convenient to write an equation of the form

log 7e/(1 — @) = s1 — sa2log B " (10)

where s1 and sz are functions of log £Co° and have the values given in Table II.
These values serve to reproduce the calculated values of log /(1 — z) with an average
error smaller than 4-0.002. In turn they can be reproduced by eqns. of the form

Si = t; + ti/ log kCo° + ti” (log kCoo)2 (II)

with an average error of about 4-0.004. There finally results an equation that may
be written as

log /(1 — ;) = —(0.295 + 0.485 log B) 4 (0.646 + 0.088 log B)(log kCo°) —
(0.145 + 0.024 log i) (log kCo°)2 (12)

which is suitable for the direct calculation of 2Co° from experimental data on f and
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TABLE II
PARAMETERS FOR THE CALCULATION OF LOG 7t/(I — 7)

The body of the table gives values of the parameters s; and sz in eqn. (10). They were found by
least-squares calculations from the original values of & at each of the values of 2Co° given in
the first column.

kCo°

(sec(-)l) S1 2
0.0005 (—o0.91) (r.0)
0.001 —0.644 0.969
0.002 —0.402 0.897
0.005 —0.110 0.817
0.01 +o0.102 0.761
0.02 0.305 0.711
0.05 0.548 0.648
0.1 0.708 0.604
0.2 0.860 0.565
0.5 1.036 0.518
1 1.158 0.487
2 1.274 0.459
5 1.378 0.432

7. When eqn. (12) was used to calculate #Co° from values of # and =z appearing in
Table I, it reproduced the values of £C ¢°, from which z had originally been calculated,
with a mean error of 41.1%,.

It may be remarked that if n; = #2 = 1 and # = 0.5, so that the apparent #-value
is 1.5 (cf. eqn. (13) below), a relative error of only 4-0.19%, in the experimental evalu-
ation of the current integral is propagated into one of +40.3%, in the value of =
(moreover, the ratio of the latter error to the former increases with increasing #1/n2),
and this in turn leads to a relative error of 4-1.1%, in £C o° as calculated from eqn. (12).
This second propagation of errors becomes increasingly unfavorable as z deviates
from 0.5 in either direction, as is clear from Fig. 4. In practice, therefore, one would
prefer to adjust Co° and § so as to obtain a value of & that is not too far from o.5.
From these considerations it follows that the error of just over +19%, inherent in
the use of eqn. (12) is trivial by comparison with the probable experimental errors.

Thus the evaluation of % rests upon a prior knowledge of three quantities: Co°, =,
and f. The first is trivial. The value of & follows directly from the apparent #-value
by virtue of the fact that

Rapp. = N1 + (1 — @)n2 (13)
or

T = ("1 + n2 — nnpp.)/"Z (14)

It goes without saying that enough must be known about the mechanism to permit
decisions to be made about the values of #; and ne. Comparing the values of x cal-
culated from those of #app., under various assumptions regarding #; and ns, with the
behavior predicted by eqn. (12) may be of much help in making such decisions;
except where a very large overall number of electrons is involved, it should suffice
to find a pair of values of #; and % that yields an approximately linear plot of log
7/(1 — 7) vs. log Co° at constant 8. For example, it has been suggested? that n; = 17
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and ne = 1 for the reduction of picric acid in hydrochloric acid solutions, but these num-
bers, when applied to the experimental data®, yield values of z that vary far too
rapidly, and it is therefore clear that #; must be much smaller than 17 in this process.

The evaluation of § is not so straightforward. It has been customary in dealing
with simple processes to evaluate § from the slope of a linear plot of log 7 vs. time.
LINGANE!® first showed that the current-time curve for such a process obeys the
equation

1 = 1° e Bt (15)

o
@

log (current, arbitrary units)

-08 - 1 i
o 400

Time, sec
Fig. 6. Calculated current—time curve for 8 = 0.006 sec~!, kCo° = 0.02 sec~!, and »n1 = #n..

The quantity identified as current, arbitrary units is actually 108(8Co°e~8t + SC;), which is pro-
portional to the current.

=
z 0.8 T T
>
i:, \\
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(o] 50 100
Time, sec

Fig. 7. Initial portion of Fig. 6.

(provided, of course, that other factors, such as resistance-limiting of the initial current,
do not interfere). The danger of applying this procedure to the present case is illustrat-
ed by Fig. 6, which shows a typical calculated current—time curve. (Currents plotted
here and in Fig. 7 have been obtained by extrapolation to zero interval width.)
Initially, when C; is low, nearly all of the I formed in reaction (1a) undergoes further
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reduction according to (1c). So the concentration of material undergoing reduction
remains virtually constant, and consequently the current too remains virtually
constant if 7; = ns, as will often be the case. This behavior is apt to call forth the
treatment of experimental data illustrated by Fig. 7, which strikingly resembles a
current—time curve previously published!! for the oxidation of hydrazine. Quite
clearly the slope of the initial portion of such a curve is totally devoid of any relation
to the value of .

Two procedures are available. One is to plot either the current or its logarithm
against time, extrapolate to zero time, and combine the resulting value of ¢° with
eqn. (5) or (6) to calculate 8. As Fig. 7 shows, the slope of either curve will tend to
be small in this region, and therefore the error in f is unlikely to be significant in the
light of what is said below regarding the manner of its propagation. The other is
to plot logio ¢ vs. time in the usual fashion, measure the slope S of its long final linear
portion (c¢f. Fig. 6), and compare this value with Fig. 8 to obtain the value of .

1 1
(0] 5 10

10° B
Fig. 8. Variation of S, the slope of the ultimate linear portion of a plot of logioe i vs. £, with

The values plotted in this Fig. were obtained by summing fCo°e~#t and SCr at each
of a number of times, extrapolating the sum (which is proportional to the current)
to zero interval width, plotting the logarithm of the extrapolated sum against time
as in Fig. 6, and comparing the slope of the straight-line portion with the value of
B taken for the original calculations. (It may be stressed that it is #ot permissible to
compute B by the obvious equation § = 2.303 S, for this is never true, and values of
B thus obtained are always too high by 209, or more). Unexpectedly, it appeared
from these calculations that for any value of 8 the ratio S/g is virtually independent
(to better than 4-59,) of the value of 2Co°. Variations in the quantity of electricity
accumulated during the electrolysis are almost entirely due, therefore, to variations
in the duration of the initial portion of the curve, where the ultimate exponential
decay of current with time has not yet begun, and, of course, in 7°.

Of these two procedures, the second is more complex, more tedious, and less ac-
curate; the first is unqualifiedly to be preferred.

For values of  around 0.5, an error of 459, in B leads to an almost equal relative
error in k. From the experimental data it should therefore be possible to evaluate
to such a degree of accuracy that its efror will be responsible for an error in % that is
much smaller than the error attributable to the measurement of the current integral.
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SUMMARY

The equations and graphs presented here make possible the direct algebraic evalua-
tion of the rate constant for the dimerization of an intermediate formed in a controlled-
potential electrolysis whose mechanism is described by eqns. (1). The best results
should be those obtained from data at such initial concentrations that about half of
the intermediate dimerizes, provided that the stirring is sufficiently efficient to justify
the assumption that the concentration of the intermediate is the same throughout the
solution. Wide variations in the extent of dimerization can be effected by variations
in initial concentration, electrode area, and solution volume. If this assumption is
not justified — only experience with the technique and with the results obtained by
it can permit this to be decided — there will be a progressively increasing deviation
of log 7/(1 — =) from the values predicted by eqn. (12), in the direction of an anomal-
ously rapid increase of &z with increasing Co°. In this event there would remain the
possibility of extrapolating the calculated values of % to Co° = o.

Experimental tests of this and other methods of calculating the rate constant for
the dimerization of an intermediate in an electrolytic reduction or oxidation will be
described elsewhere.
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DROP-GROWTH, AND MAXIMA, IN A DROPPING-MERCURY ELECTRODE
G. KNOWLES anp M. G. KEEN
Water Pollution Research Laboratory, Stevenage ( England)

(Received September 3rd, 1962)

Considerable interest has been expressed in the motion of the mercury and the
sample during polarography with the dropping-mercury electrode, especially when
the abnormal polarographic currents, called maxima, are present. The wide-bore
dropping-mercury electrode!.2:3 was used in the present work, but the conventional
electrode probably behaves in much the same way, since the two are very similar
in polarographic behaviour. Physically they differ in that the wide-bore electrode
points upwards at 45° and has a much larger internal diameter (0.8 mm as against
0.05 mm); this greater size makes it comparatively easy to study.

METHOD

The motion of the mercury was recorded by a cine-camera exposing a frame every
0.008 sec, and the polarographic current was displayed, throughout the life of each
drop, on a d.c. oscilloscope. Motion of the aqueous sample, a hard tap-water with no
added electrolyte, was shown by the deflection of coloured #races produced by the
fall of small crystals of acid-fuchsin through the water; these were photographed with
electronic-flash illumination. The polarographic current was due to about 8 p.p.m.
by weight of dissolved oxygen, the potential of the dropping-mercury electrode being
that corresponding to the maximum at the positive end of the first oxygen plateau,
i.e., about —o0.5 V with respect to the saturated calomel electrode. A directly-
immersed silver rod, coated with silver chloride, was used as the reference electrode.
The resistance of the circuit, external to sample and electrodes, was about 400 ohms.

Figure 1 is an example of the type of cine-film records obtained; the electrodes
were working in separate but chemically identical solutions. A maximum was present
in the left-hand but not in the right-hand series, in which the potential of the dropping-
mercury electrode was 0.05 V more negative.

BEHAVIOUR OF MERCURY

By examining the whole length of the film, which covered the lives of several drops,
it was found that the growth and detachment of the drops were identical for the two
electrodes, and exhibited the following interesting features:

(1) immediately before the fall of the mercury drop the aqueous sample entered
the capillary for a length of about 1 mm between the mercury and the glass (Fig. 2,
diagram B). After the drop had broken away, the mercury meniscus, already in the
bore of the capillary, retreated still further down until about 2 mm from the exit
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IFig. 1. Seven successive frames from 16-mm cine-
films showing two dropping-mercury electrodes in
separate vessels. A maximum was present in the left-
hand solution but absent in the right-hand solution.
Interval between frames about 0.008 sec, internal
diameter of capillary 0.8 mm.
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Appearance of electrode at time indicated
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Fig. 2. Position of mercury meniscus and polarographic current during life of one drop of mercury

before (A) and after (B) addition of a maximum suppressor. All data are for maximumat positive

end of first plateau in polarogram for dissolved oxygen. Abscissa does not necessarily correspond
to zero polarographic current.

Fig. 3. Acid-fuchsin traces near dropping-mercury electrode in absence of maximum.
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orifice. Similar behaviour has been suggested4:3 but never proved, for the conventional
dropping-mercury electrode, and would certainly explain why the 0.05 mm diameter
bore is so easily blocked;

(2) as it moved up the capillary, the mercury meniscus stopped for about 0.3 sec
just as it reached the exit orifice; this surprising pause no doubt accounts for the
temporary decrease in polarographic current observed at that time (Fig. 2). On a
number of occasions during the past few vears the shape of the current—-time curve
for wide-bore electrodes has been examined and found to be as in Fig. 2; that given
by LINGANE? for the conventional dropping-mercury electrode is similar, but does
not show a temporary decrease in current early in the life of the drop.

MOVEMENT OF SOLUTION

Use of the acid-fuchsin technique showed that when there was no maximum the
traces could be made almost to touch the drop as they fell, following the contour of
the drop at a distance of about 0.3 mm from its surface (Fig. 3). With a maximum

i

Fig. 4. Acid-fuchsin trace showing movement of solution near dropping-mercury electrode in the
presence of a maximum.
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present, however, and the drop of mercury partly formed (as in Fig. 2, diagram A,
or larger) there was a rapid motion of liquid in the form of a narrow jet directed away
from the electrode (Fig. 4); the jet was evidently of small cross-sectional area, since
the trace of acid-fuchsin was not deflected unless it was close to the vertical plane
through the capillary. This is much in agreement with the motion reported®.7.8 for
the case of positive maxima with the conventional electrode. (Positive here signifies
maxima occurring, as in our work, with the mercury at a voltage more positive than
that corresponding to the electro-capillary zero.)

The position of the reference electrode relative to the dropping-mercury electrode
had no detectable effect on the position or direction of the rapid motion of solution
occurring when a maximum was present.

On changing the applied voltage from one at which a maximum was not present
to one at which it existed, the rapid motion of the solution began at once, provided
that the mercury had emerged from the capillary at least as far as shown in Fig. 2,
diagram A.

(b) Imm

Fig. 5. Directions of rapid motion of aqueous solution in the presence of a maximum with two
shapes of dropping-mercury electrode.
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The direction of the rapid motion associated with a maximum depended on the
shape of the electrode; ¢.g., as indicated in Fig. 5, the direction was upwards and in
line with the capillary for the usual wide-bore electrode (Fig. 5a), but was horizontal
and at right-angles to the capillary for an electrode in which the capillary was vertical
but the end of the tube was cut at an angle of 45° (Fig. 5b).
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ELECTROMETRIC TITRATIONS OF TRIVALENT CERIUM WITH
ALKALI MOLYBDATE

RAM SAHAI SAXENA anpD MOHAN LAL MITTAL
Department of Chemistry, Government College, Kota (India)

(Received October 12th, 1962)

EXPERIMENTAL

Merck’s extra pure cerous nitrate and sodium molybdate were used. Air-free con-
ductivity water was used for the preparation of standard solutions and subsequent
dilutions. Trivalent cerium was estimated volumetrically? and molybdenum in
NazMoOy4 was determined as its quinoline complex?.

Amperometric titrations

Using a manual polarograph, amperometric titrations were carried out between the
reactants at several concentrations, both by the direct and inverse methods, in aque-
ous and aqueous-alcoholic media. A scalamp galvanometer with the sensitivity

(curve TR) m! reagent added
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83— <
=
- —1o
=
68
—185
53
—60
38—
—35
23—
IR
—{10
1D ]
8 1 ]
o 1 2 3 4

(curve ID) ml reagent added

Fig. 1. Amperometric titrations. Curve I D (direct), volume of M/[15 Ce(NOs)s added to 20 ml
M/8o NasMoOy; curve IIR (reverse), volume of M/5 Na:MoO4 added to 20 ml M/100 Ce(NO3)s.
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suitably adjusted was used as current recorder. A dropping mercury electrode in
conjunction with S.C.E. was connected to the cell by a low resistance salt bridge.
Polarograms of o0.0r M Ce(NOs)s solution without any supporting electrolyte were
drawn and from them the half-wave potential was calculated and found tobe —1.95 V
(vs. S.C.E.). This E.M.F. was applied in all titrations and 0.029, gelatin was used
as maximum suppressor. 20 ml of the reagent was taken in the cell and the dissolved
oxygen removed by bubbling nitrogen through the solution for 10-15 min. After
each addition of the reagent, the deflection on the galvanometer was read and the
corresponding current calculated and corrected for the dilution effect. This was then
plotted against the volume of titrant added (Fig. 1).

pH and potentiometric titrations

The pH and E.M.F. of the solutions were measured on a Cambridge null-deflection
type pH meter by means of a glass electrode and a bright platinum foil indicator elec-
trode, respectively, in conjunction with a saturated calomel electrode. 0.059%, of
Ce(NOs)s was added to Ce(NOs)s to make a Ce4+/Ce3+ electrode for use in potentio-
metric titrations with Na:MoOs. After each addition of cerous salt to the sodium
molybdate in the electrode vessel the pH and E.M.F. were measured and plotted
against the volume of the titrant added. The end-point was obtained from the sharp
deflection in the titration curves. This was further checked by drawing differential
graphs from which maxima in d(pH)/dV and dE/dV gave the equivalence point more
accurately. The effect on the end-point of adding different concentrations of ethanol
to the titre was also studied. 20 ml of the molybdate solution was used in the cell
each time. The same concentrations of solutions were used in both types of titrations
(Fig. 2).

(curve II,Ia) ml reagent added
3 4 5
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T T IR T T T
—{s00
>
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w
o
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1 2 3 4 5
(curve I,Ia) ml reagent added

Fig. 2. pH and E.M.F. titrations. Curves I and Ia, volume of M/4.5 Ce(NOs)s added to 20 ml
M /20 NasMoOy; curves II and IIa, volume of M/20 Ce(NOs)s added to 20 ml M/80 Na:MoOs.
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Conductometric titrations

A series of conductometric titrations was performed, using different concentrations
of reactants, both by the direct and the reverse methods and also in the presence of
various concentrations of ethanol. Conductance was measured by a Kohlrausch
Universal bridge using an audio frequency generator as a source of a.c. An additional,
sensitive amplifier applied to the signal leaving the bridge network increased the
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8
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° 67
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®27r 290
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I
5707 5
L/)O/O/o,1
23 I 1 1 L 1 1
0 1 2 3 4 5
mi reagent added

Fig. 3. Direct titrations. Curve I, volume of M/4.5 Ce(NO3); added to 20 ml M/20 Na:MoOs;
curve 11, volume of M/30 Ce(NOs); added to 20 ml M/100 NazMoOy; curve 111, volume of M/8o
Ce(NOs)s added to 20 ml of M/300 NazMoOjs.

W
I
(@]

corrected conductance -104(mhos)

mi reagent added

Fig. 4. Reverse titrations. Curve I, volume of M/5 Na:MoOs added to 20 ml M/40 Ce(NOs)s;
curve II, volume of M[20 Na;MoO4 added to 20 ml M/150 Ce(NOs)s; curve 1II, volume of M/50
Na2:MoO; added to 20 ml M/420 Ce(NO3)s.
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sensitivity of the bridge setting and made possible rapid and accurate measurements
of conductance. The observed conductance after each addition of the titrant was cor-
rected for the dilution effect and plotted against the volume of the added reagent.
The end-points were obtained from the distinct breaks in the titration curves (Fig. 3
and 4).

DISCUSSION

The pHs of the Ce(NOs)s and NazMoOj solutions were measured by means of a glass
electrode and found to be 4.75 and 7.40 respectively. The glass electrode titration
curves (Fig. 2, curves I and II) represent the changes occurring in H+ion concentration
when cerous salt solution from the micro-burette was added to molybdate solution in
the electrode cell. At the beginning of the reaction a gradual decrease in pH was
observed, until, at the stoichiometric end-point where the molecular ratio of Ce3+;
MoOQ42-is 2 : 3, a sharp fall in pH was obtained corresponding to the formation of a
yellow amorphous precipitate of normal cerous molybdate, having the molecular
composition Ce203 - 3 MoOs at pH range 5.8-6.2.

An examination of the results of the potentiometric titrations (Fig. 2, curves Ia, IIa)
reveals that the reaction between cerous nitrate and sodium molybdate can be suit-
ably followed using a Ce4*/Ce3+ electrode. As the titration proceeds, the E.M.F.
remains almost constant until, in the vicinity of the end-point, a marked rise in
potential is obtained and afterwards the E.M.F. remains practically unchanged. The
same concentrations of reagents were used in glass electrode and E.M.F. titrations
and differential graphs have been drawn in the latter case in order to show the equi-
valence point more clearly.

In potentiometric titrations the behaviour of the bright platinum indicator elec-
trode in contact with Ce3+ and Ce4+ ions could be interpreted as that of a Ce4+/Ce3+
electrode whose potential depends to a great extent upon the concentration of Ce3+
ions. On adding cerous salt to molybdate solution in the cell, molybdate ions are being
continuously removed by precipitation as cerous molybdate and the E.M.F. remains
constant. As soon as all the molybdate ions in the titration cell have been removed,
the first excess of cerous nitrate added brings about a sharp rise in potential due to
the function of Ce4+/Ce3+ electrode, and further addition shows practically no change
in observed E.M.F.

The glass electrode and potentiometric titration curves arve regular in form; a
pronounced maximum in d(pH)/dV and dE/dV is obtained at the stoichiometric
end-point and the results are accurate and reproducible. After each addition of the
reagent, it takes a little time for the pH and E.M.F. values to become steady. Each
titration takes about half an hour for completion. The addition of alcohol in varying
concentrations (20 and 30%,) improves the end-point slightly as its presence decreases
the solubility of the precipitated molybdate and also reduces the adsorption of MoO42-
and hence a closer approach to the theoretical values is envisaged in the experimental
results in aqueous-alcoholic media.

Conductometric titration curves (Figs. 3 and 4) are similar and show strongly
defined breaks at the end-point. The results are accurate to 1%, at the concentrations
studied, the break falling exactly at the position corresponding to the formation of
Ce20s3 - 3 MoQs.

Amperometric titrations between Ce(NOs)s and NasMoO4 solutions were carried out
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at an applied E.M.F. of —1.95 V (vs. S.C.E.). In direct titrations, when molybdate
is used as the titre (Fig. 1, curve ID) it is noted that the molybdate ion does not yield
any measurable diffusion current and no change in the value of the current is observed
on the addition of the titrant until the equivalence point is reached. After this the
diffusion current due to Ce3+ ions increases with the addition of the latter. In the
reverse titrations, (Fig. 1, curve IIR), on the addition of sodium molybdate, the
diffusion currents due to cerous ions gradually decrease and reach a minimum at the
end-point, beyond which the current remained almost constant. Amperometric titra-
tion curves have an L-shape and the reproducibility and accuracy of these titrations
has been found to be excellent even at low dilutions of cerous salt (10-3 M).

A comparative study of the electrometric experiments clearly suggests that con-
ductometric, potentiometric and glass electrode titrations yield accurate results only
with concentrated solutions of reactants; at greater dilutions, the breaks and inflec-
tions are not strongly defined. Amperometric titrations, however, give very
accurate end-points over a wider range of concentration of reactants. The titrations
are simple, rapid and accurate and offer a quantitative method for the standardisation
of Ce3+ ions as cerous molybdate (up to a strength of 10-3 M of Ce(NO3)s). The form-
ation of normal cerous molybdate Ce2Os - 3 MoOs in the pH range 5.8-6.2 as a yellow
amorphous precipitate is confirmed.

SUMMARY

The reaction between Ce3+ and MoO42- was investigated by electrometric techniques
involving amperometric, potentiometric, pH, and conductometric titrations between
Ce(NOs)s and NaxMoOQj solutions at several concentrations in aqueous and aqueous—
alcoholic media. The end-points obtained from the sharp breaks and inflexions in
titration curves occur at a stage where the molecular ratio of Ce3+ and MoO42- is
2 : 3 and correspond to the formation and precipitation of normal cerous molybdate
Ce203 - 3 MoOs in the pH range 5.8-6.2. Amperometric titrations yield very accurate
results up to 10-3 M concentration of Ce(NOs)s and offer a simple and rapid method
for the determination of trivalent cerium as molybdate.

No reference for the study of this reaction by electrometric methods has been found
in the literature, although the reaction has provided conclusive results on the com-
position of other metal molybdates (SAXENA ef al.)!.
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CARBON MONOXIDE ADSORPTION ON PLATINUM ELECTRODES.
CONSTANT CURRENT TRANSITION TIME STUDY

RONALD A. MUNSON
General Electric Research Laboratory, Schenectady, New York (U.S.4.)

(Received October 25th, 1962)

The application of a constant current to an electrode on which an electrochemically
active species has adsorbed from solution, leads to the removal of that active species
from the electrode surface. When the electroactive species has been completely
removed from the surface (at the transition time), the electrode potential changes
rapidly so that another electrochemical process may supply the constant current. If
the rate of adsorption is not slow, the transition time will be increased by diffusion
of the active species out of the solution adjacent to the electrode. If the adsorption
is rapid, reversible, and sufficiently linear, the relationship between the current
density 7 and the transition time 7 is1-3

Y4, = iK2n FD{2(D7)1/2[n'/2K + exp(Dt/K?)erfc[(D1)V2|K)] — 1}, (1)

where Y0,4. is the initial surface concentration of the adsorbed species; F, the Faraday
constant; D, the diffusion constant; %, the number of electrons exchanged with the
electrode in the electrochemical reaction of one molecule of Yaa.; K, the linear
adsorption coefficient (expressed in cm) for the adsorbed species; and

erfc x = 2/nt/2 [ e-2dz.
For large values of the argument, eqn. (1) simplifies to

Y4, = iK/nFD[2(Dt/n)'/2 — K]. (2)

EXPERIMENTAL

The constant current was supplied to the cell electrodes by a regulated power supply
through carbon resistors whose resistances were measured to within 19,. The current
pulse was turned on and off by a 275 C mercury relay, activated by timing circuits
which allowed pulse durations of 10 msec—25 sec. Oscillograms of the working
electrode potential were registered photographically. The working electrode was a
horizontal planar disk of platinum with rounded edges of 5.75 4- 0.10 cm?2 geometric
area. A Luggin capillary was used in conjunction with the Ag—AgCl reference
electrode. The cell was maintained at 25.0° by a mineral oil bath and a teflon stopcock
allowed carbon monoxide to be bubbled through or over the solution. Solutions were
prepared by diluting reagent grade 709, perchloric acid and 50%, sodium hydroxide
with triple distilled water. Carbon monoxide (C.P.) was further purified by scrubbing
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with concentrated sulfuric acid, chromous sulfate (Zn excluded), 159, sodium hy-
droxide, and triple distilled water.

The working electrode was activated by the use of 250 msec anodic pulses at an
apparent current density of 14 mA/cm?2 Following reattainment of + 0.4 V (us.
hydrogen electrode in the same solution), carbon monoxide was bubbled vigorously
through the solution for thirty sec. The electrode and solution then remained quies-
cent for thirty sec prior to the experimental pulse. Deactivation of the electrode was
found to proceed slowly.

RESULTS AND DISCUSSION

In spite of the irreversibility of the electro-oxidation, the transition times, which
varied from 7 msec—23 sec, were, in general, well defined. The electro-oxidation
was found to occur in a relatively narrow potential range. Potentiostatic sweep data
indicate that the carbon monoxide removal at low current density is completed over
a potential of less than 50 mV4. For the longer transition times the data were found
to fit eqn. (2). Figure 1 presents the data obtained in 0.0947 N perchloric acid at
761.0 mm atmos. pressure. The solubility of carbon monoxide in water at 25° is
9.27 - 10~* moles/15. The electrolyte tends to salt out the carbon monoxide from
solution, but the reduction of the solubility in tenth normal acid may be estimated
to be less than 19,8 With this information and the intercept of Fig. 1, the diffusion
constant of carbon monoxide in water at 25° is found to be 2.50 4+ 0.10 - 10-% cm?
secl. At high current densities there appears to be partial simultaneous surface
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Fig. 1. Experimental data for long transition times according to eqn. 2.

oxidation of the platinum which leads to some ambiguity in the transition times.
However, the data are not consistent with a rate limitation in the adsorption step.
The case of rate limitation in the adsorption step has been discusseds, and from this
itis estimated that the first order rate constant for the adsorption of carbon monoxide
onto platinum must be greater than 0.08 cm/sec. The current density independent
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surface concentration obtained from the slope of Fig. 1 is 2.8 - 10-9 moles carbon
monoxide/cm?. This surface concentration is roughly 309, greater than that found
for hydrogen?, which indicates that the dissociation of hydrogen into atoms tends
to take up more of the available surface than the partial formation of the bridged
carbon monoxide surface structure?.

Investigations were also made in alkaline solutions up to 1.02 M in sodium hy-
droxide and no indication of rate limitation due to a pre-electrochemical step was
obtained. Formate formation is to be expected in very alkaline solutions?, but no
trace of it was found analytically in these experiments. Constant current investiga-
tions of formate electro-oxidation in alkali, indicate the presence of a very slow pre-
electrochemical step?. Formate formation, if it occurred, was smaller than 10-4 M.
The intercepts of i71/2 vs. 4 plots, provide an accurate means of determining carbon
monoxide concentration in alkaline as well as acidic solutions.
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SUMMARY

The rate of the electrochemical oxidation of carbon monoxide on platinum is not
limited by any pre-electrochemical step other than the diffusion of the carbon mono-
xide to the surface. The diffusion constant of carbon monoxide in water at 25° is
found to be 2.50 4- 0.10 - 10-% cm?/sec. The first order rate constant for the adsorption
of carbon monoxide onto platinum is estimated to be larger than 0.08 cm/sec. The
surface concentration of carbon monoxide is approximately 309, greater than that
of hydrogen on the same surface at 1 atmos total pressure. Transition time measure-
ments provide an accurate means of determining carbon monoxide concentration in
aqueous solutions.
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The dependence of half-wave potentials on the concentration of species involved in
pre-electrochemical solution reactions can be a sensitive criterion in the analysis of
electrode processes. While it is commonly believed that half-wave potentials of pro-
cesses involving rapid electron transfers reflect mainly thermodynamic behavior of the
system!, both half-wave potentials and limiting currents depend upon kinetic factors
as well. For systems composed of a multiplicity of soluble species, i.e. complex ion
reductions and the reduction of unsaturated dibasic acids, not only can thermodyna-
mic quantities be calculated, but also some information on the actual reducible species
and rate of pre-electrochemical solution reactions can be obtained. Thus, the behavior
of the half-wave potential as a function of ligand concentration in complex ion reduc-
tions and as a function of pH in dibasic acid reductions can be an important link in the
chain of events leading to a consistent mechanism for the reduction. In this paper it
will be shown that thermodynamic half-wave potentials can be calculated from kinetic
models and that the resulting expressions are valid over the entire ligand concentra-
tion range. Expressions for the half-wave potentials are derived for systems involving
pre-electrochemical solution reactions for all possible values of rate constants. Real
systems, however, seem usually to have large rate constants in the prior solution
reactions, but cannot exceed the limiting, diffusion controlled, activation-free rate
constant?:3 whose magnitude is approximately 1019-1012 1 mole-!sec-!. For simplici-
ty, linear diffusion to a plane electrode will be considered, and it is reasonable to
assume that the results can be transferred to the polarographic case by inserting
numerical factors into the equations. Complex ions will be used in the model, although
the reduction of unsaturated dibasic acids is the same upon redefining dissociation
constants.

Expressions for the half-wave potentials in terms of ligand concentration require a
prior derivation of the i~ E characteristic of the model system at the dropping mercury
electrode or at a plane electrode under unstirred conditions, at an essentially discon-
tinuous application of potential4. The derived currents in these cases are functions of
time and the i~E characteristics depend upon the time of measurement of 7 after
application of E. Time-dependent behavior is commonly observed and has been de-
rived for other electrode processes. Among those for which the i~E characteristics have
been stated mathematically are one-step reversible oxidations and reductions, and
irreversible oxidations and reductions resulting from slow electron transfer. Expres-
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sions appropriate to polarography are summarized by KOLTHOFF AND LINGANES.
Until recently®-16 the large class of electrode processes, including kinetic and cataly-
tic-controlled oxidations and reductions and processes where adsorption of the reac-
tant limits the current had not been treated completely, and no exact general equa-
tions for ¢ vs. E were available, although approximate equations have been sum-
marized by KOLTHOFF AND LINGANE!?. DELAHAY, in his description of kinetic and
catalytic currents!s, restricted the analysis to the dependence of the limiting currents
on the pre- or post-electrochemical solution reaction rate constants. Similarly,
KoUuTECKY’s work19-34 on various pre-electrochemical and post-electrochemical
reaction schemes, was specifically addressed to the expression of limiting currents as
a function of concentrations, rate constants, diffusion coefficients and time for cases
where the electron transfer step was rapid compared with other steps.

Since the appearance of the theory of kinetic processes by MATSUDA AND AYABE®
an equation relating 7 and E for both reversible and irreversible electron transfers
with prior kinetic complication has been stated. Their results are unfortunately
limited to cases in which only one species in an equilibrium mixture is electro-active
and is further limited to large values of the prior solution reaction rate constants.They
also found it necessary to introduce the DEFORD-HUME expression35 for the half-
wave potential into their theory, rather than deriving this expression from the treat-
ment. The MATSUDA AND AYABE theory was the first treatment to show that prior
solution reactions do not affect the shape of a polarographic wave, but only diminish
the limiting current. Thus, a plot of log (41—¢)/7 is diagnostic for slow or rapid electron
transfers whether or not the reacting species is produced by a slow pre-electrochemical
solution reaction. It can be shown that this conclusion, and the resulting kinetic term
in the expression for half-wave potential, is exact when the pre-electrochemical reac-
tion rate constant is large and is still a good approximation when used for small
values. The dependence of half-wave potentials on kinetic parameters has been further
explored by KORYTA et al.7-16,

Expressions for half-wave potentials for complex ion reductions were originally
derived on thermodynamic grounds by VON STACKELBERG AND VON FREYHOLD?36, and
by LINGANE3?. Their expressions, summarized by KOLTHOFF AND LINGANE!, were
applicable for the reduction of complex ions to the metallic state (amalgam), or to
other soluble oxidation states. Calculated half-wave potentials for the reversible
reduction of complex ions (E;). do not converge to the half-wave potential for a
simple ion (E,); when ligand concentration approaches zero or the complex dissocia-
tion constants approach infinity. Thus, these expressions are limited in applicability
to systems involving essentially one very stable complex, and they can give accurate
values only in a limited range of ligand concentration, such that only one complex
exists. Exact expressions which converge to the proper value at infinite dilution of
ligand, will be derived kinetically in the following section.

KINETIC BEHAVIOR WHEN A COMPLEX ION, SIMPLE ION, AND REDUCTION PRODUCTS
HAVE EQUAL DIFFUSION COEFFICIENTS

Consider the reaction sequence
ks ne-
Y0+ pX —R (1)
b
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where Y is the complex ion M X,(»—»b)+; O is the simple, hydrated metal ion Mn+;
Xv- is the complexing agent, and R is the reduced metal, which in the case of a
mercury cathode is in the form of the dilute amalgam. Assuming that the rate con-
stants for formation and decomposition of the complex ion are finite, the formation
rate is p order in Cx, and the decomposition rate is first order in Cy, the diffusion
equations for the reacting species at a plane electrode are:

ACy 32Cy d2Cy KCy
= D —— — kiCy + kyCoCx? = D - kbcxv[ = Co] (2a)
ot dex? dx? Cx?
ACo 32Co 32Co KCy
=D + ksCy — ByCoCx? = D + k»Cxp[ = Co] (2b)
o d-x2 dx2 Cx?
2 22C
A el (2¢)
ot d-x2

No equation for Cx is written since it is assumed that this species is present in excess
and remains essentially constant with passage of current. Here

K — CoCx? ks _ ki fr

(3)

Cy k_b - ko’ fofx?

where K is the overall dissociation constant of the complex. For mathematical sim-
plicity, the diffusion coefficients of all species are assumed equal to D and activity
coefficients, fy, fo and fx, are omitted from the diffusion equations; otherwise,
separation of variables becomes cumbersome. Thus, ks and %, are formal rate con-
stants for the forward and backward reactions.

Case I. Reducible simple ion

The well-tested absolute reaction rate theory applied to electrochemical reactions
leads to the general equation

5 aynFE aonFE (1-ay)nFE o (1-oto)nFE
_ o _ 0 (1-d0)nFE
=k Cr(otle ®F + ks Colotle ™7 — ku,Cro)(Cx)ve ®7  — ko Crlotle ™7 (4)

i
nFA

for this system. It is possible, in principle, that the rate constants for the reduction
of the complex ion and the reverse process may be essentially zero. If the simple ion
is the only reducible species and electron transfer rate is rapid compared with all
other steps, the electrode is Nernstian with respect to the simple metal ion and the
reduced form, and the equation#

Co(o,t) fr nF
6 = = —exp[—
Cr(o,t) fo RT

(E — E°>] (s)

obtains where Co(0,f) and Cr(0,£) are surface concentrations corresponding to x = o.
Initially let

Co® 4 Cy° = «
or
KCx-Px
Co® = ——— (6)
and 1 + KCx-»
o
o= ——
1 + KCx-?
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The boundary conditions are listed below.

t=0 x>0 Co(x0) = Co® (7a)
t=0 x>0 Cy(0) = Cy® (7b)
t=0 x>0 Cg¥0) = Cg® (7¢)
t>o0 % =o0 Coot) = O6Cr(o}) (7d)
t>0 x=o0 ¥yrfox=o0 (7€)
t>o0 x =0 dColdx = —ICr[dx (7f)

In order to separate variables, linear combinations of Co(x,t) and Cy(x,t) are used!®.
Let

p(xt) = Cy(x.f) + Co(x,?) (8a)
px,t) = Cy(x,t) — KCx?Cy(x,t) (8b)
then it follows that
Y A%y
=5 e P
o a2 (0a)
d o2
2 _p2? _ Ip
ot dx2 (9b)
dCr 2 d2Cr (
A 2 £
where
= kyCx?(1 + KCx~?) = kyCx? + kg (10)
and
gt ECrty p=19
Colxt) = —— = Cy(x}t) = ———
W= T T N T e ket

Passing to the Laplace transforms of the partial differential equations, after solving
algebraically and applying the transformed boundary conditions, the transformed
variables become '

_ [ U+ KCnBCe — [K[Cxtlx Vo &
A = {K/cxp + [t + K|Cx?10 + |/5]s + l} P )
D
) = [ O S (x2b)
PHY = \RICx? + 1 + K/Cx#10 + Vs/s—l—l} Vsifs + 1

_ { [K[Cx?lx — [1 + K/Cx?)6C0 } Vir o

Ls] = K[Cx? + [1 + K[Cx?0 +|/s[s + 1 s s (rzc)

where s is the transform variable. When / — co the case corresponding to rapid,
reversible reduction of the complex ion via the simple or hydrated ion is obtained.

Case IA. Rapid prior solution reactions. For rapid interconversion when [ — o0, the
transform inversion yields:

f) = St T o (13a)
vixt) = K[Cx? + [1 + K[CxP]0 e 2)/Dt to 3
pxt) =o (13b)
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erfc;lL@ + Cg° (x3c)

Crlx,f) = [K[CxPla — [1 + K/Cx”JGCR"}
R = { K[Cx? + (1 + K[Cx?10

The current for this system is given by

dCr dCo ACy
i= —nFAD(c) = nFAD[(—) + (—) ] (x4)
0% /z-0 0x /z=0 0% /z=o0

which by differentiation of Cr and/or y yields
. nFAD} {[K/er]a = Tt K/CXP]BCRO}
"= Vm U KCe + 1 + KICxol0

(15)

The diffusion limited currents for the reduction and oxidation processes are

. ) nFAD«
(ld)c = 1lim 650 = ——— — (163.)

)7t

—nFADYCg®

Vat

(16b)

(ta)a = %1im g0 =

The current for any 0 is given by

 K[CxP)lia)e + [ + K[CxP10(ia)a o
YT TTRICH + 1+ KCxml0 4

Rearranging to give 6 in terms of s,

(18)

K/CXI’ [(14): — 1]
1+ K[Cx? Li — (id)a
fo RT K|[Cx? RT [(i,z)c - z]

RT
E=FE4+ —In—+—In—+ —1n

(19)
nF  fr nF 14 K[Cx» nF

i — (ld)a
Restricting the equation to the common voltammetric case e.g. Cr® = 0, introducing
the remaining activity coefficients by the substitution

Kfp
SmCxPfxP

K|Cx? — (20)

and defining

£=E°——lnaﬂg
nF

the expression for the electrode potential of a massive mercury electrode results.

RT Kfp RT RT Kfp RT  (ia)e — 4
E=¢4+—In —p——-Ianf_\»—ﬁln(l—l—m) —In ——— (21)

nF fM(Hg' nF nF 1
The activity coefficients far, fumg), fo, and fx refer to the simpleion, the dilute amalgam,
the complex ion, and the ligand ion, respectively. The half-wave potential for the
rapid reversible complex ion reduction, (E,). is given by
Kf» RT RT Kfp
Al )

RT
E)e=¢+ —1In —p—InCxfx — — 1
Wl nF  fuug) P nF = n CxPfx?fu

(22)

In the case of a massive electrode of the metal M, ¢ becomes E° and fuug) becomes
unity. For the dropping mercury electrode, the equations above must be modified so
that when D* appears, this term is multiplied by the Ilkovic factor, ]/7/)3

It should be noted that the limiting cathodic current is independent of ligand con-
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centration. The result appears to imply that both the complex ion and the simple ion
are reducible at the electrode surface. This apparent contradiction follows from the
final assumption that the pre-electrochemical rate constants are infinite.

In terms of the original model which assumes finite pre-electrochemical rate
constants, the gradient of the concentration of the complex ion can be zero at the
electrode surface. Zero gradient condition for the complex species is equivalent to the
assumption that the simple ion is the only reducible species. However, as the rate
constants approach infinity, this condition can no longer hold and the concentration
gradient for each species near the electrode approaches a constant, non-zero, propor-
tionality with the gradient of the simple metal ion concentration.

The equation for current vs. time is obtained either by calculating the gradient of
the concentration of the reduced species, or the sum of the concentration gradients of
the oxidized species at the electrode surface.

Case I B. No prior solution reactions. When the rate of the prior solution reactions is
zero, the value of / in eqns. (12a), (12b), and (12c) is set up equal to zero. The trans-
form inversion yields

; (1 + K[Cx?)6Cr® — [K/Cx"}a} e (
— 23a
vixd) { [1 + K/Cx?][1 + 6] 2)/Dt 32)
et = prt) —a (23b)
[K[CxPla—[1 + K|CxP]xCp° ¥
— + Cgr®
Calxt) = (1 + K/Cx?)[1 + 6] } ¢ 2y o (230)
Since eqn. (14) is obeyed, the current is given by
nFAD} ([K[CxPlo — [1 + K[Cx?]6Cr0
i= 220 { : } (24)
|/nt (1 + K[Cx?][1 + 6]

However, in this case, the limiting cathodic current is dependent on ligand concentra-
tion

, _ nFADWx | K|Cx? -
¢ = llim 50 = — 25a
(22) 1lim 6-0 [/ﬂt {1 T K/Cxl’} 5
) ) — nFADACg® fasi
= m 6-> == == 2
(d)a = %1im 6500 Vm 5
The current for any 0 is given by
i = (i1)e + (ia)ab (26)
1+ 60
and by rearrangement
g = b (27)
11— (hi)a
or
RT  fo (i)e — i
= — In— —1 _— 8
B=Et F1 fa+nF [i—(ia)a] e
In the common polarographic case Cr® = o and
T RT —
g — ot T2 +—n [(" ] (20)
n Sug
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the half-wave potential for the kinetically slow reversible reduction, (E,). is given by

RT fu
(Ede = ¢ + —In
nF farag) (30)

This expression is, in fact, the half-wave potential of the simple metal ion and is
independent of ligand concentration. Only the cathodic current depends upon ligand
concentration and may very well be nearly zero for a system in which the ligand
concentration is high and the complex is very stable.

Case I C. Finite prior solution reaction rate constants. An exact solution for finite
values of / in eqns. (12a), (12b), and (12c) can be given. However, the expression for ¢
is desired and can be obtained from the transforms of

dp/[dx or dCr[dx

Writing v in shorthand notation

" { —gfs4d } eAV%x o

plos] = MysTi+ Nyl s 3 (1)
then
_ S VL P
Wp(rs) { QI/D|Ys +1 ) e =
w  \Mys+ I+ N5l s =
and
i wFAQYD Vs+1
s — { =Wl (33)
s Vs MVS + 1+ J\p s
where
Q = [K[CxPla — [1 + K[Cx?]6Cg® (34a)
M = K|Cx? + [1 + K[Cy?]0 (34b)
N =1 (34¢)
thus
. 2
_ wFAYDQ(Net — M N2fmit NP Nt V M2l
— v - — — e [erfc — — — erfc :I} (35)
Var | N2— Mz  (Nz— M2 N2 — M2 Nz — M2

By applying the well-known asymptotic expansion of erf x for large x, then as ! — o0
the current approaches
nFADYQ

i = fMl = (36)

which is precisely eqn. (15). On the other hand, when / — o the current

i nFADIQ
1 = —— i
(M + N)/at (a7

which is precisely eqn. (24).
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In view of eqn. (16a), eqn. (37) can be rewritten as

AIZH

. [[K/CX”]ioo + (1 + K/|Cx?)0(ia)a {M(Ne"” — M) MM PR
L K[Cx» + [ 1+ K[Cx?)0 ] Ne x| (Nr— e E "
38)
Nzt M2t
[erfc — erfc ]}
N2 — M2 N2 — M2
where i, becomes (ig)c as ! approaches co.
Then
- {[moo + [ + GJG(H)a} FL.0,0,)
o+ 1+ alf (39)

where ¢ = K|/Cx? and F(,0,0,f) is the complicated function within the braces of
eqn. (38). The limiting cathodic current 4, is given by

(Z1)e = %1m 60 = 1o F(},0,0.¢) (40a)

(i1)a = %1um 6500 = (¢a)aF(},00,0.t) (40Db)
In the limit - oo, F(,0,0,t) — 1 for all 6, o and ¢; and, similarly, for

! - o, F(0,01t) — ii(ij—a—)e
(1 +o0)(x +0)
for all f, o and ¢.

A general expression for 7 in terms of 6, which can be solved for 6 is impossible
in this general case. However, approximations can be introduced for It >>1, o<1
and i< <1, 0<1I.

Beginning with the exact expression

(41)

i — 1 0 [o+(1+a)6]
= — — 1
i iw L oF(,0,0,)

we note from the asymptotic expansion of F for large /

M N3 3 M(N2 — M?2) N3
F(,0,0) = 1 + [e*“ — —] - [e-“ — —] (42a)
2Nt M3l 4 Ns(t)2 Ms
SO — (42b)
NI — 2
! 2[o + (1 + 0)6]2it 1
Then
iy — 1 i (1 + o
Z — & 1( )0 (43)
1 oo c
In the case that li<< < 1, then
o+ (x + O)o
F(lb,0t) ~ ————— (44)
( ) (1 + o)1+ 06)
and
L — 1 i (1 + 0
T v [ (45)
i i% c
Expanding eqn. (43) gives
RT RT K|Cx? RT ) RT iy — 1
B B g Dy B e e B e (46)

nF  fr nF 1+ K/Cxl’_ uF i nF
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The half-wave potential is given by
RT fo  RT = K[Cxr RT i

—— In —In———=—1In
nF  fr nF 1+ K[Cx? nF iy (47)

As !l — 00, 41 — 1w and E is identical with eqn. (22). As/ — o 2% — ﬁ

and E is identical with eqn. (30). The approximation made in eqn. (43) will be gener-

ally valid at the foot of the wave where 6 > > 1, even for cases where ¢ is not less

than 1. Thus, plots of log (i; — ¢)/¢ will yield linear plots as is customary with rapid

electron transfers even though the pre-electrochemical step has a finite rate which

limits the current. The behavior of the plot for 1>60> o will deviate from linearily
unless ¢ < I. .

The half-wave potential can be used to calculate the rate constants of the limiting

pre-electrochemical steps. For the linear diffusion case, eqn. (47) can be written

E, = E° Elnf—” R—Tlnﬂ—ﬂlnb‘(zo ?) (48

: tuF fR+nF 1 + K/Cx»  nF 0 48)

and for the usual polarographic case, (ta)a =0, Q = o0&, M =cand N = 1.

ot
(e — o) — ——Ul/ﬂl—teI hd erfc [ — erfc UV” ]
1 — o2 (1 — o2)32 y1—02 VI T

(49)

F(loat) =

If, in addition, ## >> 1 and ¢ < 1, the first term may be neglected and the second
error function term is determining. Then F(/,0,0,t) = F(y) = Vﬁ/(l — o?) yev2 erfc y
the Koutecky function with y = o}/lt/(J/1 — ¢2). If mean diffusion currents are ob-
served rather than instantaneous currents, F(y) is replaced by f(y) which has been
tabulated by KouTEcKY AND BrpIcKAl9. Thus, for linear diffusion with stepwise
application of constant potential, it is possible to calculate pre-electrochemical rate
constants from plots of E; vs. log Cx at several values of Cx from the equation

RT
(Ey)eons.) = Eja=o0 — — In f() (50)
nF

Even when E -« is not experimentally observable, it may be calculated from

eqn. (19) or (22).
For the polarographic case
fM + RT] Kfp/fMCx”fx” RT] 2

—hn— — —— In— (51)
fume  nF 1+ Kfp/fuCx?fx? nF iy

(Ey) +RT1
=&+ —1In
s nkF

The last term can be written — RT/#F In F(y) where F(y) is the polarographic Kou-
tecky function?23.28,

For Case I
12 o)/it
-V (52)
and the restrictions / >> 1, and ¢ < 1 still apply. Wheny << rand i > 1
Flp) ~ li_ﬂx (53)
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and when y << rand/f < 1 we use

Flp) ~ g+ ——(et
0N~ T+ et—o) (54)

From the usual plot of E jbs.) vs. log Cx, rate constants can be calculated from the
equation,

) = = — n
3)C(obs.) }(l=00) F (Z) (55)

using the tables of F(y) for various values of y given by KouTECKY and reprinted by
DELAHAY!8. As before, ¢ is time after application of the constant potential and in
polarography, where currents are measured at the maximum, ¢ is the drop time. If
average currents are measured, the F (y) must be replaced by F (y), which KouTECcKky
has shown?3 to be approximated to 419, by

o/t
— x 0.87)/1 — o2
Flg) = = / i (56)
1.5 + % 1+ 087 oalit
J1 — o?

Case I11. Reducible complex ion

Referring to eqn. (4), let it be assumed that %70 and kwo® are essentially zero and
that the complex ion reduces directly on the electrode surface. If the direct electron
transfer rates are rapid compared with all other processes, the electrode is Nernstian
with respect to the complex and the reduced form. Then

. Cy(O,t)
"~ Crlot)

F
- (fxcm% exp [:—T(E - Eo')] (57)

where E? is the standard potential for the reaction

ne-
Y — R + pX (58)
It follows that
Cx?

where K was defined in eqn. (5) and

RT fofx”
——In
nkF fy

RT
EyY = E°4+ —1In K + (60)
nF

Equations (6) — (10) remain unchanged with the exceptions (7d), (7e), and (7f). They
are modified

t>0 x=o0 Cy(ot) = 0Cr(o) (74d)

t>0 x=o0 dColdx =0 (7€)
2C Cr

P gm0 = (76)
x Ix
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The transformed variables are:

_ [ (1 + K/Cx?)0'Cr® — « }el/n -
p(x,s) = — A= == (61a)
I+ (1 + K/Cx?)b' + K[CxP | s
Vs + 1

S

s+l
'VT 2

_ (K|Cx)x — K[Cxn(1 + K|Cx?)0'Cr0) e
pxs) = : —— (61b)
1+ (1 + K[Cxn)0' + K[Cxr /=5 [)s)/s + 1
Vs + 1
& — (1 + K|Cx?)0Cro e-V%x Cr?
Crlx,s) = i — (61¢)
1+ (1 + K[Cx?)0 + K|Cx? /—5 [ s s
Vi

Case II A. Rapid prior solution reaction. For rapid interconversion, / — oo, the trans-
form inversion yields

(1 + K[CxP)0'Cr® — &
it = { LT F K/ J erte VB: o (622)
p(xt) = o (62b)
. x — (I + K/CXT’)O'CR \
Cnted) = { 1+ (1 + K[Cx?)0 VD S

By substituting for §' its equivalent from eqn. (59), eqns. (62a), (62b) and (62c) are
identical to eqns. (12a), (12b), and (12c). Since eqn. (14) is generally valid, it follows
the results of Case IT A and are identical with those of Case 1 A.

Case II B. No prior solution reactions. Setting I = o eqns. (61a), (61b), and (61c) and
applying the inverse transform yields

(xt) = {LI + K|[CxP)0'Cr® — (X} n
‘ = [6.3
¥ [t + K/Cxo)lt + 6] VD (63a)
p(x.t) = K[Cx?[y(x,t) — «&] (63b)
o — [1 + K[Cx?]6'Cgr®
Cr(x) = — + Cgr° 6
r(x‘7) { L + K/Cxvll1 + 6']} VD + Cr (63¢)
By eqn. (14), the current is given by
. nFADY (6« — [1 + K/|CxP]OCRr®
i { : ; (64)
Yat  \[1 + K/Cx#l[1 + 6]
The limiting cathodic current is dependent on ligand concentration according to
o _ nFADx (65)
(41)e = Z1imos0 = m 5
and
_ —nFADICg
(7'd)a = illmo—»w = = (66)
|/t
The current for any 6’ is given by
(21)e + (ia)ab’
= (67)

14+ 6
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and the :—E characteristic is

RT RT fr RT (Z1)e — ¢
=FEY — —InCx?»+ —1In + —1In [———] (68a)
nF nF fnfxp 1 — (id)a
and by substituting eqn. (60) into (68a)
Eomy Lk RTlcp+ RT, f°+ i [ =4 68b
= —— 1N — — In —_—In — — ey
nF wF " T wF  fa | wF [1 _ (id)a] (6RE)
For a massive mercury electrode,
. +RT] - RT1 Cp+RT1 fm +RT1 ({)e — ¢ 5
=&+ —1In — —1In — I R KoL
nF 2F  F U F " fumg | RE [i — (i,,),,] ool
and in the usual polarographic case, Cr® =
RT RT  fu RT
E,=¢ +_1 K4+ —In — — InCy? (70)

nF  fume nF

Thus, when the pre-electrochemical step does not occur, as in case I B, the limiting
cathodic current is dependent on ligand concentration. However, the half-wave is
also dependent upon ligand concentration.

Case 11 C. Finite prior solution reaction rate constants. An exact solution can be given
for this case by the same procedure used in I C. Equations (31), (32), and (33) are
still valid. However, the coefficients Q, M and N must be redefined

0 =oa— (1 + K|[Cx?)0'Cr® (71a)
M =1 + (1 + K/Cx?)0’ (71D)
N = K|Cx?P

(71¢)

The general expression for current is

K M l .
: I 7] 0 (1 =i —
1.52[100.4-[*— c’]ﬂ(jd)a]{ Ne ' /i o NT—IP
i+ [t + Kuz7] 0 M? (N2 — Mz)32
[erfc NEl erfc M= it ] : (72)
N2 — M2 N2 — M2
and
i — 1 o [1+ (1 + 0)0 i
mL. |-~ Zo+or (73)
i oo F(,0',0,t) oo
which, when rearranged gives
RT fr RT 1 RT 41— ¢ RT i
E=E/+—n — It — = —In— (74)
nF  frfx» nF (1 + 0)Cx» nF i nF  ip

In view of eqn. (60), eqn. (74) is identical to eqn. (47). For rapid pre-electrochemical
reactions 7; = 7 and eqn. (74) becomes eqn. (22). When ! — 0, 41/io — I/I + ¢ and
eqn. (74) becomes eqn. (68) or (69). The half-wave potential is then given by

RT fo RT K|Cx? RT

E)e=E'4+ —In—+ —In—+— — — In F(/,0,0,¢
(Ey) +nann+nFn1+K/Cx1' =T (10,0, (75)
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But

F(,0,0,8) &~ F(Y)
where

_
Yy = ‘—/ﬁ (77)
For the polarographic case F(/,0,0,f) = F(y) where
= i
¥ = V?VG—%T'I (78)

When It >>1,y<< 1 and ¢ > 1, F(y) can be simplified in the same manner as
eqn. (53). Inthecase y << 1 If <1, use

l/;l ge it — 1

F(y) ~ P + (79)

o2 — 1

Case I11. Both simple and complex tons are reducible

When the heterogeneous electron transfer rate constants in eqn. (4) are large for
both the simple and complex ions, it follows that both species will approach Nern-
stian behavior such that eqn. (5) and (57) are simultaneously obeyed. If this behavior
can be proved, then it is not difficult to show that the pre-electrochemical rate con-
stants must be large so that ¢ is always zero.

DISCUSSION AND CONCLUSIONS

The current—voltage characteristic and the half-wave potential have been derived
from a kinetic model for systems containing a simple metal ion, M+, complex ion
MXpn—20+  ligand X~ and reduced phase M or M(Hg). For simplicity, linear
diffusion was assumed, but the results were adapted to the polarographic case.

©
10,

B 108
= 10"
E 1047]
~ 591 10%]
- 2
2 °
s 10'
z oA
w 10
L 1
o 10°
= H
w 10
2 | s
; E

1

5
>, ! I | L
T 103 1072 07! | 10 100

LIGAND CONCENTRATION MOLES/LITER
Fig. 1. Calculated half-wave potentials for complex ion reduction:

kf 1e-
MX,- = M+ + 2 X- — M(Hg)
b

It is assumed that K=10-2 and that only the simple ion is reducible. Numbers on each curve refer
to the rate constant function ! = I(&y, kp, Cx) [see eqn. (10)].
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Expressions for half-wave potentials valid over the whole range of ligand concentra-
tion have been given for finite, zero and infinite pseudo first order pre-electrochemical
solution reaction rate constants. In the derivation, the reducible species was restricted
to the simple metal ion only in Case I, the complex ion only in Case II, and both in
CaseIII. The expressions for (E,). can be evaluated in terms of the functions tabulated
by KOUTECKY?23:28,

HALF- WAVE POTENTIAL (mV)

LIGAND CONCENTRATION MOLES /LITER
Fig. 2. Calculated half-wave potentials for complex ion reduction
kf 1Ie~
MXs~ k\—_\ M+ + 2 X- — M(Hg)
b

It is assumed that K = 10-2 and that only the complex ion is reducible. Numbers on each curve
refer to the rate constant function I = I(&y, kp, Cx) [see eqn. (10)].

The results can be illustrated by considering a typical system: a complex ion M Xz~
with K = 102, in which M is an unipositive element. A plot of E, vs. log Cx for
case I, the reversible curve (! = oo0) was calculated from eqn. (2z), assuming all acti-
vity coefficients are unity. The curve for / = o is represented by eqn. (30). Equation
(51) was used to calculate E ; for intermediate values of /. The function F(y) was cal-
culated from eqns. (52), (53), or (54), depending upon the magnitudes of /¢ and o.
A value of £ = 3 sec was assumed as a typical drop time.

Rather than complicating Fig. T unnecessarily, calculations based on the model in
case II are shown in Fig. 2. The reversible curve is the same as in Fig. 1 and the curve
for , = o was obtained from eqn. (70). Curves for intermediate values of / were ob-
tained from eqn. (75) and F(y) was calculated from Tables and eqns. (53) or (79),
depending upon the magnitudes of /f and o.

It is apparent from these curves that plots of E; vs. log Cx could yield erroneous
values for complex equilibrium constants and altogether fictitious values of p if it
has not been proven that no kinetic complications exist. As was shown earlier, plots of
log (2,—1) /1 vs. E yield straight lines for reversible electron transfers whether a current-
limiting, pre-electrochemical kinetic complication exists or not. Thus, it is not suffi-
cient to show linearity of log (1,—)/i vs. E as a criterion for validity of the E, vs.
log Cx plotas a means of determining stoichiometric quantities. Some other method,
such as the dependence of the limiting current on the square root of the mercury
column height must be shown as well.
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The mathematical results show that for / very large (extremely labile complexes),
it is not possible to distinguish from limiting current measurements or half-wave
potentials whether the simple ion, complex ion or both are reducible. Models based
upon the assumption that only one of the species is reducible lead to the same ex-
pression for half-wave potentials vs. log Cx in the limiting case of / = co. However,
when a slow prior solution reaction produces a reducible species from non-reducible
materials, it-is possible to make a reasonably certain assignment of the reducible
species from either dependence of limiting current on log Cx or dependence of E ; (obs.)
onlogCx.

Two major omissions of principle in this treatment were made for mathematical
simplicity : one is the variation in the ligand concentration near the electrode surface
as current flows. Throughout the treatment, the ligand concentration is presumed
constant throughout the solution — a requirement which cannot be realized physic-
ally at very dilute ligand levels. Incorporation of outward diffusion of ligand from the
electrode surface makes the problem considerably more difficult. Approximate
account of this effect can be taken by the method of LINGANE38 where the ligand
concentration at the electrode surface, (Cx)o, is expressed in terms of current, thus,
for a plane electrode,

pi
(Cx)o ;CX 7 Dii

or, for a dropping mercury electrode,
pi

Cx)o ~ C; _—
( X)(): \’-'1-1/7/31))(‘l

The experimental result of the higher-than-bulk concentration of ligand at the elec-
trode surface is that the measured value of (E ). will be more negative than the value
calculated from eqns. (22) or (70). The exact solution to this problem has been given
by Cizex, KoryTA AND KOUTECKY33, who have shown that the proper expression for
111 at low ligand concentrations is their G(f), rather than F(y) used above.

The second major omission is that of double layer structure and its significant effect
on measured pre-electrochemical rate constants. Experimental evaluation of the
effect has been given by DELAHAY and co-workers39:40 and by GIERsT41. The exact
theory developed by GIERST AND Hurwitz42, HUurRwiTZ43, and by MATSUDA%4
suggests that a suitable correction can be made by inserting the Matsuda G function
into y in eqns. (51), (52), (54), (55), (75) and (79). For mathematical convenience, a
constant diffusion coefficient for complex ion, simple ion and reduced form was as-
sumed. A discussion of this assumption is given in the Appendix, and two types of
approximation are considered in accounting for different diffusion coefficients.

Applicability of the half-wave potential equations to systems in mobile equili-
brium is well known through the numerous studies using the DeFord- Hume equation.
No examples of reversible complex ion reductions with completely immobile equili-
brium between complex and simple ions are known to the author. Experimentally,
kinetic complexity in complex ion reductions has been often observed. Early litera-
ture is summarized by PARRY AND LyoNs4% and other examples are given by DELA-
HAY*8:47 and by KORYTA ef al.7-16, Testing the behavior of (E ). vs. log ligand con-
centration in these systems is often complicated by other factors which become im-
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portant during the dilution of ligand concentration relative to metal concentration.
Among these are: (1) multiple complexes which would require a more elaborate
theory, (2) irreversible reduction of either complex, simple ion or intermediate com-
plexes, and (3) rate constants too fast so that extreme ligand dilution is required to
observe deviations in E | from the reversible curve.

SUMMARY -

A kinetic model for electrode processes with prior solution reactions has been ex-
plored for the case of reversible electron transfers. A general expression for the cur-
rent—voltage characteristic has been derived which is valid for all values of the
pre-electrochemical solution reaction rate constants. The equations have been applied
to the case of polarographic complex ion reductions where either the simple ion,
complex ion, or both are electrochemically active. The following results were derived:

(1) For very large rate constants, the current-voltage characteristic and half-
wave potential are independent of the reaction mechanism.

(z) For intermediate and small values of the rate constants, E; vs. log ligand con-
centration depends upon the mechanism and is diagnostic for the electroactive species.

(3) For complex ion reductions with slow prior solution reactions, the slope of a
plot of E, vs. log ligand concentration yields spurious values of the ligand-to-metal
ratio in the complex.

(4) A modification of the Lingane-Freyhold—von Stackelberg equation for E,
of reversible complex ion reductions is derived which is valid for all concentrations of
the ligand.
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APPENDIX

KINETIC BEHAVIOR WHEN THE COMPLEX ION, AND REDUCTION PRODUCT HAVE DIFFER-
ENT DIFFUSION COEFFICIENTS

When account is taken of differences in the diffusion coefficients of the species
MX(»—»b)+, M+» and M (Hg), eqn (2) must be modified by inserting the appropriate
diffusion coefficients Dy, Do, and Dg in the first terms on the right. Boundary con-
ditions in eqns (7a)—(7e) are unchanged, while (7f) becomes for

t>o0,x=o0

)Cr 3Co
Dp — = — Do — (80)
x hE7
It is not difficult to show that defining y (x,f) and ¢ (x,t) by eqns. (8a) and (8b) fails
to give separation of variables; consequently, exact solution of the problem cannot
be made on this basis.
KouTECKY?5 has given a useful approximation in analyses of currents limited by
the combination of two electro-inactive materials to yield an electro-active species.
For the present problem, we define by analogy

DyCy(x,t) + DoCo(x,t)

1) = 81
y(.1) Dy (81)
where
DyCuxp + DoCum Dy + DoK|[Cx?
DW = = (82)
Cuxp + Cu 1 + K|Cx?
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Dy, represents a mean diffusion coefficient. Similarly, if we define

DoColxt) — K|Cx? Dy Cy(x,t)

%1 = 8
@(x.1) Do (83)
where
Dy + Do K|[CxP
Dy = ————— (84)
1 + K[Cx?
we have approximately,
Y ANy
—~ D 85a
o =" w2 I
QP A
— ~ Dy —— —I 85t
N = (4 oxt 3 (85b)
dCr 22Cg
— ~ Dr (85¢
’n = dx2
which become exact at the extreme conditions that Cx >> o or Cx &~ o where
Dy = Dy = Dy or Dy = Dy = Dy (86)

respectively. Carrying through the same steps indicated in eqns. (11)—(13) and re-
membering that as / — oo

. Cr Co dCy b7

i= — nFAD,,(‘-) — nFA [Do ——] + Dy(*—) ] ~ nFAD, (—) (87)
X [ z-0 ¥ Jz-0 X/ z-0] = 0x [ z=0
and that
. nFADyx 88
(ta)e = 77:7— (88)
nFADgtCg®
B — ey — (89)
|/t

one obtains
B K|[Cx?(iq)eDr? — [1 4+ K[Cx?)0(ia)aDy?

(90)
K|Cx?Dgr} — [1 + K[Cx?)OD?
and
0 K/Cx"DR‘ ((id)p — 1 )
[+ K/Cx?)Dyt \ i — (ia)a
or
RT fo RT K|[Cx? RT Dr\! RT (ig)e — 1
E=FE+ —In— —In —M8M8M — ——ﬂ(—) + —In ——
nF  fr nF 14+ K|CxP nF Ly nF i — (ta)a (92)

Equation (92) compares with eqn. (19) when the diffusion coefficient of each species is
different; and the approximations defined in eqns. (82) and (84) are used. These
approximations are not particularly useful since Dy! cannot be readily expanded,
in terms of individual diffusion coefficients.

In polarography, an alternate approximation can be used which yields the :—E
characteristic in a more tractable form. Instead of eqn. (82), we define a mean-root
diffusion coefficient Dy’

(D)1 DyCuxp + Do*Cu _ Dy} + Do*K|[Cx? 05
¥ T Caxpt Cw I + K/Cx?
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and a corresponding Dy. These equations are again exact at the extremes Cx >> o or
CX X 0.

The kinetic derivation yields an equation of the form of (92) with (Dy,")} substituted
for (Dy)}. For the case of a mercury electrode, the half-wave potential becomes

RT  fu RT
(E‘)(‘ =&+ —In—- K/C‘\’p < DM(HE)' — —— In Dp‘ + Dyt - K/C‘\'pJ
. nF nF

g (94)

or, in a form similar to the often-quoted equation of LINGANE!8,

fuK ppng'? RT RT [ K (D.u) ']
e In |1 +
Cx?

—— InCx — — —_—
p— InCx D,

E £ =
ce=¢€¢+—In —
(E nF  fug Dpt nF nF

where Dy is the diffusion coefficient of the complex.

Although we have not solved the boundary value problem when activity coefficients
of the species M X,(»—p0)+ Mn+ and M(Hg) are introduced into the diffusion equa-
tions, it is thermodynamically consistent to substitute Kfy/foCx?fx? for K/Cx? and to
insert activity coefficients in the expression for Dy’. Then

Dot 4 Db P pa g pa 1P
(Dy)1 = Jobrt e (96)
Kfy Kfy
FoCurfr " Carfr

Equation (95) becomes:

RT Kfp ( Dauey\? RT RT Kfp Dyt
(E)e =4+ —1In ( ) — p—InCxfx — —1n [(1 + ——————)] (97)
nF  fumg\ Dp nF nF SfuCxrfxP Dyt

This equation differs from that of LINGANE48, by addition of the last term on the
right. Equation (97), when written in the form

Kfp ( D.uum)‘
RT A C® ~p('D
(e = g e iy (PRI T (98)
nk Kfp (DM)’

I == | —
S Cx?fxP\ Dy

is readily seen to converge to the value

et Eln fu (D.\I(Hgn)‘
Dy

(99)
nF  fume

when K — o0 or Cxfx — o.

Equation (g9) is the expression for the half-wave potential for the reduction of a
simple metal ion soluble in mercury (E;);. The equation for (E,) given by LINGANE
diverges when the dissociation constant is very large or Cxfx is very small. Thus,
the LINGANE equation is valid only for strong complexes or high ligand concentra-
tions such that the term K/Cx?fx? < < 1. The omission is equivalent to ignoring the
non-complexed metal ion concentration.

The correct equation for (E,). could have been obtained by the quasi-thermo-
dynamic method used by LINGANE4? if an additional term had been added to the
expression for ¢, corresponding to diffusion of the simple metal ion. Thus, starting
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with thermodynamic equation for the potential of the dropping mercury electrode

0
RT K RT C Cx0)?
Ede —ig + ln f” ln M(HK)( X)
nF  fumefx? nF P

(100)

and expressing Cu® ) and C,° in terms of current, where the superscnpt o indicates
electrode surface concentrations, the approximate equation is

t = kp(Cp — Cp°) + km(Cyx — Cm®) = kmue)Cmng) (1o1a)
In addition
(¢a)e = kpCp + kMCm (ro1b)
whence
(id)r —1
Cpd = (r02)
P
kpl1 + —
ko fuCx? fx?
It follows that
RT RT RT k kufpoK
(Ey)e = e+ — Jelt —p—InCx ——1n t (1 il ) (103)
nF fwmg)fx” nkF nF Ry ug) kpfuCx?fx?

This expression is identical with (97) when it is realized that k,, Amme,) and ky are
proportional to the square roots of the diffusion coefficients of the complex ion, the
metal in the amalgam, and the simple, hydrated metal ion. The omission of the last
on the right term occurred by introducing a mechanism into a basically thermodyna-
mic equation. The generalized von Stackelberg—Freyhold—-Lingane equation (103)
is consistent with the totally kinetic derivation represented in eqn. (97).

J- Electroanal. Chem., 5 (1963) 295-314



JOURNAL OF ELECTROANALYTICAL CHEMISTRY 315

Short Communication

Etude électrochimique de la précipitation des halogénures d’argent
dans les mélanges eau-tétrahydrofuranne

Malgré une constante diélectrique faible (¢ = 7.35) le tétrahydrofuranne anhydre
peut étre rendu conducteur par addition de perchlorate de lithium. Lorsque ce sel
atteint une concentration égale a 0.3 M, la conductivité du solvant est suffisante pour
permettre des déterminations voltammeétriques!. En particulier I'étude de I'oxydation
anodique de I'argent en présence de chlorure de lithium?2 a permis de déterminer la
constante d’équilibre correspondant 4 la réaction

|LiClOy|

AgClOy4 + LiCl = AgCl | + LiClOs (pK = log—— & _ ¢
Beie 9CL). -+ L1k ip 8 AgCl04] |LiCl]

Nous avons repris 1'étude de cet équilibre dans différents mélanges eau—tétrahydro-
furanne et montré que le pK de cette réaction croit avec le pourcentage x de tétra-
hydrofuranne (¥ = 9, en volume): dans’eau (¥ = o) pK = 9.5; x = 909, pK = 13.6;
x = 95% PK = 14.7; x = 989, pK = 15.6. Dans les mélanges riches en tétrahydro-
furanne, la précipitation du chlorure d’argent est donc beaucoup plus quantitative que
dans I'eau. De ce fait, on peut envisager dans ces solvants, le titrage de solutions dilu-
ées de chlorure. Nous avons choisi d’utiliser la coulométrie pour introduire I'argent
nécessaire au dosage. Le point équivalent est mis en évidence par une potentiométrie
a courant nul (électrode indicatrice d’argent). Dans ces conditions, les solutions de
chlorures 10-3 M sont dosées a 0.29%,, les solutions 10-4 M a 19, 4 1073 M a 29, et
10-5 M a 109, prés.

Dans ces mémes solvants, l'existence de complexes solubles bromure ou iodure
d’argent est révélée par les courbes de titrage potentiométrique de ces halogénures par
le perchlorate d’argent. Dans le cas des bromures, seuls les solvants riches en tétra-
hydrofuranne (x > 909,) permettent de mettre en évidence ces complexes. Plus
stables dans le cas des iodures, ces complexes apparaissent déja en présence de 65%,
de tétrahydrofuranne. Dans ce solvant pur, on peut observer deux sauts potentio-
métriques distincts lors du titrage de 1'iodure de lithium par le perchlorate d’argent:
le premier palier se situe vers —1.0 V/Ag{ - AgClO4saturé, et correspond ala formation
des complexes riches en iodure (formule probable Agl:Li), le second palier est placé
vers —0.8 V et traduit la précipitation de 'iodure d’argent Agl. L’existence de com-
plexes de ce type a été signalée dans des solvants tel que 'acétone3. L’étude détaillée
de ces réactions fait I'objet d’un autre mémoire?.

Laboratoire de Chimie Analytique, A. LEVAVASEUR
Ecole Supérieure de Physique et de Chimie Industrielles, J. BAD0z-LAMBLING
Paris( France)

1 J. BaD0z-LAMBLING ET M. SaT0, Congrés de Chimie Analytique avril 1961, Budapest. Acta
Chim. Acad. Sci. Hung., 32 (1962) 191; M. Sat0, Diplome d’Etudes Supévieures, Paris, juin 1961.

2 J. BAD0z-LAMBLING ET M. SATO, C.R. Acad. Sci., 254 (1962) 3354.

3 B. ALTHIN, E. WAHLIN ET L. G. SILLEN, Act. Chim. Scand., 3 (1949) 321.

* A. LEVAVASSEUR, Dipldme d’Etudes Supérieures, Paris, juin 1962.
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J. Electroanal. Chem., 5 (1963) 315



316 JOURNAL OF ELECTROANALYTICAL CHEMISTRY

Book Reviews

Handbook of Mathematical Tables, by S. M. SELBY, R. C. WEasT, R. S. SANKLAND AND C. D.
Hobceman, Chemical Rubber Co., Cleveland, 1962, x + 579 pages, $7.50

This is a slightly enlarged edition of the mathematical tables contained in the well known Hand-
book of Chemistry and Physics. The following tables appear in the present volume in addition to
those in the 42nd edition of the handbook (1960-61). Six-place logarithms; square of sine, cosine
and their products; random units; Bessel functions (additional text); Legendre Functions;
surface zonal harmonics; algebra, basic concepts for sets, integrals, domains, groups, fields and
rings; Taylor and Fouriers series; formulae for vector analysis; planetary orbits; values of
p(1 — p), p(r — p?), Ez (p) and Fp (p); binomial distribution functions; summed binomial
distribution functions; Poisson distributions; summed Poisson distributions; curves and surfaces
often appearing in mathematical literature; interest tables; moment of inertia for various bodies;
mathematical symbols and abbreviations.

Because of the increased page size the tables are easier to read than those printed in the hand-
book.

J. Electroanal. Chem., 5 (1963) 316

Angewandte Konduktometrie, by F. OEHME, A. Huthig, Heidelberg, 1962, 211 pages, D.M. 28.

Conductometric methods have been relatively little used for scientific research or analytical
purposes in the last decade, partly because of inherent limitations but partly, also, because of
an insufficient knowledge of their possibilities. This short monograph is therefore welcome
because it gives a very clear treatment of the basic principles of this method, a good description
of the necessary equipment for both low and high frequency methods, and details of applications
in widely differing fields of research. Amongst the applications discussed are the preparation
and purity control of solvents, the possibilities of structural determinations based on the inter-
action between different ions and between ions and solvents, the determination of equilibrium
constants (complexes, hydrogen bonds, acids and bases, etc.), kinetic measurements from direct
conductometric analysis (concentration, electrolyte content of water, solubilities, purity control,
water contents of different materials, etc.) and conductometric titrations in non-aqueous solvents.
The monograph is completed by a list of the most significant publications concerning recent
applications of conductometric and high frequency titrations which have appeared in the last ten
years. In future editions a wider treatment of high frequency methods would be desirable.

G. MiLAzzo, Istituto Superiore di Sanita, Rome
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Handbuch der mikvochemischen Methoden, edited by F. HEcHT AND M. K. ZAcHERL, Volume 3,
Anorganische Chromatographie und Elektrophorese, by M. LEDERER, H. MicHL, K. SCHLOGL AND
A. SIEGEL, Gaschromatographische Methoden in dev anovganischen Analyse, by GERALD KaiNz,
Springer Verlag, Vienna, 1961, 225 pages, D.M. 67.

This volume consists of two independent contributions: one on adsorption, ion exchange, partition
chromatography and paper electrophoresis; and the second on the inorganic applications of gas
chromatography.

The first section commences with a series of general chapters dealing with mechanisms, techni-
ques and general data, which cannot be used as an introduction to the subject but serves very
well as a reference book in a convenient form. The separation of the various elements is treated in
chapters according to the elements, and is arranged in groups corresponding in part to the periodic
table and in part to well-known analytical groups. For each group the methods are subdivided
into adsorption, ion exchange, partition and electrophoresis where, perhaps, subdivision into
techniques e.g. column separations, paper strip separations, etc. might have been more useful. It
is regrettable that the survey appears four years out of date, no references more recent than 1958
being included.

The second part of the book on gas chromatography presents a reasonably good survey of
general gas chromatography techniques but is somewhat inadequate as far as inorganic applica-
tions are concerned. Again, all of the recent and, in this field, more important work has been

omitted.
G. Grassini, University of Rome
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