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DEVELOPMENT OF POLAROGRAPHIC MAXIMA OF THE THIRD KIND
DURING THE GROWTH OF THE SURFACE OF A DROPPING MERCURY
ELECTRODE

Academician A. N. Frumkin,* I. V. Osipov,
N. N. Fedorovich, B. B. Damaskin,
and E. V. Stenina

The adsorption of certain organic surfactants, which form two-dimensional condensed
layers on the boundary of two liquid phases of mercury and a solution results in the appear-
ance of tangential motions of the mercury surface and an increase in the rate of electro-
chemical reactions which are limited by the diffusion step. The current maxima which are
observed in this case on the polarization curves have been termed polarographic maxima of
the third kind [1]. These maxima appear as a result of the nonuniform adsorption of the
organic surfactants over the surface of the dropping electrode, the formation of large as-
sociates from the organic molecules (2, 3] resulting in the appearance of regions with
sharply different values of the surface tension ¢ on the surface of the drop. The phenomena
associated with the hydrodynamic instability of the phase boundary, which is due to the ¢
gradient on that boundary, are known as the Marangoni—Gibbs effect {4]. Thus, polarographic
maxima of the third kind may be treated as a special case of this effect [5].

In [6-8] it was established that the highest values of the maximum currents are
achieved at a given potential E at degrees of filling (8) of the surface by the organic com—
pound ranging from 0.1 to 0.5, the changes in 6 being achieved by changing the volume con-
centration (c¢) of the organic surfactant. The value of 6 can also be varied at ¢ = comst by
varying the concentration of the supporting electrolyte owing to the salting-out effect [9].
Investigations of polarographic maxima of the third kind have been carried out on the drop-
ping mercury electrode, the polarization curves, I(E), and the plots of the differential
capacitance C(E) having been recorded with the use of practically identical capillary tubes,
and the values of I and C having been determined at the end of the life of the mercury drop.
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Fig. 1. Dependence of the current flowing in a
dropping mercury electrode on the time in a so-
lution of 7-107“ M CuSO, + 1 M Na,$0, with addi-
tions of AdOH in a concentration of 6-10~% M
(1-6) at various values of the potential (V):

1) E =~1.402; 2) E = —0.905; 3) E = —0.92; 4)

E = —-0.901; 5) E = —0.85; 6) E = ~0.52; and

with an addition of AdOH in a concentration of
1.8:107“ M at E = —1.036 (7) and 2:10”° M at

E = —0.497 V (8).

Such a procedure did not make it possible to investigate the development of the tan-
gential motions and the formation of the adsorption layer during the growth of the drap,
which information is important for devising a theory for the phenomena studied.

In the present work we carried out an investigation of the appearance and development
of polarographic maxima of the third kind on the dropping mercury electrode on the basis of
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Fig. 2. Polarization curves in a
solution of 7-107* M CuSO, + 1 M
Na,SO, + 6:107° M AdOH constructed
from I(t) plots for various values
" of the time (sec) from the beginning
of the growth of the drop: 1) 0.5;
2) 1.0; 3) 1.5; &4) 2.0; 5) 3.0; 6)
4.0; 7) 5.0; 8) 6.0.

measurements of the dependence of the current flowing in the mercury on the time t at E =
const. The recording of the I(t) plots was carried out with the aid of a model OZ TsLA
oscillographic polarograph. Figure 1 (curves 1-6) presents photographs of several I(t)
curves for various values of E in a solution of 7+10=% M CuSO, + 1 M Na,S0, + 6°107° M
adamantanol (AdOH). These data were used to construct plots of I(E) for different values of
t (Fig. 2). As we see, for the small values of the time (0.1-0.5 sec) and ¢ = 6:10°° M, the
I(E) curve shows one maximum. As the time for the growth of the drop is increased to t =
1.5 sec, the current in the vicinity of the potential of the electrocapillary maximum de-
creases, and the maximum gradually bifurcates (t = 2-6 sec).

Along with the recording to the I(t) plots, we carried out the recording of C(E) plots
on an apparatus which permits the measurement of the capacitance of the double layer at dif-
ferent moments in the life of a drop, beginning with 10"! sec (Fig. 3). As t increases, the
differential capacitance decreases. The data presented were used to calculate the values of
6 for the same moments in the life of the drop for which the I(E) plots were constructed
(Fig. 2). These data show that 6 increases with increasing t.

Let us consider the nature of the dependence of the current on the time for various
potentials. At E = —1.402 V (Fig. 1, curve 1), which corresponds to 6 = 0 and the absence
of tangential motions on the surface of the mercury drop, the current is proportional to
t'/®, which is characteristic of electrochemical reactions whose rates are determined by
diffusion under the condition that the surface of the dropping mercury electrode moves only
in the radial direction. At E = —0.905 V (Fig. 1, curve 2), at which AJOH begins to be ad-
sorbed on the mercury—solution interface, an increase in the current associated with the
tangential motions is observed only at the end of the life of the drop (¢t = 5 sec). At E =
—0.920 V (Fig. 1, curve 3), at which the degree of filling which is optimal for the develop-
ment of the motions is achieved at the end of the life of the drop, the dependence of the
current on the time is practically linear over the course of the entire life of the drop,
this being significantly different from the conditions for diffusion to a radially expanding
drop. The presence of tangential motions is also manifested in the irregular nature of the
I(t) curves (Fig. 1, curves 3-8) and some difference between the I(t) curves recorded on
different drops due to the nonequilibrium nature of the phenomenon under study. The values
of the currents in Fig. 2 were determined by averaging 5 to 10 instantaneous current values.
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Fig. 3. Dependence of the differential
capacitance on the potential in a solution
of 1 M Na,SO, + 6:10"° M AdOH for various
values of the time from the beginning of
the growth of the drop: 1-8) Same as in
Fig. 2; 1'") plot of C(E) in 1 M Na,SO,.

The rate of adsorption increases as the potential of the maximum adsorption Emax 1is ap-
proached (Emax = —0.560 V for adamantanol), causing a shift of the range of optimum degrees
of filling to smaller values of the time and an increase in 6 at the end of the life of the
drop. The general shape of the I(t) curves also changes as a result: Upon the transition
from E = —0.920 to E = 0.901 V (Fig 1, curve 4) the current ceases to increase at the end
of the life of the drop. At E = —0.850 V (Fig. 1, curve 5) the slowing of the tangential
motions at the end of the life of the drop is already appreciable, and the maximum develop-
ment of the motions occurs in the middle of the life of the drop. At a potential of —0.520
V, which is close to Epax, the degrees of filling which are optimal for the development of
motion are achieved approximately 1 sec after the breaking away of the previous drop, and
the maximum values of the currents under these conditions are thus observed at the same

time (Fig. 1, curve 6). Similar laws are also observed for the maximum with positive
charges on the surface.

The measurements of the I(t) curves were also carried out in solutions of adamantanol
with ¢ = 2:107° M and ¢ = 1.8:107® M, and the main laws in these solutions are similar to
those described above (Fig. 1, curves 7 and 8).

Our comparison of the I(E), C(E), and 6(E) under the conditions ¢ = 6:10"° M and ¢t = 1
sec shows that the appearance of the polarographic maxima of the third kind is due to the
adsorption of organic surfactants, in agreement with the previously established laws.

The comparison of the dependence of I on 6 for several potentials in the vicinity of
the maximum adsorption shows that the most intense motions of the mercury surface are ob-

served at 6 values ranging from 0.1 to 0.5. This is consistent with the results obtained
by other methods [6-8].

The analysis of the C(t) curves we obtained shows that, unlike most organic surfactants,
in the case of the adsorption of AdOH, the slowness of the adsorption step itself, along
with the slowness of the diffusion step, has a significant effect on the adsorption kinetics.
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PHYSICOCHEMICAL ANALYSIS OF EXTRACTION SYSTEMS WITH NEUTRAL
REAGENTS

G. A. Yagodin,t V. V. Sergievskii, UDC 542,621
and L. B. Fedyanina

Physicochemical analysis, whose principles were developed by N. S. Kurnakov et al. [I1,
2], has been widely used for the determination of the composition and type of compounds
forming in liquid and solid solutions from compositiom—property diagrams. The use of the
methods employing isomolar series, displacement of the equilibrium, saturation, and so forth
for the determination of the solvate numbers qj, as well as the construction of partition-
coefficient—composition diagrams in the analysis of the partition of inorganic compounds in
heterogeneous liquid—liquid systems, usually does not lead to unambiguous results [3, 47].

The extraction of acids and salts of metals by neutral organic reagents is accompanied
by the formation of hydrated solvates [5]. In the case of the partition of a one-to-one
electrolvte upon the formation in the system of hydrated solvates which are undissociated
in the organic phase, we can write

Yo Y ¢S+Y hiH:0 =) O, 5, HOw,,

where M and X are the cation and anion of the substance being extracted, S is the extractant,
hj is the extent of hydration, and the bar above the letters signifies here and in the fol-
lowing that the component or its property belongs to the organic phase.

With consideration of the equations of material balance and the definition of the ac-
tivity of a solute in an organic solvent in the presence of water [6], the expression for
the calculation of the thermodynamic partition (Pt) and extraction (Kt) constants becomes

P=r?z/a=2 PPty exp{ho.Y} 1)

and

P= 2 piKi[("_"isn - Zq"mi)q'ﬁg,‘/\—’i' exp{ho.:Y}, (2)

where a is the activity of the partitioned substance in the equilibrium aqueous solution,
Y= (ag— 1 (1 — lnay), ay is the equilibriumactivity of water in the system, m and mj are the
molar concentrations of the partitioned substance and the corresponding complexes in the
organic phase, ﬁ%n is the initial concentration of the extractant, vi* is the activity co-
efficient of the partitioned substance in the dry extractant, ¥s,i is the activity coeffi-
cient of the "free" extractant, and P is the effective partition constant. As before [6],
it is assumed that the extent of hydration hj is linearly dependent on the activity of the
water ho,i and hq,i, i.e., the extent of hydration of the complexes in the organic phase
when ay = 1. The activity of the complexes in the organic phase is defined relative to hy-
pothetical solutions of unit molarity with the properties of infinitely dilute solutions in
the extractant saturated with water when ay = 1.

The values of P and Y are easily found from the experimental data. From Eqs. (1) and
(2) it follows that the plots of the dependence of In P on Y in the case of the formation
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