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reason, this particular section of the line is shown dotted. 5.
The data show that the activation energy Ey for the oxidation
of carbon monoxide on a platinum surface is 45000 cal mole™; 6.

the corresponding value of &, is 10*®. The kinetic equation
is thus
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where [CO] is the molar concentration of carbon monoxide.

The Combustion of Carbon Monoxide in a Copper Tube

The experiments were conducted at 450°~730°, with flow
rates of 6—15 m sec™® and initial concentrations of carbon
monoxide of 3—5%. Otherwise conditions were the same
as for the experiments with a platinum tube.

The results, presented in Fig.5, show that at low rates
of flow the oxidation of carbon monoxide in a copper capil-
lary begins at 440°; at 660°-"700° its extent reaches 80%.
At a higher temperature (800°) the walls of the tube became
covered with a layer of copper oxide, which reduced
markedly the degree of oxidation. For instance, at 760°
the extent of oxidation was 40%.

The experimental data are shown in Fig.3. Using the
previously described method of allowing for the spatial
combustion and calculating k*, it is possible to evaluate the
role of the homogeneous reaction and of diffusion of reactants
to the walls and to determine the value of 2 for the whole
temperature range. The results of such calculations are
shown in Fig.5. The data show that the activation energy
E, for a copper tube is 22 000 cal mole™ and k, = 10%. The
diffusional limit lies in a temperature region around 900°.
The kinetic equation takes the form

POLAROGRAPHIC MAXIMA OF THE FIRST
ORDER. DEPENDENCE OF MAXIMUM
CURRENT ON CONCENTRATION OF
REDUCIBLE SUBSTANCE AND CONDUC-
TIVITY OF SOLUTION

T.I. Popova ‘and T.A.Kryukova

The reason for the appearance of first-order maxima on
polarographic current vs. potential curves was established
by Frumkin and Bruns! as early as 1934, and since then
such maxima have been studied both experimentally and
theoretically by many investigators2~°, Until recently, }
however, the complex dependence of the first-order maxi-
mum current on the concentration of reducible substance
and on the conductivity of the solution has remained unex-
plained. The causes of the arrest of movement with
growth in the negative charge on the surface and the shape
of the negative maximum, which differs markedly from
that of the positive maximum, have also remained obscure.

Great differences of opinion exist about the dependence
of the first-order maximum current on concentration.
Several workers 14 consider this dependence to be linear;
others!%,!® agsume the height of the maximum to be pro-
portional to the concentration of reducible substance raised
to a power greater than unity. According to Herasymenko
et al.1? the exponent is 1.5; the value calculated from the

ﬁ[?ctQi]. = 1(°[CO)exp(-22 000/RT) moles cm 3 gec™,
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SUMMARY

1. Using 2 platinum tube, a heterogeneous reaction on
platinum has been studied at 320°-850°, and the diffusion
constant measured. The combustion of carbon monoxide
on platinum has been shown to have a high activation
energy (about 45000 cal mole™) and a high pre-exponen-
tial factor. Even in the narrow tube studied, the hetero-
geneous oxidation of carbon monoxide becomes limited by
diffusion in the region of temperatures as low as 400° and
is therefore only slightly dependent on temperature.

2. From the constant for the spatial combustion of CO, ob-
tained with a quartz tube, and the values of the diffusion
constants, it was possible to determine the characteris-
tics of the combustion of carbon monoxide on platinum
and copper surfaces.
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data of Kolthoff and Lingane?®® is almost 2 (if their extra-
polated current values are accepted as correct).

Frumkin and Levich?® have shown theoretically that the
maximum current should be, within certain limits, propor-
tional to the square of the concentration and inversely pro-
portional to the square root of the conductivity of the solu~
tion. With regard to the latter, it was observed long ago
that the height of the maximum for a given concentration of
reducible substance ig greatly affected by change in thecon~
ductivity of the solution, all investigators having noted the
existence of certain optimum conditions (concentration of
supporting electrolyte), under which the maximum has its
highest value. Different electrolyte concentrations have
been indicated: 0.001N KCl in the case of the reduction of

oxygen!»'7:20; and equal to the concentration of the re-
ducible substance itself2!,

All the investigations show that the maximum is absent
with a very low concentration of supporting electrolyte, in-
creases as the concentration rises to a certain limit, then

. falls, disappearing completely in concentrated solutions.

Later investigations22-%¢ ghowed the incorrectness of this |
last statement, and gave examples of first-order maxima
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in 1-6N solutions of supporting electrolytes, thus demon-
strating that it is not the absolute magnitude of the con- :
centration of supporting electrolyte which is important, but
the ratio between this concentration and that of the redu-
cible substance. .

The cause of the marked discrepancies between the
results of different investigators lies in differences in
experimental conditions and in'factors which they disre-
garded — presence of traces of surface-active substances
in the form of so-called “natural” polarographic contamina-
tion and in the presence of tangential motion of the mercury
surface'as it runs out — both of which can strongly distort
the results.

The aim of this work was to study the dependence of the
first-order maximum on the concentrations of reducible
substance and supporting electrolyte under conditions which
avoided the appearance of second-order maxima in the al-
most complete absence of surface-active substances.

EXPERIMENTAL

. Measurements with the dropping electrode were carried
out in the apparatus described previously®. The appa-
ratus depicted in Fig.1 was made for experiments in which
radial movement of the surface of the drop, due to its
growth, was also eliminated.

Fig.1, Vessel for measurements with
fixed mercury drop.

The cathode 1 is fixed at the centre of the apparatus by
means of a ground joint, and consists of a capillary of
internal diameter 1 mm which connects through a tap with
the mercury reservoir 2, which itself connects through the
side tube 3 with a bulb for producing pressure. With tap 4
open, mercury was forced out of the capillary, and as soon
as a drop of the required size has been formed the tap was
closed. The anode was a platinum disc 5 1 cm in diameter,
which could be introduced into the electrolytic cell through
the cover 6 provided with a mercury seal 7. Polarisation
of the fixed mercury electrode and measurement of the cur-
rent were accomplished in the same way as with the usual
dropping electrode. ' The cathode potential was measured
by means of a 0.01N calomel electrode, the siphon 8 of
which was brought through the ground-in side outlet 9to a
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Fig.2. Variation of maximum current with concentration of
meroury in KCI solutions of different concentrations (drop-
ping electrode).

distance of 0.1 mm from the surface of the drop. 'By
rotating the ground joint 9 the tip of the siphon could be
turned away from the mercury drop while the current was

‘being measured.

Solution was run into the apparatus through the cover 6.
The apparatus was connected to a supply of pure hydrogen
via the U-tube 10 and the ground joint 11. A capillary 12
was sealed inside the U-tube, and to it was sealed the outlet
tube 13 from the bottom of the vessel. Solution from the
lower part of the apparatus was transferred to the upper
part through the tube 14, and in this way mixing of the solu-
tion was achieved. The hydrogen emerged from the appa-
ratus through the tube 15, which was provided with a water
seal. Solution was run out of the apparatus through the
tube 16.

The size of the drop was not the same from experiment
to experiment, and therefore in the case of the fixed drop
current densities in A/cm? are always given instead of the
total current through the drop, as with the dropping elec~
trode.

Three quite different concentrations of suppor -
trolyte (0.1, 0.01, and 0.001N KCI or KCI0,) g%geﬁ:fo:éicto
study the dependence of the maximum current on the concen-
tration of reducible substance. The curves in Fig.2, ob-
tained with a dropping electrode, show that no maxi,mum
arises at low concentrations of mercury ions. As the mer-
cury concentration rises, a maximum develops, appearing
at a lower concentration the lower the conductivity of the
solution,

A similar relation between maximum current and con-
centration of reducible substance is observed with the '
negative maximum for zinc (dropping electrode, Fig.3).
The im V8. ¢ curves for different electrolyte conductivities
intersect in this case also.

Experiments with the fixed mercury drop show that the
relation between maximum current and concentration re-
mains of the same character as with the dropping elec-
trode (Fig.4). '

Fig.5 shows curves obtained for the change in maximum
current with conductivity of the solution for a dropping
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Concentration of mercury and zinc ions and corresponding
optimum conductivities of solution (dropping electrode).

Optimum timum
Conen. of mers Conc. of zinc
oy Yomn W | o, (%010 o6 | condugrivi
1.0.10-¢ 1.94.10-4 9,4-10-¢ 1.35.10~0
2.17-40-¢ 2,81-10-¢ 4.3.40-8 6.3.10-%
1.09.10-* 1.55-10-2 8.3-10-2 1.3.19-0
1.74.10? 2.55.10-°
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Fig.3. Variaticn of maximum current with

concentration of zinc in KCI solutions of dif-
ferent concentrations (dropping electrode).

electrode in KC1O, solutions with constant concentrations
(1074 and 103 N) of mercury. When the conductivity is
very low there is no maximum, but as it increases a sharp
maximum appears, itself increasing to a certain maximum
value; with further increase in conductivity, the maximum
becomes more and more rounded, and gradually decreases,
until finally it vanishes altogether at a definite concentra-
tion of supporting electrolyte, which exceeds that of the re~
ducible substance by a factor of about 200-250. A typical
curve for the change in maximum current with conductivity
of the solution is shown in Fig.6. It follows from the above
data that a definite conductivity of the solution exists at
which the maximum has its greatest value, and this will be
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Fig.4. Variation of maximum current with
concentration of mercury [Hgy(ClO)] in
KCl0O; solutions of different concentrations
(fixed mercury drop).

subsequently termed the “optimum conductivity”. The
accompanying Table gives values of the optimum conduc-
tivity both for mercury ions and for zinc ions.

Over the concentration range investigated, the optimum
conductivity varies linearly with the concentration of re-
ducible ion:

Kopt = 1.56‘,
where ¢ is measured in equiv. litre™ and k in 2t ecm™,

In the case of the fixed mercury electrode the optimum
conductivity varies in a different way with concentration,

©oe.g.

Optimum conductivity,
Q7tem™x 10™

Concentration of
mercury ions, N

1.0x 10™ 0.98
4,9%x 10™ 2.41
1.2x 107 2.6

The shape of the negative maxima, obtained, for example,
during the discharge of zinc ions, differs markedly from
that of the positive maxima (e.g. those of mercury). A
negative maximum is most developed at the half-wave poten-
tial, and the fall in current begins at potentials at which the
limiting current has not yet been reached (Fig.7). This is
especially clearly shown in ¢ vs. ¢ curves obtained with the
fixed drop electrode, but can also be observed with the usual
dropping electrode when the applied voltage is varied slowly
(the automatic recording of polarisation curves generally
makes it impossible to observe this feature). Such maxima
can be found in the literature 26,37,

_ DISCUSSION

The rate of tangential motion of the surface, v:, which
governs the appearance of first-order maxima on the
i v8. ¢ curve, is determined, according to the theory of
Frumkin and Levich?!®, by, other conditions being the same,
the potential difference A® along the drop and the surface
charge €:

=1 Ade
Ve T 3 30" + (€7/k)’ ()

where A® is proportional to the intensity of the electric
field E and the radius of the drop a:

A% = 3qE = 3a i:cﬂ (2)

The magnitude of €2/k, which has the dimensions of vis-
cosity, is in Eqn. (1) a measure of the retardation of the
tangential motion. The magnitude of the current, increased
by the tangential motion of the surface of the mercury drop,
can be represented as a function of the ratio of the speed of
movement to the field strength with a drop of unit radius,
i.e. of the quantity Z, termed by Frumkin and Levich the
“specific surface mobility”:

_ €
z= 20+ 3p + (€2/K)" ®)

It can be shown, from a theoretical consideration of the
variation of the first-order maximum current with the con-
ductivity of the solution, that

im=kr™08, 4)

Experiment shows that the decrease in peak current with
increase in conductivity can be represented, at values of
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Fig.5. . Polarisation curves obtained in various solutions:
@) 10~ N Hg,(C10y), + KCLO, of the following concentrations,
N: 1)2x 1074 2)107%; 38)4x 10-% 4) 6x 107%; 5)107%
6) 1.5 X 107%; p) 1073 N Hg,(C10;), + KC10, of the following
concentrations, N: 1) 2x 10~%; 2)107%; 3)107% 4)5x

x 1072 5)10-1; g)s5x 107 Ty 1; 8)2.

K > Kopt, by the equation
im=kK™?, )
where -0.6 > 8 > -0.7.

This formula expresses the variation of the maximum
current with the conductivity of the solution for both the
dropping and the fixed electrodes. The data, which have
been cited, show that at conductivities greater than the
optimum experimental results agree approximately with
theoretical deductions in the case of positive first-order
maxima. With negative first-order maxima, the decrease
in current with increase in conductivity above the optimum
value is more rapid than that shown by Eqn. (5).

The decrease in maximum current when the conductivity
is diminished to low values and the existence of an optimum
conductivity do not follow directly from the above theory.
The existence of an optimum conductivity can be explained
by examining the variation of A® with conductivity and of 2
with potential.

At conductivities below the optimum, a considerable
potential difference is still produced along the surface,
which might lead to motion, but the mobility of the surface
changes abruptly with potential®®, As a result, vigorous
movement occurs only over a very limited portion of the
surface of the drop, over which the potential is close to
the value for maximum mobility. At the remaining por-
tions of the surface of the drop, at which vigorous move-
ment could be produced by a high value of A®, it is not
developed, since the surface is practically immobile, any
movement being strongly opposed by the charge on the
electrical double layer. For example, on a drop of sur-

face S = 4% 10™2cm?, at a current of 2% 107 A, and k =
=5X107%Qecm™,

Ag = 38X 107X 2 X 108
EX 105X 4% 1072

= 0,18 V. (6)
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The mobility of the surface can change more than four-fold
over this range of potentials.

Visual observations of the movement of solution near the
mercury drop have shown that in fact a very small propor-
tion of the surface of the drop is in motion in this case: the
moving zone has a width of about 0.1 mm with a drop of
1 mm diameter. When the conductivity is increased, with
the potential difference along the drop kept the same, the
width of the surface of the mercury drop which is in motion
is greatly increased, as can be seen from Fig.8.

The variation in the maximum current with the concen-
tration of reducible substance can be represented by the
empirical equations

im= 2.8c}®

im= 4.0c}"”

(for 0.01N KC1), )
(for 0.1N KC1), . (8)
when imis measuredin microampéresandc,inequiv. litre™!,

The curves for the variation in maximum current with
concentration can be satisfactorily represented by these
equations only within a comparatively narrow range of con-
centrations of mercury ions, from 4.0 X 10™ to 4 X 10~ N
in the {first case, and from 5X 107 to 5X 10™3N in the
second. The reason for this is that, when the concentration
of reducible substance is altered, the optimum conductivity
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conductivity for a mercury concentration of
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Fig.7. Polarisation curves obtained in 0.1 N
KCl + ZnCl, of the following concentrations, N;

1)107%; °2) 8% 107%;  3) 3.44 X 10~3 (dropping

electrode).
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Fig.8. Visual observations of motion of solution
close to surface of dropping mercury electrode:
a) conductivity of solution less than optimum;

b) at optimum conductivity of solution.

is also changed. This is one of thecauses of the divergence
between the results of different investigators on the depen-
dence of the size of the maximum on the concentration,
For a constant conductivity, the corresponding equation
represents the variation of maximum current with concen-
tration of reducible substance only between concentrations
which differ by a factor of at most 10.

The above relationship can be expressed in a similar
manner in the case of the reduction of mercury ions at a
fixed drop:

im= 1.5¢4¢ (for 0.001N KCl); (9)
im="7.0c}® (for 0.01N KC1); (10)
im=17.8¢2 (for 0.1N KCI). (11)

These experiments, especially with 0.01 and 0.1NKC1
solutions, demonstrate the applicability, within a certain
range of concentrations of reducible substance, of the
approximate formula of Frumkin and Levich!®:

jm=kDx ‘-V'(ZP" + 3#')%(”1;‘00)2:

where jm denotes the current density.

(12)

In the derivation of this equation it was assumed thatthe
potential differences along the drop are small. Experi-
ment shows that, under conditions such that this require-
ment is met, the maximum current is in fact proportional
to the concentration raised to a power which is close to 2.

In studying the dependence of the size of negative
maxima on the concentration of reducible substance, ex-
periments were carried out only with 0.01 and 0.1N KCl1
solutions (dropping electrode); negative maxima for zinc
appear only at concentrations which are considerably
greater than those at which positive maxima appear, and
0.001N solutions of supporting electrolyte cannot be used.

The variation of maximum current with concentration
of zinc ions (dropping electrode) can be represented by the
following equations:

im= 0.3¢}7 (for 0.01N KCl);
im= 0.65¢c3* (for 0.1N KCI).

With zinc ions the variation of maximum current with
concentration is characterised by smaller values of the
coefficients. The rate of movement of the surface of the

r

(13)

* Probably a misprint in original; the exponent of ¢g Is pre-
sumably close to 2 (Ed. of Translation).

(14)

e

mercury electrode is usually one-twentieth of that in ana-

logous cases with positive maxima.

It is known also from

practical polarography that negative maxima are usually

smaller than positive maxima.

The causes of this pheno-

menon have been analysed in the work of Frumkin and
Levich?!®,

SUMMARY

1.

1=

1.

10.
11,
12.

13.

14.
15.

16.
17.

18.
19.
20,

21.
22,

An explanation is given for the existence of an optimum

conductivity, at which the current maximum has its
greatest value.

. 'Thevariation of the magnitude of the first-order positive

maximum with the conductivity of the solution, as the
latter increases beyond its optimum value, is represented
by an equation in k raised to a power between -0.6 and
-0.7, close to the theoretical value of -0.5

The variation of the magnitude of the current maximum
with concentration of reducible substance is represented
by an equation in which the exponent of the concentration
is 1.6—1.8 with a dropping electrode under normal con-
ditions of polarography, and the exponent is 2, corres-

ponding to the theoretical value, with a fixed mercury
drop.
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POLAROGRAPHIC DETERMINATION OF

THE ACTIVITY COEFFICIENT OF THE
CADMIUM ION

Ya.I. Tur'yan, Yu. S.Milyavskii,
and B.P.Zhantalai .

In the electrochemical determination of the activity co-

efficients of individual ions over a wide range of ionic

strengths, it is necessaryto allow for the Hquid-junction or
diffusion potential at the boundary with the reference elec-

trode. This problem can be solved with sufficient accuracy
by means of the following voltaic cell?

Hg| Hg,Cl, 0,1 M NaCl, ¢, (NaClO,),
1M NaClo, o, (M*9),

x>y

test electrode

@)

employed? for the polarographic determination of the acti-
vity coefficient of the lead ion. The diffusion potential at

the boundary with this reference electrode is calculated
from the equation

@)

In our polarographic research, in addition to (1) we have
used also the cell

U—v, 1
_qu—: 0.059m.log?;-

Hg|Hg:Cl: Q.1 M LiCl,
131 LiNO,

¢ (LiNO,),
cv (Mn +)p

[ M

test electrode,

®)

In contrast to NaClQ, solutions, in which only simple
Cd** jons are present, the formation of [CA(NO,)]* is pos-
sible in LANO, solution®, and should be allowed for in cal-
culations of the activity coefficient A

To find f,,,, in NaClO, at different ionic strengths p the
equation? o

dr *

hlelp y)s . il
log (fcu»)n-m") 1“0 ml%g) Iims 4 1o (5.)2:0 , (4)

obtained from the well-known Heyrovsky—Ilkovi& formula,
was employed. Here [(¢u)]. is the half-wave potential of
Cd*" at ionic strength p, [(¢y)]im 18 the corresponding

value at 4t = 0, (is), is the diffusion current of Cd** at ionic

590

) >
is the thermodynamic stability constant of [Cd(NOs)]"‘, equal
to 2.54 %, and cy,; 1s the molar concentration of LiNO,.

The remaining quantities have the same significance as
in Eqn. (4), but relate to LiNO, solution.

The polarographic constants of cadmium and the calcu-
lated values of f,,, for different concentrations of NaClO,
and LiNO; are set out in the Table (m't'%= 1,35 mg¥sec™,
Cor+ & 107*M, ¢ = 25°). Values of ¢y, are given relative to
the appropriate reference electrode, (1) or (3), and are

corrected for the ohmic voltage drop and also for the dif-
fusion potential.

Values of (i3),—; and (ic),., were found by extrapolation
of the (i), vs. p curve to p = 0 (Fig.1). The value of (i sl
in LiNO, varies insignificantly with the concentration of the
supporting electrolyte (Fig.1), which made it possible also
to determine (fg),-, (NaCl0,) with sufficient accuracy, since
(is)p.-o = (iC)p.-o . The quantities [(‘P‘/-)Oh-o and [(¢‘I,)c]u—o .

| NaClO, TING,
" feats | fogts
B V| igppA | foar |foaw® LV gy, no allo \
e s ¥ |t sl oo
complex for
0.000 | 0.6345 | 0.82 1 1 0.6505 | 0.61
0.010 | 0:6420 | 074 | 085 | 065 | s | o3 t 1
0.020 | — — — - 0.62 | 0.5 :
0% | obisa | 078 | 087 | Z ) o o 500 | 0.513
0.030 | — - - . . 0.
0.085 | 0.6484 | 0.80 | 0438 | = | 0.6805 | 0.64 3 | 0.402
0.080 | 06496 | 078 | 0.3 | = iy - =
0.080 | — — - . — -
0100 | 0.6547 | 0.77 | 0.25 | 0.417 | 0.6680 | .64
0.200 | 06561 | 077 | 0230 | — =z .64 ) 0.267 | 0.286
0:300 | 06584 | 070 | 0.230 | 0.352 | 0.6719 | 0,65 | 0.187 | 0.282
0600 | 0:6570 | 0.76 | 0.211 | 0304 | 0.6753 | 0l67 | 01136 | ora2
1,000 | 06524 | 072 | 0.288 | - |} 0.6755 | 0:63 | 0147 | o 292
2.000 | 06452 | 0.68 | 0.475 | — | 0l6707 | 0'59 | 0.500 | °-2
3.000 | 06374 | 0.66 | 0:850 | — | 0:6625 | 0.5 | 0.50% | —
5.000 | 0.6154 | 0.53 | 3.89 — | o501 | 050 | olgeg | =
* b =0012,
b kA
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Fig.1l. Variation of {4 and of (¢, /.)""“ with
vi: 1) LINOg; 2) NaClo,.



