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The ethylene oxidation reaction on smooth and platinized platinum
has been studied at 80°C in solutions of HoSO4 4+ K2SO4and NaOH +
K:SO, of constant ionic strength = 1.5. Reaction rates were measured
as a function of potential, pH and partial pressure of ethylene. Coulom-
bic efficiency of the reaction was determined by measurements of CO;
production in acidic solutions, and of C:Hj4 consumption in alkaline
solutions. The following parameters have been found:
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Coulombic efficiency is 100 + 19, in acidic and 9o + 59, in alkaline
solutions. 79 = 1078 A cm~2 on platinized and 10-1° A cm~2 on smooth
Pt respectively. Activation energy A = 17 + 2 kcals. At higher over-
potentials diffusion limiting current was obtained. AtV =0.9 (R.H.E.),
the current drops to negligible values due to the oxide formation. Cov-
erage of the electrode with the ethylenic radical at 1 atm has been
evaluated by two independent methods as g = 0.55 + 0.2.

The reaction mechanism in the Tafel potential range was interpreted
in terms of water discharge as the rate-determining step over the
complete pH range investigated. In the potential range higher than
that of the Tafel region the rate control is shifted to mass transport of
ethylene. At Pg = 1 atm, the Tafel potential range is limited by oxide
formation before diffusion control sets in. A possible explanation of
the anomalous pH effect in reactions concerning water discharge has
been given.

H. WroBLOWwWA, B. J. PIERsMA AND ]. O’M. BocCKRIs,
J. Electroanal. Chem., 6 (1963) 401—416.

POLAROGRAPHY OF CYCLIC HYDRAZIDES
(Short Communication)

E.T. SEo AND T. KUWANA,
J- Electroanal. Chem., 6 (1963) 417—418.



JOURNAL OF ELECTROANALYTICAL CHEMISTRY 331

Announcement

Authors and readers of the Journal will have noticed that we have now succeeded in
reducing the publication time of papers to 10-12 weeks after submission. We should
like to maintain this situation which, we believe, provides the best service to the
Sciences of Electrochemistry and Electroanalytical Chemistry.

This short publication time, however, means that each stage of the process of pre-
paring the Journal must be completed smoothly and in as short a time as possible.
We, therefore, appeal to Authors to return the proofs of their papers to the publishers
as quickly as possible. Late return may delay the appearance of the issue or cause the

paper to be transferred to a later issue.
The Editors

J. Electroanal. Chem., 6 (1963) 331



332 JOURNAL OF ELECTROANALYTICAL CHEMISTRY

CHRONOPOTENTIOMETRIC DEPOSITION AND STRIPPING OF SILVER,
LEAD AND COPPER AT PLATINUM ELECTRODES

ALEX R. NISBET* axp ALLEN J. BARD
Department of Chemistry, University of Texas, Austin 12, Texas (U.S.A.)

(Received June 26th, 1963)

INTRODUCTION

Recent studies have been concerned with the effect of surface oxidation and platini-
zation on the behavior of a platinum electrode. This study is concerned with the effect
of electrode pre-treatment on the deposition and stripping of metals at a platinum
electrode. When a platinum electrode is oxidized, either anodically or chemically, the
surface becomes covered with a film of adsorbed oxygen or platinum oxide (called for
convenience throughout this paper, PtO). If this oxidized electrode is used for the
chronopotentiometric reduction of a metal ion, the PtO may be completely reduced,

PbO2
+1.0 M O.IMH”
£ ELECTRODE —+1.0
vs. 4 OXIDATION ik
ngsod e — .
L
0.0 _As_
ELECTRODE Vs
REDUCTION i
—
I cu — 0.0
. 0z _
SCE.
L . L
-.0 Hp EVOLUTION

K2504 ACETATE HCIO‘
BUFFER

Fig. 1. Potentials for processes discussed. The left-hand scale indicates potentials vs. S.M.S.E.,

and the right-hand scale shows the same potentials vs. S.C.E.

Deposition of metals. These potentials may vary (in this work) up to 0.1 V, depending on the metal-

ion concentration and on the electrode pre-treatment.

Reduction of oxidized platinum surface. These values were obtained from chronopotentiograms

taken at about 8o uA/cm2, one of which is shown. At higher current densities the values will be

more negative.

Oxidation of platinum surface. As can be seen from the anode potential-time curve shown, the

point at which the oxidation process can be said to begin is not well-defined.

Reduction of oxygen on a platinum electrode which has not recently been oxidized. This potential
is independent of the pH of the solution over the pH range studied.

# Present address: Department of Chemistry, Ouachita Baptist College, Arkadelphia, Arkansas,
US.A.
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partially reduced, or unreduced before deposition of the metal occurs. Since the po-
tential for the reduction of PtO is pH-dependent, the case which describes the depo-
sition of a particular metal depends upon the pH of the solution. The approximate
potentials for the formation and reduction of PtO and for the deposition of the metals
studied are shown in Fig. 1. The anodic stripping of deposited metals also depends upon
the state of the platinum electrode surface. If the last few mono-layers of metal are
anodically stripped at sufficiently positive potentials, oxidation of the platinum elec-
trode may be encountered before all of the metal is removed. Furthermore, this study
indicates that metal deposited on top of PtO, or at different sites on the electrode
surface, may be removed only at potentials much more positive than those charac-
teristic of the oxidation of the bulk metal.

EXPERIMENTAL

Chronopotentiograms were recorded with a Varian G-10 recorder with 50-mV span
and one-sec full-scale balancing time; the input was taken from a voltage divider
which placed about 0.9 M{2 between the working and reference electrodes. The cur-
rent source consisted of either three or four go-V B batteries in series with appropriate
resistances. Precise current measurements were made by measuring the voltage across
a General Radio GR-500 precision resistor in the electrolysis circuit with a Leeds and
Northrup Model 7651 potentiometer.

The working electrodes in most experiments were platinum discs in glass shields
oriented downward!. The reference electrodes were equipped with salt bridges with
constricted tips pointing upwards; the end of the reference-electrode tip was placed
inside the working-electrode shield so as to minimize the contribution of R drop to the
measured potentials. Mercury-mercurous sulfate reference electrodes with either satu-
rated KsSO4 or 0.5 F HsSO;4 as electrolyte (S.M.S.E.) were used, except that a satu-
rated-calomel electrode (S.C.E.) was used for most work with lead. The difference in the
potentials of the HgaSO4 electrodes is negligible in this work. The auxiliary electrode
was a one-inch square of platinum foil. The electrolytic cell had two compartments con-
nected by a fritted-glass disc; thus the auxiliary electrode was isolated so that its
products did not contaminate the solution at the working electrode. The working-
electrode compartment had a volume of about 200 ml; the decrease in concentration
due to the taking of one chronopotentiogram was from I1-10 parts/10,000. The cell
compartments were closed with rubber stoppers, and the stopper in the working-
electrode compartment was coated with paraffin.

Unless otherwise stated, all solutions were de-aerated for at least 15-20 min by
bubbling with nitrogen and stirring, and during the work nitrogen was passed over
the surface of the solution. All work was done at 25.0°. The stirring of the thermostatic
bath was stopped at least one minute before the taking of a chronopotentiogram, and
before each one was recorded the solution was stirred and allowed to become quiet for
one minute. Stock solutions 0.050 M in metal ion were prepared by direct weighing of
reagent-grade salts.

SILVER
Deposition
The cathodic chronopotentiograms for the deposition of silver at pre-oxidized and
pre-plated electrodes are shown in Fig. 2. In a neutral solution (Curve 1), deposition
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334 A. R. NISBET, A. J. BARD

of silver begins before reduction of PtO; the transition is not sharp, because PtO re-
duction immediately follows silver-ion reduction. The additional wave noted at both
pre-oxidized and pre-plated electrodes is probably due to residual oxygen in the solu-
tion. In a solution buffered at about pH 4.8 with acetic acid and potassium acetate,
reduction of PtO and silver ion occur at about the same potential, and a single long
wave is obtained for both processes (Curve 2). Reduction of PtO occurs before deposi-

= 0.0

Ag* 103M — -05

KNO, |F  74.4 pAcm? —
|———30 sec —| |———30 sec —|

— 00
—
Agt 103 M 67.5 pA/cm? — -05

HAc, KAc, KNO,, 0.5F each

+

Ag*t 103 M
HCIO, | F 67.7 pAsecm?
— =0

Fig. 2. Chronopotentiometric reduction waves of silver taken with pre-oxidized electrodes and
pre-plated electrodes.

tion of silver from 1 F HClO4 (Curve 3), and a wave corresponding to the reduction of
about one-half of the PtO precedes the silver-deposition wave. The remaining oxidized
platinum is reduced during the transition, thus causing the potential break to be less
sharp than it is on a pre-reduced electrode. In all cases the potential break is sharper
at a pre-plated electrode. Sharper breaks are also found with an electrode which is
reduced by shorting it to a mercurous-sulfate electrode. This procedure reduces a
large part of the PtO as shown by the absence of the PtO-reduction wave for such an
electrode when it is cathodized in a silver-free solution.

Anodic dissolution

When the product of the electrode reaction is insoluble and is deposited on the
electrode, reversal of the current at any time up to the transition time should lead to
a reverse transition time equal to the first deposition time. When the deposition re-
action is continued past the transition, the current efficiency for metal plating falls
below 100%, and the stripping transition time 7, is shorter than the deposition time
and can be calculated from the following equation:

T — ¢

(1)

t 2, t
Ts = — + —(7¢')V2 + — arcsin
2 n 1/

where ¢ is the time from the start of the electrolysis, 7 is the cathodic transition time,

J. Electroanal. Chem., 6 (1963) 332-343
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and ¢ = ¢ — 7. This equation is equivalent to one obtained by REINMUTH? and can
be shown to be equivalent to the expression of ANSON AND LINGANE3.

However, the anodic transition time was found to depend upon the pre-treatment
of the electrode. In the case of silver in 1 F HCIO4, precise agreement of the plating
time and the stripping time (as measured to the first potential rise) was obtained for
several minutes after the electrode was subjected to the following treatment. The
electrode was placed in a cell containing 1 F HClO4 and fitted with auxiliary and re-
ference electrodes. A biased a.c. voltage was applied such that the peaks of the po-
tential, as observed with an oscilloscope, were at +0.4 and —0.6 V vs. S.M.S.E. This
condition was maintained for one minute, and then the electrode was reduced almost
to the point of hydrogen evolution. The peak potentials were chosen to bein the vicin-
ity of those for oxidation of platinum and evolution of hydrogen, respectively. The
beneficial effect is lost within an hour and is destroyed by oxidation of the electrode.
According to ANsoN AND King4 this treatment lightly platinizes the electrode.

— +1.0
Ag* 102 M _
HCIO, | F
— +0.5
600 pA/cm2
— 2 3
— 0.0
E vs.
,—- 30 sec ——l
Hgp S0,
Lﬁ - Lﬁ
Fig. 3. Retention of silver: (1), cathodization followed by reversal, not preceded by strong oxida-

tion (electrode was prevmusly anodxzed to about +o0.4 V); (2), plating/stripping cycle repeated for

the fifth time; (3), in silver-free solution of 1 F HC}O4; (4), chronopotentiogram recorded with

electrode which had been subjected to four plating/stripping cycles, as above; (5), normal chrono-
potentiogram.

When silver was deposited on an oxidized electrode, stripping times shorter than
the deposition times were observed. For example, when silver was deposited from
1 F HClO4 on to an electrode which had been anodically pre-oxidized, part of the ca-
thodic process was due to reduction of PtO, and the stripping time was less than the
plating time (Curve 1, Fig. 3). After the first oxidation to +1.0 V vs. SM.S.E., the
electrode was again plated (for less than the transition time) and stripped; the strip-
ping time was short by an amount too large to be accounted for by the preceding

J. El@tr anal. Chem., 6 (1963) 332—343
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336 A. R. NISBET, A. J. BARD

oxidation. Repetition of the plating/stripping process without cathodic transitions and
with anodization to 4-1.0 V each time gave shorter and shorter anodic stripping
times for the same cathodic deposition time (Curve 2, Fig. 3). Anodization of the elec-
trode immediately following the last anodization, either in the test solution or in
silver-free 1 I HClO4, led to a rapid rise of the potential to +1.0 V.

Since the stripping times were so much shorter than the deposition times, the ques-
tion then arose as to what had happened to the deposited silver. The following ex-
periment showed that silver was still on the electrode after the anodic stripping. The
electrode was removed, washed, cathodically reduced in 1 F HCIO,, and then anod-
ized (Curve 3, Fig. 3). An anodic stripping wave at potentials characteristic of silver
oxidation was obtained. Alternately, if the cathodic deposition was allowed to proceed
through a transition (Curve 4, Fig. 3), an anodic stripping wave was obtained which
was longer than would be expected from the cathodic wave. A spectrophotometric

" analysis for silver in a stripping solution which was initially silver-free showed that
the additional anodic wave was indeed due to silver. A close correspondence between
the amount of silver found spectrophotometrically and the amount calculated from
the anodic wave(it) was obtained. A reduction wave at about —o0.4 V corresponding
to as much as 1 mC/cm? was obtained on both the cathodization wave of an oxidized
electrode bearing retained silver (Curve 3, Fig. 3) and the complete deposition wave
(Curve 4, Fig. 3). Only after reducing the electrode through this wave was the strip-
ping of the retained silver possible. The amount of silver represented by the stripping
wave in Curve 3, Fig. 3is about 12 mC/cm?2, corresponding to at least sixty monatomic
layers of silver on a smooth electrode.

A mechanism consistent with the observations is as follows. Deposition of silver
from 1 F HClO4 occurs before all of the PtO is reduced. Therefore, some silver is
deposited on reduced portions of the electrode and some on oxidized sites. Upon ano-
dization only silver on the reduced sites is stripped at the usual potentials, while sil-
ver on the oxidized sites is retained. Upon cathodization of the electrode, or when the
chronopotentiometric deposition wave is carried through the second wave at —o0.4 V,
the underlying PtO is reduced. (The potential of —o0.4 V is more negative than is
usual for the reduction of PtO; the reason is probably the overlying silver). With the
PtO reduced, the silver can be removed by anodization. This explanation imparts
rectifying properties to the Pt-O-Agjunction. Analternativeexplanation®canbebased
on the reaction of PtO and silver metal on the electrode surface to form platinum metal
and silver oxide (presumably Ag20). This silver could then not be removed upon ano-
dization (i.e., would be apparently retained). Cathodization would reduce the Ag=0 to
silver metal, which could be removed by anodization. Two objections can be raised to
this argument. First, Agz0 is readily soluble in 1 F HClO4. Also, the amount of re-
tained silver recovered upon anodization following cathodization was much greater
that that corresponding to the cathodic transition (Curve 3, Fig. 3) and was up to
ten times the amount to be expected from the conversion of silver to silver oxide by a
completely oxidized platinum surface. In order to show that the retention of silver is
not due to entrapment in cracks between the electrode and its glass mounting®, a
series of experiments was performed with a platinum foil electrode attached to a
platinum wire with no glass mounting. The cathodic wave at —o0.4 V and the follow-
ing anodic wave at 0.0 V were still observed.

Anodic chronopotentiograms for the stripping of silver from platinum into 1 F

J. Electroanal. Chem., 6 (1963) 332—343 '
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HCIO4 show a wave at about +o0.5 V. Oxidation of a bare platinum electrode in a
silver-free solution of HCIO4 results in a wave in the same place, but the quantity of
charge is smaller. The wave can amount to as much as 3 mC/cm? if the electrode is
plated with silver and stripped to a potential of +o0.5 V or less several times, and the
wave is noticeably lenghtened by one such plating/stripping cycle. Thus the wave at
+4-0.5 Vis due partly to silver being dissolved ; this dissolution is incomplete, however,
since retained silver can be found after oxidation to 1.0 V. Immediate re-oxidation
of the electrode gives a rapid rise to 4 1.0 V, but if it is allowed to stand on open cir-
cuit for one minute, there is evidence of the wave at +0.5 V. Retention of silver depos-
ited from 1 F KNOs (as evidenced by unusually long stripping waves) was also ob-
served but was not studied in detail.

LEAD
Deposition

Lead deposits from 0.1 F HCIO4 at a potential very close to that for hydrogen ion
reduction on platinum, and no clear wave is obtained (Curve 1, Fig. 4). Deposition of
lead and reduction of hydrogen ion occur concurrently, since an anodic wave charac-
teristic of lead appears upon reversal of the current after any cathodization, however
short. Since the overvoltage for hydrogen evolution is greater on lead than on pla-
tinum?, a clear wave for the deposition of lead was obtained on an electrode already
covered with lead (Curve 2, Fig. 4).

PE2*0.001 M, HCI04 01 F

—=0.25
283 )lA/cmz
! —-0.50 \\ 2
E vs.
SCE
F 30 sec —
24, — 0.00

Pb 000 M, Nc0104 O5F

145 ,aA/t:m2

-0.50 4

-1.00

Fig. 4. Chronopotentiometric reduction waves of lead taken with weakly pre-oxidized electrodes
and pre-plated electrodes.

The deposition of lead on-to a pre-oxidized electrode from 0.5 N NaClO4 begins be-
fore all of the PtO has been reduced. A second more-or-less distinct wave at —1.0 V
is found when an electrode which has been pre-oxidized to +0.25 V vs. S.C.E. is
plated (Curve 3, Fig. 4); this wave is not found in a cathodic chronopotentiogram
immediately following another one, nor is it found if the preceding anodic stripping is

J- Electroanal. Chem., 6 (1963) 332-343



338 A. R. NISBET, A. |. BARD

stopped after the first anodic wave. This second cathodic waveis therefore apparently
due to reduction of PtO underlying the deposited lead; the negative potential of this
reduction as compared to the usual PtO reduction potential is caused by the overlying
metal layer, as in the case of silver.

Anodic dissolution

A chronopotentiogram for the anodic dissolution of lead following deposition from
0.5 F NaClO4 is shown in Fig. 5. Note that the final potential rise consists of three
rather indistinct stages. Also shown in Fig. 5 are plots of anodization times measured to
—0.38, +0.13, and 4o0.25 V vs. S.C.E. against the cathodization times preceding
them. When the electrode is oxidized to +o0.25 V, some oxidation of the platinum
occurs. The following experiment shows that most of the anodic process up to 4-0.13 V
is the dissolution of lead. A plated electrode was anodized to about —0.38 V; after the
current was turned off, the solution was stirred and allowed to come to rest. The elec-

40

Pb2* 103 M
NaClOs O5F
100.3 pA/cm?

30

20
ANODIZATION TIME sec

CATHODIZATION TIME sec
[o] 10 20 30 40

O POINTS

r — 4025V

- © POINTS . ; Evs. SCE
POINTS J

— ol 4 -038v

(0 sec

Fig. 5. Dissolution time of stripping of lead to various potentials, as a function of the preceding
cathodization times, and dissolution chronopotentiogram of lead, showing potentials where meas-
urements for data points were made.

trode was then anodized to 40.13 V, the current was reversed, and the cathodic
transition time was measured. The cathodic process was the deposition of lead, part
of which was dissolved from the electrode before the reversal of the current. The
cathodic transition time was found to be lengthened by the same amount as that ob-
tained by dissolving lead (during the first stripping stage) for the same length of time
as was involved in the anodization to 4+0.13 V and then reversing the current. There-
fore anodization to +0.13 V must predominantly involve stripping of lead.

The slopes of all three lines in Fig. 5 are less than unity, showing loss or retention

J. Electroanal. Chem., 6 (1963) 332—-343 )
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of deposited lead even upon anodization to 4-0.25 V vs. S.C.E. For short cathodiza-
tion times, involving the deposition of lead on a bare or partially-covered platinum
surface, the deposit strips only at potentials more positive than 40.13 V. Only after
lead equivalent to about 0.6 mC/cm? has been deposited does stripping along the most
cathodic plateau occur. The most cathodic plateau represents stripping of a deposit
having the characteristics of bulk lead; the potential during this stage is nearly that
calculated from the Nernst equation assuming unit activity of lead. Apparently lead
plated on bare platinum metal is more difficult to remove than that plated on lead
itself. Once the electrode is completely covered with lead, the electrode behaves as a
massive lead electrode. A monatomic layer of lead on a perfectly smooth electrode
would require 0.26 mC/cm? for its formations.

The top line is straight until some time after the cathodic transition time, probably
because the process following the deposition of lead is the reduction of PtO, which is
then re-oxidized during anodization. This explanation is also consistent with the fact
that the stripping times of the later stages (between —o0.38 and +o0.25 V) are inde-
pendent of the cathodization time for cathodization times less than the transition
time, but increase for longer cathodization times. The middle and bottom lines re-
main straight only until the transition times. This is further evidence that the reverse
of the second cathodic process (probably PtO reduction), occurs at potentials more
positive than +o0.13 V. The fact that the slopes are less than unity may be due to
(i) retention of lead which would come off at more positive potentials, (ii) mechanical
loss of deposited lead, or (iii) attack of the lead deposit by dissolved oxygen not re-
moved by de-aeration.

No comparison of cathodic vs. anodic quantities of charge can be made for lead in
acid solution, since hydrogen-ion reduction accompanies the deposition of lead until
the electrode is extensively covered with lead, and since hydrogen ion attacks lead.
The shape of the dissolution potential-time curve is similar to that obtained in neutral
solution. Since PtO is reduced well before the deposition of lead in acidic solutions,
the occurrence of several stages in the dissolution process in both acid and neutral
solution is probably not due to deposition on top of PtO.

COPPER

Deposition

Cathodic chronopotentiograms for the deposition of copper at pre-oxidized and
pre-plated electrodes are shown in Fig. 6. In general, waves obtained with copper are
less reproducible than those of silver and lead. In 0.1 N HsSO4 a distinct wave for
PtO reduction is obtained before the wave for copper deposition (Curve 1, Fig. 6).
In a solution buffered at about pH 5 with 0.1 F acetic acid and 0.1 F potassium ace-
tate, the PtO reduction wave occurs first, followed by a smeared wave which is pro-
bably due to concomitant copper deposition and PtO reduction. At a reduced or pre-
plated electrode, on the other hand, a sharp transition is obtained in this medium.
In 1 F KNOs, copper deposition occurs first, followed by a distinct wave for PtO re-
duction. The constancy of /z? for this wave at different current densities and the appear-
ance of a single wave at the same potential when the electrode is replated demon-
strate that the first wave is due to copper deposition. In saturated K»SO4 the wave for
PtO reduction precedes that for copper deposition, and the potential break at theend
of the deposition is less steep than on a reduced electrode, probably because of some
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PtO reduction also occurring after the deposition wave. Another difference between
KNOj3 and K2SO4 media is the potential at which hydrogen evolution occurs. In KNO3
(and also in the acetate buffer) evolution of hydrogen after copper deposition occurs
at —1.0 Vos. SM.S.E., while in K2SOy4 the process occurs at —1.5 V.

PRE-OXIDIZED PRE-PLATED

—_0.00
Tu2* 0.00/M

—-050 \

HzSO4 OIN
83. pA/cm?

-0.50

HAc, KAc, 0.1 Feach
78.0 pA/cm?2

}—-30 uc__i

-1.00

Evs. SMSE
— 0.00

\
N
R

KNOy I F

160 pA/cm?

— -0.50

K2S04 satd.

77.5 pA/cm? — -1.00

Fig. 6. Chronopotentiometric reduction waves for copper taken with strongly pre-oxidized elec-
trodes and pre-plated electrodes.

Anodic dissolution

A chronopotentiogram for the anodic dissolution of copper after deposition from
an acetate buffer solution is shown in Fig. 7. As with lead the final potential rise is
characterized by rather indistinct stages. Also shown in Fig. 7 are plots of anodic
transition times measured to —0.35, —0.31, and 0.00 V vs. S.M.S.E. against the catho-
dization times preceding them. The potential 0.00 V is the point of maximum slope
of the curve before oxidation of the electrode begins. The top line has a slope of 0.95
and passes through the origin; thus the stripping time is 0.95 of the cathodization
time preceding it. The middle and bottom lines have slopes of 0.93 and 0.85, respec-
tively. As in the case of lead, the explanation of the small slope may involve concur-
rent reduction of residual oxygen, mechanical loss of deposited metal, or the retention
of metal which would come off at more positive potentials. The slope of thebottom
line is best explained as due to retention, since the other lines have larger slopes;
oxidation of the electrode does not occur between —0.35 and —o0.31 V.

The middle and lower lines have intercepts on the horizontal axis which are equi-
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valent to 0.27 and 0.39 mC/cm?, respectively. Therefore, the copper deposited on a
bare or partly-covered electrode is oxidized only at more positive potentials. For
comparison, 0.49 mC/ecm? would be required for a monatomic layer of copper on a
perfectly smooth electrode®.

In 0.1 N HsSO4 a similar plot, for anodization to ++0.25 V, yields a line with a slope
of 1.00 and a horizontal intercept equivalent to 0.19 mC/cm?2. This intercept probably
represents reduction of PtO formed during the anodization. A plot fora 0.5 F KHSO4-
0.5 F K2S04 medium yields a horizontal intercept of as much as 2.5 mC/cm?.
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Fig. 7. Dissolution times, for stripping of copper to various potentials, as a function of the pre-
ceding cathodization times and dissolution chronopotentiogram for copper, showing potentials
where measurements for data points were made.

DISCUSSION

The presence of a PtO film has been shown to hinder electro-reductions? and -oxida-
tions at platinum electrodes!®. The present work is consistent with these findings. In
the cases in which the metal deposits before reduction of the PtO, the potential at
which the metal deposits on the PtO-covered electrode is usually found to be slightly
more cathodic than that for deposition at a reduced electrode.

A decrease in reversibility of the silver-dissolution reaction at an electrode bearing
a PtO film was also suggested as an explanation of failure of some of the silver to
dissolve at the potential for the oxidation of the bulk of silver. This explanation, how-
ever, cannot be used for copper and lead, since the electrode is completely reduced
when their deposition starts from acidic solutions. A possible explanation in these cases
is that it is more difficult to remove a lead or copper atom from a platinum surface
than from the surface of the bulk metal itself. This explanation is in accord with the
observation that incomplete layers of most metals on platinum have less than unit
activity. The occurrence of several indistinct waves in the final potential rise during the
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anodic stripping of lead and copper is perhaps suggestive of more than one kind of
surface site on the platinum. Recent studies4:1! have shown that some reactions occur
with less overpotential at a platinized-platinum electrode than at an aged reduced
electrode. This has led to speculation that edges, corners, and dislocations and other
imperfections in crystals form more active sites than the crystal faces, in accord with
ideas held for catalysts in heterogeneous kinetics. The differences in potential for
removal of copper and lead might represent the differences in energy required to
remove an atom from a face, a corner or imperfection of the platinum.

In this work, more or less pronounced negative maxima were found at the begin-
nings of plating curves when all or part of the electrode was still oxidized when depo-
sition started (e.g., Curve 3, Fig. 4). These maxima were quite pronounced in some
cases and could be observed on a oscilloscope as well as with a graphic recorder. One
explanation for these negative maxima is the same as that given by ANsoN AND KING4
for those found during the reduction of vanadate; reduction occurs less reversibly on
PtO. The potential initially drops to a value characteristic either of PtO reduction or
of deposition of the metal on PtO. When the PtO is reduced, or is covered with metal,
the deposition occurs at a less negative potential, and thus the potential of the elec-
trode rises. SCHOTTKY!2 interpreted the negative maxima at the beginnings of deposi-
tion curves as evidence of the onset of nucleation of the adsorbed atoms of the deposit-
ed metal. The observed retention of metals has implications in the anodic stripping
of metal films for film-thickness determinations. A significant amount of the metal
may not be removed from the base metal at the final potential rise especially for very
thin films; for thicker films the amount of retained metal may be negligibly small
compared to the total amount removed. This work may explain the findings of
EHLERS AND SEASE!3, who constructed a coulometerin which the current tobeintegrated
was made to deposit copper which was then redissolved at constant current; the
quantity of charge was calculated from the constant current value and the dissolution
time was measured to a sudden increase in the potential. They reported that the poten-
tial break was not sharp for current densities below 5 mA/cm? and that for current
densities between 5 and 100 mA/cm? the efficiency, Qstripping/Qpassea, Was 0.997.

LorD et al.14 deposited silver potentiostatically at 0.00 V vs. S.C.E. from 0.1 N
acid and then redissolved it with a linear voltage scan from 0.00 to 4 1.00 V; by this
method they were able to recover only 80%, of the silver placed in the solution. The
deposition was continued for an hour, and the shkorfage was observed for solutions as
concentrated as 10-3 M, with sufficient volume to give complete coverage of the elec-
trode with silver. The equilibrium silver concentration at 0.00 V is 10-% M, and cer-
tainly equilibrium was reached; hence incomplete deposition was not the reason.
The authors suggest mechanical loss as the cause, but their observations are also com-
patible with the idea of retention of silver. No experiments using exactly their condi-
tions were performed in this work, but the similarity of their conditions to those which
led to the retention of large amounts of silver should be noted.
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SUMMARY

The effect of pre-treatment (pre-oxidation, pre-plating, or platinization) of a platinum
electrode on the chronopotentiometric deposition and stripping of silver, lead and
copper in various media is considered. Depositions were found to occur less reversibly
at a pre-oxidized electrode. Evidence for retention of some deposited metal, even
at potentials considerably more positive than the reversible stripping potential is
presented and possible mechanisms for this retention are suggested.
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INTRODUCTION

The reduction mechanism of permanganic ion in sulphuric acid and caustic alkali
media with a bubbling platinum electrode? was investigated in a previous study!.
The results obtained in sulphuric acid suggested that the investigation should be
extended also to perchloric and nitric acid media to obtain a wider view of MnOs-
reduction mechanism in acid media. The influence of manganous ions on the perman-
ganic ion reduction was studied using polarographic, coulometric and spectrophoto-
metric methods. The results obtained have enabled us to explain the role of Mn(II)
and Mn(III) ions in the permanganate reduction mechanism and to explain why the
permanganate oxidation potential can decrease in the presence of large amounts of
Mn(IT) ions and strong ligands of Mn(III), as in the case of Fe(II) titrimetry according
to ZIMMERMANN~REINHARDT3,

EXPERIMENTAL
Apparatus and reagents

An AME polarograph was used for the polarographic measurements and an AMEL
Corrograph potentiostat-amperostat with an electronic current integrator was used
for the controlled potential reductions. The absorption measurements were made
using 1 cm silica cells with a Beckmann DU spectrophotometer.

The standard permanganate solution was prepared according to BLum4, by dissolv-
ing weighed portions of recrystallized, pure potassium permanganate in water. The
freshly prepared solution, after prolonged boiling, was filtered through sintered glass
and standardized with sodium oxalate.

Sulphuric, nitric and perchloric acid solutions were prepared by diluting the con-
centrated reagents and were standardized by the usual analytical methods. The nitric
and perchloric solutions of Mun(II) were prepared by dissolving portions of MnCOs;
in the respective acids. The solutions obtained were standardized potentiometrically
with KMnOy in sodium pyrophosphate media. To prevent permanganic ion reduction
by chloro-ions and agar-agar, expecially at high acid concentrations, a potassium/
silica-gel bridge was used instead of a KCl/agar-agar bridge.

The half-wave potential values were referred to a S.C.E. A bubbling smooth plati-
num electrode was used. The platinum spherule was 2.0 mm in diameter.
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RESULTS AND DISCUSSION

The permanganic ion is reduced irreversibly to Mn(I1) on the bubbling smooth pla-
tinum electrode in mineral acid media. In sulphuric, nitric and perchloric acids the
reduction occurs in the potential range 4-0.6to +1.3 V vs. S.C.E. and the waveslope,
calculated from the log[i/(¢¢ —7)]/Eratiois, forthe three acids, from6o-100 mV (Table
1). Such a high value of the slope confirms that the permanganic ion reduction process

TABLE 1

POLAROGRAPHIC VALUES OF 1-10-3 N MnO4~ IN MINERAL ACID MEDIA, AT 25°

Concn. H>S04 log iiai) Concn. HNOs log M:) Concn. H§ZO4 logﬂﬂ)
(equiv.) 1q & (equiv.) ( :1) £ (equiv.) ( ‘f’l) E
(uA) (mV) a2 (mV) e (mV)
1.0-102 Q.40 120 1.0-1072 10.81 72 1.0-10"2 II.I3 85
2.5'1072 Q.45 100 2.5'1072 10.91 75 2.5-1072  11.46 a7
5.0-10"2 Q.31 90 5.0°10-2 1I1.20 72 5.0-1072  1I.46 75
7.5°1072  9.50 90 751072 TT.57 72 7.5°1072  11.50 75
1.0-10°! 9.35 90 1.0-10°1 11.35 70 1.0-10°1  1I1.35 72
2.5-1071 9.31 90 2.5-10"1 11.20MN 73 2,510+ II.2 2
5.0-10°1 9.57 87 5.0-10°1 11.00 75 5.0-10°1  10.50 77
7.5-10°1 9.40 90 7.5°1071 10.46 73 7.5-10°1  10.85 73
1.0 9.31 92 1.0 10.80 75 1.0 10.30 70
2.0 8.21 84 2.0 9.82 75 2.0 9.55 75
3.0 7.42 84 3.0 9.08 75 3.0 8.35 05
4.0 7.00 8o 4.0 7:92 70 4.0 T 05
5.0 6.30 8o 5.0 7.10 70 5.0 6.26 05
6.0 5.91 8o 6.0 6.34 65 6.0 4.85 68
7.0 5.60 8o 7.0 5.54 63 7.0 2.32 60
8.0 4.93 8o 8.0 5.00 60 8.0 1.04 60
9.0 477 8o 9.0 4.23 60
10.0 4.54 8o 10.0 4.01 60
11.0 4.01 8o
12.0 3.77 78
13.0 3.45 81
14.0 2.95 32
15.0 2.57 8o
16.0 2.09 8o

t = 3.04 sec.

is markedly irreversible. With increase in acid concentration the half-wave potential
shifts to more positive potential values, as can be observed in Fig. 1. However E, has
a quite different behaviour in the three acids especially at high acid concentrations.
For low acid concentrations the half-wave potentials in perchloric acid are intermedi-
ate between the E, values in nitric and sulphuric acids, but as the acid concentration
increases permanganate shows a greater oxidation potential in HCIO4 than in the
other two acids. On the other hand, at high acid concentrations, the diffusion current
intensity of MnO4~is lower in HClO4 than in the other two acids (Table 1). The current
decrease in more concentrated solutions of the three acids cannot be explained by the
increase of ionic activity and the formation of associated permanganate-anion
species (which may be found only in high H2SO4 concentrations) alone; it is evident
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that KMnOy is partially decomposed with evolution of oxygen and formation of
intermediate ionic species between permanganic and Mn(II) ions.

The polarographic waves for high acid concentrations, particularly sulphuric acid,
are not well developed, because they critically depend upon increase in medium viscos-
ity; coulometric and spectrophotometric methods of investigation have therefore been
used. The electrolytic controlled-potential reductions were made on 50 ml of a

fy

12

10

o8

!

-2 =

+1
log Cy+

Fig. 1. Half-wave potential changes as acid concn. increases, for 1-10-3 N MnO4-, at 25°: (1), in
H»SO4; (2), in HC1O4; (3), in HNOs.

TABLE 2

CONTROLLED-POTENTIAL COULOMETRY ON 50 ml oF 1 mM MnO4~ 1N H2SO4 MEDIA, AT 25° AT A
POTENTIAL OF +0.4 V vs. S.C.E.

HZSO;A%"C"' Coulomb No.
1.0-1072 23.86
5.0-1072 23.42
1.0-1071 24.60
5.0-1071 24.60
1.0 24.21
2.0 24.50
3.0 23.63
4.0 23.00
5.0 23.00
6.0 22.40
7.0 20.20
8.0 18.60
9.0 16.40

10.0 15.40
11.0 11.20
12.0 10.40
13.0 10.40
14.0 10.40
15.0 10.43
16.0 10.45
17.0 10.42
18.0 10.50
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1-10-3 M KMnOjs solution containing varying amounts of acid. These solutions were
reduced at a controlled potential of +o0.4 V vs. S.C.E. The results obtained in sulphuric
media are shown in Table 2. It can be seen that for the acidity range 1-10-2 M—4 M,
about 24 C are used by the solution. This value is in very good agreement with the
theoretical value of 24.2 C for a 5-electron reduction:

Mn(VII)+ se—Mn(II)

For acid concentrations greater than 4 M there is a marked increase in the half-wave
potential and a large decrease in diffusion current; the number of the coulombs used
begins to diminish until at acid concentrations greater than 12 M a constant value is
reached. With the decrease in the amount of electricity used, the colout of the various
solutions changes. For sulphuric acid concentrations greater than 10 M the solutions
change colour from the red-violet characteristic of permanganic ion, to a reddish
colour and then through yellow-brown, yellow-lemon finally to a green yellow colour
in concentrated H>SOj4. The spectra of several sulphuric solutions in the acidity range
10-18 M illustrated in Fig. 2 show that as the acidity increases the spectra charac-

05

Fig. 2. Absorption spectra of 1-10-3 M MnQOj4~ in various concns. of HaSO;: (1), 10 M; (2), 12 M;
(3), 14 M; (4), 16 M; (5), 18 M.

teristic of MnO4~ ion disappear. All MnO4~ solutions in H2SOa, including that in
concentrated HaSO4, when diluted with water return to the original red-violet colour;
it is evident however, that at high acid concentiations the permanganic ion is strongly
associated with SO42- ions to form complex ions. These complex ions have little ionic
mobility and their spectral properties are quite different from the MnO4~ ion.

The decrease in the concentration of oxidant as the sulphuric acidity changes,
confirmed also by chemical methods, may be evidence for the relative stability of
KMnOy in concentrated strong acids. In fact in these media KMnOy4 has a marked
tendency to decompose with evolution of oxygen. This reaction is promoted by a
temperatare increase, so that, to obtain reproducible titres for MnO4~ solutions we
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have had to operate constantly at a temperature of 0°. The values, (see Table 3), ob-
tained in the reduction of a 1-10-3 M MnO4~ solution in nitric and perchloric acids are
similar to the values obtained in H2SO4. The data tor HClO4 are obtained at a con-
trolled-potential of +0.4 V vs. S.C.E. while those in HNOs are obtained at this po-
tential only at acid concentrations lower than 3 M. For acid concentrations greater
than 3 M, because of the discharge of the supporting electrolyte at this potential, the
reduction wave has been carried out at more positive potentials, which are fixed for
each acid concentration.

TABLE 3
CONTROLLED-POTENTIAL COULOMETRY ON 50 ml oF 1 mM MnO4~ 1N HCIO4 AND HNOj3 MEDIA,
AT 25°
HNQO3 concn. Evs.S.C.E. HCIO4 conen. Evs.S.C.E.
(M) Coulomb No. (V) (M) Coulomb No. (V)

1.0-1072 24.30 +0.4 1.0:1072 24.25 +o0.4
5.0:10°2 24.30 +0.4 5.0-1072 24.45 +0.4
1.0-10-1 24.02 +0.4 1.0-1071 24.15 +o0.4
5.0-10°1 24.25 +0.4 5.0:1071 24.30 +o0.4
1.0 24.50 +o0.4 1.0 24.50 +o0.4
2.0 24.25 +o0.4 2.0 24.25 +o0.4
3.0 24.30 +o0.4 3.0 24.00 +o0.4
4.0 23.00 +0.4 4.0 23.00 +0.4
5.0 22.40 +0.9 5.0 22.00 +0.4
6.0 22.00 +o0.9 6.0 21.00 +o0.4
7.0 22.10 +0.9 7.0 19.15 +0.4
8.0 22.35 +o0.9 8.0 15.00 +o0.4
9.0 21.00 -+1.0

10.0 20.20 “+1.0

11.0 19.20 +1.0

12.0 18.00 +1.02

TABLE 4

T4VALUESFORI-10-3 N MnOs~ 1N 1 N H2SO4, HC1IO4 AND HNO3, AT 25°, FORSEVERAL BUBBLE TIMES

t Idl I"z I"s
(sec) (u4) () (nA)
3.30 9.73 10.80 11.20
3.70 9.20 10.22 10.60
4.12 8.70 9.75 10.10
4.60 8.25 9.35 9.65
5.11 8.00 8.95 9.30
5.55 7.82 8.62 9.01
5.95 7.60 8.40 8.70
6.30 7.48 8.20 8.55
6.58 7.35 8.05 8.40
7.00 7.20 7.90 8.28
7.62 6.98 7.65 8.00
8.14 6.75 7.40 7.82
8.90 6.35 7.10 7.46
9-45 6.20 6.90 7-35

Ia = H2SO04
Is, = HCIO4
I4, = HNO3
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The spectra of MnO4~ solutions in nitric and perchloric media, show that the most
absorbing species is still MnO4~ for strong acid solutions.

The reduction of permanganic ion in the three mineral acids is a diffusion controlled
process only, as shown by:

(1) the temperature coefficient of the numerical value of current which was found
to be 1.3%, in HaSO4, 1.389, in HC1O4 and 1.419%, in HNOs;

(2) the current changes in relation to the changes of the bubble time (Table 4)
(¢f. dropping time and bubble time change?).

As the acidity decreases, the half-wave potential shifts to less positive values, the
wave changes its shape and the reduction process becomes more and moreirreversible.
In H»SO4, HCIO4 and HNO; media in very weakly acidic or neutral solutions, the
polarographic wave divides itself into two or more steps, and at the same time a
layer of MnO; is deposited on the platinum electrode.

The véle of Mn(11) in the permanganate reduction
The stability of KMnO4 aqueous solutions in presence of manganous ions is related
to the Guyard reaction®.?
2MnO4~ + 3Mn2+ + 2H,0 2 sMnOs + 4H+ (1)
The mechanism of the reaction, according to ADAMSONS, involves a rapid pre-equi-
librium between MnOs- and Mn(II) with formation of two intermediate species
MnO;~ + 3Mn2+ + 6H*+ & 3Mn3+ + MnO2+ 4+ 3H.0 (2)
Reaction (1) is essentially instantaneous in neutral solution and its rate decreases
markedly with increasing acidity. Reaction (2), on the other hand, should be promoted
by strong acid conditions. The object of our investigation is to explain the mechanism

of equilibrium (2) in terms other than acidity, anion type and concentration of Mn(II)
ions.

i

Fig. 3. Polarographic waves of MnO4s~ and Mn2+ in 1 N H»2SOj4: (a), 1 mM Mn2+, 1 mM MnO,;-;
(b), 5 mM Mn2*+, 1 mM MnO4-; (c), 10 mM Mn2+, 1 mM MnO4-.
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Since for acid concentrations lower than 1 N a red-brown precipitate of MnO.
forms immediately on the addition of manganous ions to MnO4- solutions, we have
limited our researches to solutions of the three acids of acidity equal to or greater than
1 N. When manganous ions are added to a MnOs- solution 1 N in any of the three
mineral acids, the permanganic ion reduction wave is not influenced until the amount
of Mn(IT) ions added to the solution is lower than a fixed value of the Mn(IT)/MnO4-
molar ratio. In sulphuric and nitric acids this molar ratio is 2 :1; in HClO4 it is 5 : 1.
For Mn(IT)/MnO4- ratios greater than these the permanganic ion reduction wave be-
comes notably modified. In fact it divides into three steps, one in the anodic region,
and the other two in the cathodic region.

The first of these cathodic steps has a current maximum which is accentuated, as
the concentration of Mn(II) ions in the solution is increased. It is also notably influ-
enced by the acidity of the solution and by the anion type present in the solution.
In the polarograms of Fig. 3 obtained from MnO4- sulphuric solution curve (a) is re-
lated to a Mn(IT)/MnO4~ molar ratio lower than 2 : 1, while the others have been ob-
tained from solutions having Mn(IT)/MnO,4~ ratios greater than 2 :1.

It can be seen that the cathanodic wave becomes greater as the Mn(II) concentra-
tion increases. For the same Mn(IT)/MnO4- ratio and in solutions having equal acidity
the phenomenon is more pronounced in HNOjs but in HCIOj4 is notably reduced. The
cathanodic wave begins to be observed in perchloric media only for a Mn(IT)/MnO4-
ratio equal to or greater than 10 :1 (Fig. 4). Curves (a) and (b) are related to sulphuric
and perchloric media respectively; curve (c) has been obtained in nitric acid.

As the acidity of the solutions increases the cathanodic wave is reduced, the second
cathodic step is reduced until it disappears and in sulphuric and perchloric acids a

gy
It

Fig. 4. Polarographic waves of 1 mM MnOs- and 10 mM Mn2* in acid media: (a), in 1 N H»SO4;
(b), in 1 N HClO4; (c), in 1 N HNOs.
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third reduction wave appears at a potential of about 40.65 V vs. S.C.E. This third
wave does not appear in nitric acid. At greater acid concentrations the permanganic
ion reduction wave disappears almost completely while, in sulphuric and perchloric
media, the reduction wave having E, = 40.65 V vs. S.C.E. becomes increasingly
greater and the cathodic part of the cathanodic wave is reduced. This can be seen
in the polarograms, shown in Fig. 5, which have been obtained from solutions having

w’"’ iy
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Fig. 5. Influence of H2SO4 concn. on the polarographic waves of 1 mM MnO,- and 10 mMJMn2+:
(a), T N; (b), 3 N; (c), 6 N. 4

fk/\\/ d

Fig. 6. Anodic waves of varying amounts of Mn2+ino.1 M H2SOs: (a), 1 mM ; (b), 2 mM ; (c), 3 mM;
(d), 5 mM.
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a constant Mn(II)/MnO4- molar ratio but with different acidities. At the same time
the colour of the solutions changes from the characteristic red-violet colour to rose in
perchloric and sulphuric acids and to yellow-brown in nitric acid. It will be of interest
to analyse each step to try to identify the ionic species present in the MnO4~ strongly
acid solutions of three mineral acids after the addition of Mn(II) ions.

The wave in the anodic region at a potential of +1.15t0 +1.2 Vvs.S.C.E.issupplied
by oxidation of Mn(II) ions; in fact by polarographing Mn(II) solutions only, an
oxidation wave which increases with increasing concentration manganous ions is
obtained at the same potential. For high Mn(II) ion concentrations, (Fig. 6), a re-
duction wave with a current maximum appears at the same potential. The cathodic
part of the cathanodic wave, identical to the one obtained from MnO4- solutions with
added Mn(IT) ions, is observed only if the polarographic curves are recorded passing
from the anodic to the cathodic region. Only the anodic wave is observed when re-
cording in the opposite direction, both in Mn(II) solutions and in Mn(II) solutions
mixed with MnO4~ (Fig. 7). The height of this unusual cathodic wave depends upon

Fig. 7. Influence of polarographic recording direction on the waves of MnO4-and Mn?2* in acid
media: (a), MnOs4~ 1 mM, Mn2+ 10 mM, HsSO4 3 N, forward recording; (b), as (a), backward re-
cording; (c), Mn2t 5 mM, HsSO4 0.1 M, forward recording; (d), as (c), backward recording.

the time during which the electrode potential is held at the diffusion-step potential
of the anodic wave, 7.e. upon polarogram recording rate, and upon solution acidity.
In weakly acid solutions, at the step-potential of the anodic wave, a brown precipitate
is deposited on the Pt electrode surface. It has oxidising properties and resembles
MnO,. If this electrode, after simple washing with distillated water is plunged into a
sulphuric acid or other mineral acid solution, the oxidation wave disappears and a re-
duction wave with a current maximum, (although reduced in size) is formed (Fig. 8,
curves (a) and (b)). Such behaviour is typical of polarographic waves due to the re-
duction of a surface film, which has been deposited on an electrode during a manganous
ions oxidation process. The surface film can consist of H:MnOs or even MnMnOs;
this last hypothesis is supported by the behaviour of the wave in presence of Mn(III)
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ligands. It disappears on the addition of phosphoric acid to the solution as can be
observed in Fig. 8, curves (c) and (d).

From experimental data it is evident however that the anodic wave corresponds
to the Mn(II)-Mn(IV) oxidation process; the Mn(IV) which results, reacts with man-

a )\_ c d
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Fig. 8. Polarographic curves of MnMnOj3 superficial film : (a), anodicand cathodic wavesof 2 10-3 M
Mn(II) in o.1 N H2SOj4; (b), cathodic wave obtained by plunging the platinum electrode in
0.1 N HsSO4 only; (c), Mn(II) 5-10-3 M, H2SO4 0.3 N; (d), as (c), 0.1 M HsPOs,.

—

Fig. 9. Influence of the anion on the polarographic wave of 1-10-3 M MnO4- and 10-10-3 M Mn(II)
in acid soln.: (a), in 3 N HNOs; (b), in 3 N HsSOs; (c), in 3 N HCIOs.
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ganous ions forming a superficial film the reduction of which corresponds to the
cathodic part of the cathanodic wave. This explains why the cathanodic wave obtain-
ed from MnO4- solutions with added Mn(II) ions, depends not only upon the Mn(IT)/
MnOs~ ratio and acidity but also upon the anion which is present in the solutions.
In sulphuric and perchloric media the wave height is comparable but it is much
greater in HNOj3 (Fig. 9). The size of the cathanodic wave depends, in fact, upon the
complexing power of the acid with respect to Mn(ITI). This is zero for nitric acid and
is of about equal value for the other two acids. The second cathodic step corresponds
to the direct reduction of MnO4~ion to Mu(IT) ion, while the third step, which appears
at high acid concentrations (H2SO4 and HCIO4 only) is due to the reduction of Mn(III)
ions which have been formed by direct reaction between MnOs4~ and manganous ions
and which are bound in stable complexes. The presence of Mn(ITI) ions in sulphuric
and perchloric acids has been confirmed by the tollowing observations:

(1) In Fig. 10 are shown the absorption spectra obtained from sulphuric, perchloric
and nitric solutions at equal acid concentration and with the same Mn(IT)/MnO4~

O
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Fig. 10. Absorption spectra of 1-10-3 M MnO,~ and 10-10-3 M Mn(II) in 6 N acid solns.: (1), in
HNOs; (2), in HC1Oy; (3), in HaSO4; (4), Mn(IT) 2-10-2 M in H2SOy, electro-oxidised to Mn(I1I)
for 30 min. D = 3.98 mA/cm?2.

molar ratio. The spectrum obtained in H2SO4 or HClOy4 is quite different from the
spectrum of MnO,-; it is instead characteristic of Mn(III) and is identical to that
obtained from concentrated solutions of Mn(II) of equal acidity and electro-oxidising
power. The absorption spectra obtained in HNOj; resemble those obtained in concen-
trated sulphuric acid medium.

(2) By polarographing electro-oxidised Mn(III) solutions a reduction wave having
E, = +0.65 V vs. S.C.E. is obtained which is identical with the one obtained from
MnOs- solutions with added Mn(II) (Fig. 11).

(3) If a MnO4- solution with added Mn(II) is reduced at a controlled-potential of
4-0.4 V v5. S.C.E. a coulomb number (Tables 2 and 3) is obtained which agrees with a
5-electron reduction. If the potential is fixed at +0.8 V uvs. S.C.E., i.e, before the
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Mn(III) reduction wave, the current corresponds to a reduction smaller than 5 elec-
trons.

The Mn(III) formation reaction is notably influenced by acidity (optimum 6 N)
and by the concentration of Mn(IT) ions in the solution ; the greater the Mn(IT)/MnO4~
ratio, the greater the amount of Mn(1II) ions formed, at a fixed acidity. At high acid

Fig. 11. Polarographic waves obtained from solns. of Mn(III) obtained by direct oxidation of
Mn(IT) with permanganate and by electro-oxidation of Mn(II): (a), MnO4~ 1-10-3 M, Mn(II)
10-1073 M, H2SO4 6 N; (b), Mn(II) 2-10-2 M, electro-oxidised for 60 min. D = 3.5 mA/cm?2.

concentrations the Mn(ITI) ions which form are stable in sulphuric medium (in accord-
ance with the complexing properties of this acid) and, what is surprising, also in
perchloric medium. Perchloric acid is well known for its non-complexing properties,
so that it is commonly used as inert supporting electrolyte in the study of ionic com-
plexes. The complete instability of Mn(III) ions in nitric acid is also very strange, as
nitric acid possesses more complexing properties than perchloric acid.

CONCLUSIONS

From experimental data we can draw the following conclusions on the reduction
mechanism of permanganate ion in mineral acid media. The permanganic ion in acid
medium and in absence of manganous ions is reduced irreversibly and very slowly to
Mn(II). In the presence of Mn(II) permanganic ion reacts forming Mn(ITI) which is the
active oxidising species in permanganate oxidation reactions. This explains (i) the
MnOs~ incubation period and its removal by the addition of Mn(II) ions in wet com-
bustions and (ii) the permanganate oxidation-potential decrease in the oxidation of
Fe(II) according to ZIMMERMANN-REINHARDT. The addition ot Mn(II) ions does
not decrease the oxidation potential of the MnOs~—Mn(II) couple below that of chlor-
ide—chlorine, as we had believed previously. An explanation of this type is inadequate

J. Electroanal. Chem., 6 (1963) 344-456



356 P. G. DESIDERI

in view of the MnOs~ — Mn(II) reduction which is completely irreversible. On the
contrary it is clear that the réle of Mn(IT) ions is to react with permanganate so that
it may form Mn (ITI) and so contribute to the lowering of the potential of the reversible
couple Mn(ITE)-Mn(II), ¢.e., the potential determining of the MnOs—Mn(II) system.
Phosphoric acid and, to a lesser extent, sulphuric acid (ZIMMERMANN-REINHARDT
reagent) by complexing Mn(III) ions in stable ionic species, acts effectively together
with the excess of Mn(II) ions to lower further the Mn(ITT)-Mn(II) system potential
so that Mn(III) may be reduced by Fe(Il) only and not by chloride.

SUMMARY

The reduction of MnO4~ in nitric, perchloric and sulphuric acids on a bubbling plati-
num electrode and the influence of the acid anion on the behaviour of the permanganic
ion in the presence of Mn(II) were studied. The role of Mn(II) and Mn(ITI) in the per-
manganate reduction process was fully investigated. Evidence is given for the forma-
tion of an Mn(III)-acid complex in sulphuric and perchloric acids. The presence of a
surface film of MnMnOs on the platinum electrode and its reduction were observed
and studied.
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POLAROGRAPHIC BEHAVIOUR OF HALIDE IONS
I. CHLORIDE
T. BIEGLER
Section of Agricultural Chemistry, University of Sydney (Australia)*

(Received May 22nd, 1963)

Chloride, bromide and iodide ions belong to quite a large group of substances which
depolarize the dropping mercury electrode with the formation of insoluble mercury
salts. The resulting anodic polarographic steps have been described by simple equa-
tions! which indicate that the steps should begin steeply and discontinuously, should
be asymmetric about the half-step potential and should shift to more negative po-
tentials with increasing halide concentration. However, in no case has the polaro-
graphic behaviour been found to correspond precisely with this description and,
further, there are clear differences between the three halide ions themselves. In
following communications each ion will be examined in detail using the methods of
d.c. and a.c. polarography which are complementary in assisting interpretation of the
electrode processes.

VLCEK? investigated the d.c. polarographic behaviour of chloride ion and found
several departures from that expected on the basis of the equations derived by KoLT-
HOFF AND MILLER!, viz.,

RT
E = E°——In[CI]° (1)
F
RT ia—1
—E°——In (2)
F k
and
] .. RT _[Cl]
Eyp = E° ——1In (3)

2

Here, E’° is the standard potential of the calomel electrode, 'C1-]° indicates the sur-
face concentration of chloride, % is the proportionality constant between the diffusion
current and the bulk concentration of chloride ion and the other terms have their usual
significance. In the first place, VLCEK found a small but distinct pre-step, the height
of which did not vary with changing chloride concentration but increased in propor-
tion to the mercury reservoir height (c¢f., HAUL AND ScHoLz3). The adsorption charac-
ter of this pre-step was confirmed by the presence of characteristic current-time curves

* Present address: Department of Chemistry and Chemical Engineering, University of Illinois,
Urbana, Illinois, U.S.A.
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in the potential region of the pre-step. In addition, VLCEK noted that: (i) the beginning
of the anodic step, although quite steep, was by no means discontinuous, (ii) both the
potentials for the commencement of discharge and the Ey» values were some 50 mV
more positive than the calculated values, (iii) the total limiting current was not a
linear function of bulk chloride concentration and (iv) at concentrationsabove 2 - 10-3 M
the polarograms showed three or even four separate steps (including the above-
mentioned pre-step).

VLCEK postulated that: (i) the initial product of the electrode reaction was a mono-
layer of adsorbed calomel in the form HgCl, (ii) at more positive potentials than the
pre-step the reaction proceeded by way of an intermediary, Hg>Cl+, and (iii) the total
limiting current was controlled, expecially at high chloride concentrations, by the
rate of passage of mercurous ions through a relatively thick film of .calomel which
accumulated at the electrode surface.

Thea.c. polarography of chloride ion was first examined by BREYER AND HACOBIAN4
who found a sharp, well-defined a.c. wave corresponding to the anodic d.c. step. The
wave was asymmetric, the base current was depressed on the positive side of the
wave and the summit potential corresponded to the beginning of the d.c. step rather
than to the half-step potential. These authors used the term transition waves to describe
the a.c. waves of the halide ions which were believed to be intermediate in their be-
havior between faradaic and tensammetric a.c. waves.

EXPERIMENTAL

A.c. and d.c. polarograms were obtained manually using a circuit of conventional
design (e.g., BAUERS). The superposed sinusoidal voltage was of mains frequency
(50¢/sec)and theamplitude wasadjusted by meansof a voltage divider. Current readings
for the polarograms were taken at the end of drop life. In several cases the form of the
current-time curves for individual drops was alsorecorded ; d.c. polarographic current—
time curves were obtained by applying the voltage drop, across a decade resistance
box in series with the cell, to the vertical plates of an oscilloscope (Tektronix type
502).

A saturated-calomel reference electrode was used, with a large electrolytic condenser
(2,000 uF) providing a low impedance path between the reference electrode and a
mercury pool in the polarographic cell. A salt bridge containing saturated potassium
nitrate connected the cell solution with a beaker of saturated potassium chloride into
which dipped a second bridge from the reference electrode. The bridge solution in con-
tact with the cell was changed regularly to ensure that chloride from the beaker did
not reach the cell.

Analytical grade reagents were used without further purification. Except where
otherwise noted, experiments were carried out at 25°. Capillary characteristics were:
mercury head, 38 cm; ¢, 4.3 sec (in air-free M NasSO4 at zero applied potential);
m, 1.60 mg/sec.

RESULTS

In agreement with previous workers4:5,7 the chloride a.c. wave is found to be asym-
metric when a superposed alternating voltage of 15 mV r.m.s. is used (Fig. 1a(ii)). The
negative branch of the wave rises steeply to a sharp peak and then falls away more
gradually on the positive side. Use of a comparatively small alternating voltage
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(< 5 mV) gives an a.c. wave with a shape quite different from that found previously
(Fig. 1a (iii), 1b (ii)). It appears that the use of a larger amplitude obscures changes
in the electrode processes occurring over a small potential range. The current is seen
to drop very sharply at potentials just more positive than the summit and then rise
again to give a small peak at the positive foot of the wave.
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Fig. 1. (a), Polarograms for mM chloride ion in 1.0 M KNOgs: (i), d.c.; (ii), a.c. (alternating voltage

15 mV); (iii), a.c. (alternating voltage 4 mV).

(b), Polarograms for mM chloride ion in 1.0 M Na;SO4 +0.001 N H,SO4: (i), d.c.; (ii), a.c. (alter-
nating voltage 4 mV). Broken line indicates base current.

A feature of the d.c. polarograms is the sharpness of the start of anodic discharge;
a potential change as small as 1 mV can be sufficient to shift from a region of no dis-
charge to one where appreciable faradaic current flows. The sudden increase in cur-
rent shown by the galvanometer is an adequate indication of the start of electron
transfer. The shapes of the current-time curves in this potential region are useful in
establishing the sharp change in the electrode process (Fig. 2). Thus, the curve at
4-0.240 V shows a continuous decrease in current with time, typical of a charging or
condenser current (e.g., MCKENZIES). At a potential only 2 mV more positive there is
an increase in the anodic current during the later stages of the drop life; such an
increase with increasing drop size strongly suggests that faradaic current is present.

By these means, it is possible to make very accurate determinations of the starting
potential of the d.c. pre-step. Comparison of this value with the sharp summit poten-
tial of the d.c. wave shows agreement to within 2’'mV in all cases. Because of the mag-
nitude of this uncertainty it is not possible to state definitely whether or not the alter-
nating current at the summit potential is accompanied by a faradaic direct current.
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(c) (d)
Fig. 2. Current-time curves (d.c.) for mM chloride ion in 1.0 M KNOj at following potentials:
(a), 0.220 V (4.9); (b), 0.240 V (13.6); (c), 0.242 V (12.8); (d), 0.245 V (9.0). Figures in brackets
indicate corresponding a.c. values (uA) with 5 mV alternating voltage.

020 022 024 026_ 028 030
Es
Fig. 3. Relationship between summit potential (E;s) and concn. for the chloride a.c. wave in
1.0 M KNOj at 25°.

Since the potential regions of faradaic and non-faradaic direct current are so
sharply defined, it would seem desirable to use an alternating voltage no larger than
0.5 mV r.m.s. (I.4 mV peak-to-peak) in order to resolve this problem. The necessary
sensitivity could not be attained with the equipment used in these experiments.
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As expected from the d.c. polarographic behaviour, the summit potential of the
chloride a.c. wave shifts to more negative values with increasing chloride concentra-
tion. The plot of summit potential against the logarithm of chloride ion concentra-
tion is a straight line of slope —71.5 mV (Fig. 3).

The composition of the supporting electrolyte has a specific influence on the height
of the a.c. wave but not on the diffusion current (Table 1). Also shown in this table
are the values of the base current for supporting electrolyte alone, at the potential of
the peak of the chloride wave. It can be seen that the wave height increases as the
corresponding base current decreases.

TABLE 1

A.C. WAVE HEIGHTS FOR CHLORIDE ION IN VARIOUS SUPPORTING ELECTROLYTES
Chloride concn. 5-10-4 M ; alternating voltage, 15 mV; T=25°.

Supporting Wave height Base current
electrolyte (nAd) at Es (ud)
1.0 M NasSOy4 16.6 TR
0.1 M NaySQOy4 18.6 6.6
1.0 M KNOj 25.2 5.4
1.0 M NaClOy4 29.1 3.9
DISCUSSION

There is strong evidence to suggest that the start of anodic discharge of chloride ion
occurs sharply and is discernible with a potential change of only 1—2 mV. Further,
there is close agreement between this starting potential and the summit potential of
the a.c. wave. It follows that at least the major part of the negative branch of the a.c.
wave lies in a potential region where there is no charge transfer across the electrode
solution interface and therefore this branch involves alternating currents which are
non-faradaic in character. I't should be noted that the above description for this part
of the a.c. wave is directly supported by the experimental evidence only to within
a few millivolts of the peak where the experimental difficulties mentioned earlier
make interpretation uncertain. At this stage, the possibility cannot be excluded that
the alternating current at the summit may contain a faradaic component.

The height of the chloride a.c. wave shows a strong dependence on the composition
of the supporting electrolyte. For example, the effect of supporting electrolyte con-
centration is illustrated by the results for 1.0 M and 0.1 M sodium sulphate, the chlor-
ide wave being about 2 gA higher in the latter solution. The specific effect of the elec-
trolyte concentration is emphasized by the fact that the additional resistance of the
more dilute solution would tend to reduce rather than increase the a.c. wave height.
The results in Table 1 indicate that the higher the supporting electrolyte base current,
the lower is the chloride wave in that solution. It is generally believed that base cur-
rent values at such positive polarizations are measures of the strength of bonding
between mercury and the specifically adsorbed anions in the double layer?. On this
assumption the present results suggest that the a.c. wave height becomes smaller as
the adsorption of supporting electrolyte anions becomes stronger.

The non-faradaic nature of the cathodic side of this a.c. wave and the pronounced
effect of double-layer structure on the height of the wave can both be readily explained
by postulating that the negative branch of the wave is due to the high differential
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capacity of the double-layer following upon intense specific adsorption of chloride
ion (cf., D1BBs ef al.19). It is well known that chloride ion is specifically adsorbed on to
mercury and that both the intensity of adsorption and the differential capacity in-
crease as the potential is made more anodic?; this increase in capacity apparently
becomes very steep at potentials just more negative than the starting potential of the
discharge process. According to this view the a.c. wave height corresponds to a large
differential capacity associated with a high surface concentration of adsorbed chlor-
ide ions. In the presence of other (i.e., supporting electrolyte) anions in the double-
layer, the approach of chloride ions into the inner Helmholtz plate is hindered because
of a repulsion effect. Hence it is reasonable to expect that the extent of specific ad-
sorption of chloride ions and therefore, the height of the a.c. wave, are greatest when
the concentration of other anions within the double-layer is least. This is precisely the
observed effect.

Because of the increasing double-layer capacity, the anodic d.c. residual current
increases up to the point where discharge becomes evident. This feature has been
confused with a gradual commencement of the discharge process itself2, but current—
time curves (Fig. 2) show convincingly that this process does start discontinuously, or
nearly so, as predicted by KOLTHOFF AND MILLER!.

The initial product of the charge transfer reaction seems to be a mono-layer of
calomel having a fixed orientation related to the arrangement of the atoms in the
underlying mercury surface!1-13, The height of the d.c. pre-step is then a measure of
the quantity of electricity required to form such a layer; a value of 125 uC/cm? is
calculated from the present results (pre-step height of 0.96 uA). A value of this order
(x60 uC/cm?) has previously been derived!! on the assumption that one chlorine atom
is attached to each mercury atom of the electrode surface. It is therefore likely that
such a structure exists under polarographic conditions.

It should be stressed that the term adsorption pre-step is not strictly applicable here,
at least in the same sense as used by BRpIcKA!4. True adsorption pre-steps are sup-
posed to result from the fact that the initial layer of the adsorbable reduced species
of a substance such as riboflavin or methylene blue is formed in a state of lowered
activity and therefore the reduction is able to occur at a potential more positive than
would be possible if the product were not adsorbed. It is hardly likely that the chlor-
ide pre-step is formed in the same way. In all probability, the complete surface layer
of calomel (or chloromercury) acts as a barrier to the charge transfer reaction which
therefore proceeds with an appreciable overvoltage in the presence of such a layer.
Accordingly, the formation of this first layer can be observed as a separate step.
Neither the current-time curves associated with this step nor the dependence of limit-
ing current on the mercury head are satisfactory criteria for establishing the nature of
such a pre-step because these properties behave similarly if either of the possible
mechanisms is operating15.

The fall in alternating current at potentials just more positive than the summit
potential, corresponds to the plateau of the pre-step. At still more positive potentials
the current rises again and a small a.c. wave, corresponding to the main portion of
the d.c. step, is formed. The height of this wave, and the difference in its height in
different media (Fig. 1), suggest that the discharge process is not completely reversible,
probably because once the complete mono-layer is formed (i.e., the initial phase of
discharge) further passage of current takes place by migration of mercurous or chlor-
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ideions through the film. With a sufficiently thick calomel film there may be a further
- observable increase in the overvoltage of the electrode reaction. Thus, at high chlor-
ide concentrations the main step splits into two steps (¢f., VLCEK2), a phenomenon
having essentially the same origin as the splitting of polarographic steps often observ-
ed in the presence of added surface active substances. In the case of chloride the surface
film is composed of the insoluble product of the electrode reaction, and the behaviour
of the first limiting current is in reasonable agreement with a theory developed for
limiting currents due to such reaction product films?5.
The relationship between the starting potential (£:) oi chloride discharge and the
concentration ot chloride ion is given (from eqn. (1)) by

E, = E’° —0.0591 log [Cl-] (4)

The derivation of eqns. (1)-(4) employs an over-simplified picture of the electrode
process in that it is assumed that discharge starts when the solubility product of mer-
curous chloride is exceeded. Such a representation cannot be accurate!! and, as noted
previously?, eqn. (4) does not correctly predict experimental values of E;. Never-
theless, the relation between E; (which coincides with the more conveniently measur-
ed summit potential of the a.c. wave) and the logarithm of the chloride concentration
is linear to a high precision (Fig. 3) and is given by

E, = constant — o0.0715 log [Cl-] (5)

It is perhaps surprising that the value of the constant in this equation is found to be
+0.026 4- 0.004 V which is in very good agreement with a value recently quoted for
the standard potential of the calomel electrode (+0.026 V on the molar concentration
scalel6).
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SUMMARY

The wave obtained in the a.c. polarography of chloride is attributed mainly to the
adsorption of chloride ion which results in a high differential capacity of the electrical
double-layer. The alternating current at potentials more negative than the summit of
this a.c. wave is non-faradaic in character since no faradaic direct current can be de-
tected in this potential region. D.c. polarographic current-time curves indicate that
discharge of chloride ion begins almost discontinuously at a potential corresponding
to the summit of the a.c. wave.
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The polarographic behaviour of bromide ion has not previously been investigated in
the same detalil as that of chloride. The main facts already established are as follows.
Since mercurous bromide is less soluble than calomel, the bromide d.c. step and a.c.
wave occur at more negative potentials than those of chloride!-3. At concentrations
above millimolar, the bromide step splits into two; the first limiting current remains
constant with increasing bromide concentration and is attributed to the formation of
a mercurous bromide film at the electrode surfacel. This effect appears to be analogous
to the splitting of the chloride step at high concentrations (cf., Part I).

BrEYER AND HacoB1an? found that bromide gave a sharp, well-defined a.c. wave
and, as with chloride, it was shown that the summit potential corresponded closely to
the potential at which discharge of bromide commenced?:3.

In the following communication, it will be shown that bromide passes through an
initial phase of discharge similar to that of chloride, giving rise to a small pre-step.
The accompanying a.c. polarographic phenomena are quite complex and reveal, among
other things, a slow diffusion step in the adsorption of bromide ions and a reversible
phase of the electron transfer reaction within a narrow potential region.

EXPERIMENTAL AND RESULTS

A.c.—time curves showing the time variation of the peak-to-peak value of the alter-
nating current were obtained as described previously4. Other apparatus and experi-
mental methods were the same as indicated in Part I of this series. Analytical grade
potassium bromide was employed without purification. All potential values refer to
the saturated calomel electrode.

Typical a.c. and d.c. polarograms for bromide ion are shown in Fig. 1. Two distinct
sections are evident in the a.c. wave, firstly, a fairly steady rise in current from a po-
tential around —o.2 V. (this becomes more cathodic at higher concentrations) to one
corresponding closely to the beginning of the d.c. step and, secondly, a steep rise to a
sharp peak which falls away steeply on the positive side to a current level somewhat
lower than the base current. For convenience, these two sections will be referred to as
the hump and spike respectively. It is noteworthy that the a.c. wave has essentially
this shape even at the lowest concentrations at which the wave can be detected (ca.
51075 M). The heights of both portions of the wave increase linearly with concentra-

* Present address: Department of Chemistry and Chemical Engineering, University of Illinois,
Urbana, Illinois, U.S.A.
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tion up to around 5-10-4 M ; above this value the calibration graphs are curved. With
the simple a.c. polarographic circuit used here it is not possible to detemine whether *
this curvature is real or is caused solely by the series resistance of the circuit®.

The d.c. polarogram in Fig. 1 exhibits the general features of the bromide step. The
initial anodic rise is more gradual than in the case of chloride and, as a result, the’
starting potential of electron transfer cannot be precisely determined from the d.c.
polarogram alone (but see below). A well-developed pre-step with a height (0.91 xA)
comparable to that of the chloride pre-step (0.96 uA using the same capillary and mer-
cury head) is present. With concentrations above millimolar the main d.c. step splits
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Fig. 1. Polarograms of 5-10-4 M bromide ion in 1.0 M KNO;: (a), d.c.; (b), a.c. (alternating
voltage 15 mV), broken line is base current; (c), as (b), but alternating voltage 5 mV; (d), as (b),
but alternating voltage 2 mV.
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(b)iii (b)iv
Fig. 2. (a), A.c.—time curves and (b), d.c.—time curves for 5-10-4 M bromide ion in 1.0 M KNOs
at following potentials: (i), 0.100 V; (ii), 0.113 V; (iii), 0.115 V; (iv), 0.116 V. Alternating voltage

2 mV.
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into two; the first limiting current remains constant at about 4 uA while the total
current is proportional to the bromide concentration.

With decreasing amplitude of the superposed alternating voltage the width of the
spike becomes smaller. For example, with an alternating voltage of 15 mV r.m.s. the
width, measured at point A (Fig. 1), is 20 mV ; with 5mV alternating voltage the width’
is 7 mV and decreases to only 4 mV when the alternating voltage is 2 mV r.m.s.

Comparison of a.c. and d.c. polarograms suggests that the a.c. hump is non-faradaic
in origin and that the rise of the spike parallels the commencement of the electron
transfer reaction. As with chloride (see Part I), current-time curves are useful in
assisting interpretation of the polarograms and especially in deciding at what potential
the discharge of bromide ion commences. A series of such curves is shown in Fig, 2.
In this particular case the foot of the spike occurs at +o0.115 V. At more negative
potentials (i.e., corresponding to the hump region) a.c.—time curves have their usual
shape (I o ¢2/3) and the d.c.—time curves show the decrease in current with time, typical
of a capacity or charging current. The change in electrode process at 4-0.115 V is very
sharp and is marked by a rise in both direct and alternating currents just before the
end of drop life. This current rise marks the beginning of the spike in the a.c. polaro-
gram and of the steep portion of the pre-step in the d.c. polarogram. An alteration in
potential to +0.116 V causes the d.c. rise to shift to an earlier stage in the drop life
but the current falls again towards the end of drop life. The a.c.—time curves reflect
this behaviour and the alternating current reaches a maximum about halfway through
drop life. At still more positive potentials the current rise and the maximum occur
earlier in the drop life.

Some typical results showing the effects of supporting electrolyte composition and
mercury head on the bromide hump are presented in Tables 1 and 2.

TABLE 1

HEIGHTS OF THE BROMIDEA.C. HUMP FOR 4.0 X 10~4// BROMIDE IN VARIOUS SUPPORTING ELECTROLYTES
alternating voltage 4.0 mV r.m.s., T = 25°

Supporting Height of humfpi
electrolyte (nA)
1.0 M Na,SOy4 4.5
1.0 M KNO3 5.5
1.0 M NaClO4 5.3
TABLE 2

EFFECT OF MERCURY HEAD ON HEIGHT OF THE BROMIDE HUMP
4.0X 104 M bromide in 1.0 M Na,SOs; alternating voltage 15 mV r.m.s., T = 25°.

h Wave height
(em) (uA)
22 5.0
38 4.7

57 4.2
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DISCUSSION

The most significant feature in the a.c. polarography of bromide ion is the appearance
of two distinct sections in the a.c. wave, resulting, presumably, from different elec-
‘trode processes. All the experimental evidence indicates that the hump is a feature
which arises from the specific adsorption of bromide ions at the mercury surface.
Faradaic current at potentials corresponding to the hump is absent; the gradual ano-
dic increase of residual current in this potential region is due, as with chloride ion,
to the increased surface charge density accompanying anion adosprtion. According
to this view, the hump can be thought of as an exceptionally high base current re-
sulting from a high differential capacity ot the double-layer.

It is of interest to examine the influence of supporting electrolyte composition on
the height of the hump, in view of the corresponding results and their interpretation
in the case of chloride ion (see Part I). The heights in molar sodium perchlorate and
potassium nitrate differ only slightly but in sodium sulphate the hump is significantly
lower (Table 1). The same reasoning applies here as with chloride ion, namely, that
the stronger adsorption of sulphate results in a lower surface concentration of bromide
ion. It is possible that the smaller magnitude of the differences found with bromide,
as compared to chloride, is a consequence of the greater strength of adsorption of the
former which is therefore somewhat less affected by the presence of other anions in the
double-layer than is the adsorption of chloride.

The height of the hump is significantly affected by altering the drop time (Table 2).
These measurements were prompted by the idea that a system such as this, 7.e., one
containing small bulk concentrations of a strongly adsorbed ion, should provide
conditions favourable for observing diffusion-control of adsorption. The results shown
in Table 2 seem to confirm this view; increasing the drop time causes an increase in
wave height, probably due to a higher surface concentration of bromide ion at the end
of drop life. This behaviour contrasts with the more commonly encountered case of
an uncharged surfactant where diffusion-control of adsorption is manifested as a de-
crease in capacity (and alternating current) with increasing drop time. The existence
of diffusion-control for ion adsorption has been predictedé but does not seem to have
been detected previously for the reason that most measurements of double-layer
capacity in electrolyte solutions are carried out using concentrations at which adsorp-
tion equilibrium is reached very rapidly.

The narrow and sharp appearance of the spike, especially when very small alternat-
ing voltages are employed, suggests that the underlying electrode process occurs only
over a very narrow potential range. An a.c. wave corresponding to such a process
can always be expected to increase in width when a larger alternating voltage is used
because the periodically alfernating potential can cover the region of the reversible
process even when the steady applied potential is well removed from this region. This
type of situation is not normally encountered for the reason that the alternating volt-
ages commonly used are very small compared with the potential range within which a
typical reversible electron transfer process occurs (ca. 240/n mV). With two different
processes occurring close together, as with bromide, use of a large alternating voltage
can completely obliterate the two regions of the a.c. wave (e.g., TAKEMORI AND
TACHI3).

If it is assumed that the spike arises from diffusion-controlled (faradaic process
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involving one electron, it can be calculated that the height should be about 7 uA
r.m.s. for a bromide concentration of 5-10-4 M and 5 mV alternating voltage. This
compares with an experimental value of about 25 uA so that the spike is abnormally
high if in fact it is a faradaic a.c. wave.

One point of similarity in the polarographc behaviour of chloride and bromide
stands out, namely, that we are dealing with electrode processes which are separated
almost discontinuously by a narrow potential interval. On the basis of the results found
with chloride, it is logical to infer that the spike is associated with the commencement
of the electron transfer reaction, 7.e., the formation of mercurous bromide. This con-
clusion is supported by the shape of the d.c. polarograms which commence gradually
(increase in residual current), show a sharp anodic rise (beginning of discharge) and
then flatten out to give a pre-step of hight comparable with that of the chloride pre-
step (formation of a mono-layer of mercurous bromide).

On the basis of the above considerations, two distinct mechanisms for the formation
of the spike are possible. In the first, the current is considered to originate in the sud-
den decrease in surface charge density following formation of the mercurous salt.
Thus, just before discharge begins the double-layer has a very high capacity which
doubtless decreases when bromide ions are converted into mercurous bromide mole-
cules. The fall in charge density would then result in a large differential capacity
because of the large rate of variation of charge density with potential. If this inter-
pretation is correct, the spike should be classified as a non-faradaic a.c. wave.

The second proposed mechanism consideres the current in the spike to be faradaic
and produced by the reversible electron transfer reaction involved in the formation of
mercurous bromide. Such a reaction is almost certainly not the classical one

2 Hg = Hgs?* 4 2

for reasons identical to those proposed for the discharge of chloride on mercury?.
In analogy to the case of chloride, the initial phase of discharge of bromide ions is
probably the formation of a mono-layer of bromine atoms covalently bonded to the
mercury surface, giving a layer which could be named bromomercury (cf., HILLS AND
IvEs?). Electron transfer occurs when a bromide ion loses its electron directly to the
metallic mercury on to which it is specifically adsorbed ; mercurous ions as such play
no part. The a.c. wave is narrow because this reaction can occur reversibly only over
the small potential range between the beginning of discharge and the formation of a
complete mono-layer. The abnormal height of the wave could then be explained by the
excess surface concentration, as compared with the bulk concentration (from which
the theoretical height is calculated), due to adsorption of bromide. These last points
account for the major objections to considering the spike as being faradaic in charac-
ter.

There is insufficient experimental evidence to distinguish unequivocally between
the alternatives presented above. However, the second mechanism is preferred, main-
ly on the grounds that it can be used to give a convincing explanation for the current—
time curves found in the potential region of the spike. The specific conditions under
which the current-time curves in Fig. 2 were obtained can be interpreted as follows.

At -+0.100 V there is no faradaic current; the d.c.—time curve shows a continuous
decay of current with time (typical residual current) while the alternating current
increases with growth of the electrode area. At potentials up to 4-0.113 V, the picture
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is very similar except for a small maximum which develops at the beginning of the
d.c.—time curve. It seems likely that this maximum is connected with the slow forma-
tion of the electrical double-layer. Thus, the accepted form of the time dependence of
lthe residual currents,,

i, = —dg/dt = kt-1/3,

is derived on the assumption that the double-layer reaches equilibrium instantane-
ously. When, as here, this assumption is not strictly valid, it is plausible that the term
dg/dt passes through a minimum at some time after the formation of a fresh drop,
giving rise to a d.c.—time curve as found here.

At the next potential shown (+o0.115 V), there is a pronounced change in the shapes
of these curves, with a marked increase in current (both a.c.andd.c.)appearing shortly
before the end of drop life. This increase is taken to represent the beginning of the
electron transfer reaction and of the formation of the bromomercury layer. The reac-
tion commences only towards the end of drop life because the adsorption of bromide
is diffusion-controlled; the critical surface concentration required to bring about the
electrochemical reaction is not reached until a late stage in the drop life. It is signifi-
cant that when higher concentrations of bromide are used, the increase in current
always appears quite early in the drop life because the double-layer reaches equilib-
rium more rapidly.

At the next potential shown, only T mV more positive, the alternating current at
the end of drop life is already lower than at +0.115 V and a maximum appears in the
a.c.—time curve. The d.c.—time curve can best be described by means of a schematic
diagram (Fig. 3) which is divided into three sections.

D.C.

(@]

Xy
Time —

Fig. 3. Schematic representation of current-time curves at the start of discharge of bromide ion.

Section A represents the charging current, the maximum, as explained above, re-
sulting from the slow formation of the double-layer. At x, the reversible formation of
bromomercury begins and continues without limitation until all the available surface
is covered (Section B). The available surface becomes limiting at point y and the re-
action within Section C is controlled by the rate of formation of fresh surface, resulting
in a decrease of current with time. The a.c.—time curve can be divided into three cor-
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responding sections. Admittedly, this picture is idealized but it explains the essential
features of the current-time curves.

The curves at still more positive potentials follow a similar pattern with both the
rise in current (at x) and the maximum (at y) occurring earlier in the drop life. The re{
action is no longer reversible at potentials more positive than the foot of the spiké
because the surface is very rapidly covered by the mono-layer of mercurous bromide;
electron transfer then probably occurs, as with chloride, by the passage of mercurous
ions through the surface layer.

ACKNOWLEDGEMENTS

The author wishes to thank Dr. B. BREYER and Dr. H. H. BAUER for many stimulat-
ing discussions and the Commonwealth Scientific and Industrial Research Organiza-
tion for the award of a Studentship.

SUMMARY

The a.c. wave of bromide consists of two distinct portions, one, at more negative po-
tentials, arising from the adsorption of bromide ion and the other resulting from the
electron transfer process involved in the formation of mercurous bromide. Diffusion-
control of adsorption of bromide ion can be detected at low concentrations. Evidence
obtained from the shape of the a.c. wave and from current-time curves, both a.c.
and d.c., for individual drops suggests that the faradaic process is reversible only over
a narrow potential range corresponding to the formation of a mono-layer of mercurous
bromide. Bromide ion gives a d.c. pre-step of origin similar to that of chloride.
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The d.c. polarographic behaviour of iodide ion has been examined by KOLTHOFF AND
MiLLER! who found that the anodic limiting current became poorly defined at con-
centrations above 5-:10-4 M. They concluded that abnormalities in the diffusion
plateau were caused by a film of mercurous iodide and were able to observeanirreg-
ular and pulsating growth of the mercury droplet. Recently, evidence has been pre-
sented? to indicate that iodide gives a pre-step corresponding to the formation of a
monomolecular layer of mercurous iodide.

The a.c. polarographic behaviour has been reported by BREYER AND HAcOBI1AN3
who found two separate a.c. waves and by TAKEMORI AND TacHI4 who detected a
single wave in the potential range of the d.c. step.

EXPERIMENTAL AND RESULTS

The apparatus used was the same as outlined earlier (Part I). Alternating current
waveforms were obtained as described previously3. All potential values refer to the
saturated calomel electrode.

Polarograms for three representative concentrations of iodide are shown in Fig. 1.
At the highest of these concentrations three separate features are apparent in the a.c.
polarograms (Fig. 1c). Proceeding from right to left (cathodic to anodic potentials),
these are:

(i) A wave (Wave 1) whose summit corresponds to the most negative part of the
d.c. step. This wave appears at concentrations lower than the other waves (Fig. 1a)
and is a continuation of a rise in alternating current which begins around —o0.6 V.

(ii) A second wave (Wave 2) which begins to appear on the positive shoulder of the
first wave at concentrations in excess of 4-10-4 M. This is the same concentration
at which marked irregularities in the d.c. readings commence; these are indicated
in the diagram by a broken line. The a.c. readings for this wave are also somewhat
irregular but do not fluctuate to nearly the same extent as do the d.c. values.

(iii) A narrow wave (Wave 3) occurring at concentrations above 10-4 M and at a
quite positive potential. As the iodide concentration is increased, the summit potential
of Wave 3 shifts to slightly more positive values and the wave becomes smaller and

* Present address: Department of Chemistry and Chemical Engineering, University of Illinois,
Urbana, Illinois, U.S.A.
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less sharp (cf. Figs. 1b and 1c). Comparing a.c. and d.c. polarograms for iodide con-
centrations greater than about 4-10-4 M (e.g., Fig. 1c) it is found that Wave 3
occurs close to the positive end of the potential range in which fluctuation of the d.c.
readings are evident. At lower concentrations, .e., between 104 M and 4-10-4 M
Wave 3 is accompanied by a small kink in the dlffusxon current plateau.

(pA)
_2.

-4}

40t
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Fig. 1. A\.c. and d.c. polarograms for iodide ion in o.1 M KNOj at the following concns: (a),

9.8x 1073 M; (b), 1.9 X 1074 M; (c), 1.67 X 1073 M. A.c.basecurrentsareshown. Brokencurvein-

dicates irreproducible d.c. readings.

(a) (b)

Fig. 2. Current-time curves (d.c.) tor 1.67 X 10-3 M iodide ion in 1.0 M KNOj at: (a), 0.24 V; (b),
0.36 V.
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As pointed out above, the limiting current of the iodide d.c. step is irreproducible at
concentrations greater than 4-10-4 M. However the fluctuations disappear at poten-
tials more positive than +0.32 V. Between this point and the beginning of freemercury
pissolution, a constant and reproducible limiting current is attained which is propor-
tional to the iodide concentration at least up to 2.5 X 10-3 M andisof magnitude com-
parable to the diffusion currents of chloride and bromide obtained with the same

P
Ba—Nhn=

.Fig..3. Current-time curves (d.c.) at the beginning of the iodide d.c. step for 1.5 x 10-4 M iodide
ion in 0.5 M H.SOs: (a), —0.30 V; (b), —0.22 V; (c), —0.18 V; (d), —o0.14 V; (e), —o.10 V.
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capillary and mercury head. It is therefore likely that this reproducible portion of the
limiting current represents the true diffusion current. It is of interest to note that
current-time curves corresponding to the reproducible current readings at these very
positive potentials are normal in shape whereas those for the fluctuating readingy
show that the current varies irregularly with time and that curves at a given potential
are not reproducible (Fig. 2).

In the d.c. polarograms the start of the charge transfer reaction is not at all sharply
defined because of a large residual current at potentials negative to the region of
discharge. Current-time curves near the start of the d.c. step (Fig. 3) change shape
steadily as the potential is made more anodic, in contrast to the behaviour found with
chloride and bromide where discontinuous changes are observed (¢f. Parts I and IT).
There is no indication of any sudden change in the nature of the electrode process
such as found for the other two halides.

Some other significant aspects of the a.c. polarographic behaviour of iodide are
presented below. The concentration of iodide chosen for studying the influence of
these factors is in the range where only Waves 1 and 3 appear. Under these conditions
Wave 3 is best developed and the polarograms are quite reproducible.
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Fig. 4. A.c. and d.c. polarograms for 1.48 X 10-4 M iodide ion in: (a), 1.0 M KNOs; (b), 0.5 M H2SO4;
(c), 0.5 M K2SO,. Base and residual currents shown as broken curves. Alternating voltage 15 mV.
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Supporting electrolyte effects

At an iodide concentration of 1.48 X 10-4 M the height andshapeofbotha.c. waves
epends on the supporting electrolyte used (Fig. 4). However, the minimum base
ilurrent between Waves 1 and 3 is fairly constant (in the range 5-6 A under the
existing conditions) in a variety of electrolytes despite the fact that at the same po-
tential (i.e., at the potential of minimum base current) the base current for the pure
supporting electrolytes tested ranges from 3.5 uA in molar perchloric acid to 8 yA in
phosphate buffer pH 6.8. As a result, depending on the supporting electrolyte used,
the base current in this region may appear to be depressed (e.g., in phosphate buffer),
unchanged (e.g., in half-molar potassium sulphate) or elevated to a greater or less
extent (e.g., in molar potassium nitrate or perchloric acid.)

Effect of mercury head

Changing the mercury head affects Waves 1 and 3, the latter to quite a marked
extent can be seen from Table 1.

TABLE 1

EFFECT OF MERCURY HEAD ON WAVES I AND 3
1.48x 107* M ijodide in M HCIlOy; alternating voltage 15 mV; 7" = 25°.

h Wave 1 Wave 3
(cm) (u4) (nA)
22 77 21.7
38 6. 18.0
57 5.9 6.2

Effect of temperature

Increase in temperature raises the height of Wave 1 by about 0.5%, per degree but

causes a substantial lowering of Wave 3; at 60° the latter is completely eliminated
(Table 2).

TABLE 2

EFFECT OF TEMPERATURE ON THE HEIGHTS OF WAVES I AND 3
1.48 X 10~ M ijodide in M HCIOy; alternating voltage 15 mV.

T Wave 1 Wave 3
(°C) (nd) (ud)
25 6.8 18.0
40 7-4 9.0
60 8.0 —

Alternating current waveforms for Wave 3

Under certain circumstances, the waveform of the alternating current is useful in
interpreting the electrode process giving rise to an a.c. waves. The current waveforms
found with iodide, Wave 3 (Fig. 5) are seen to contain a large degree of harmonic
distortion, with the implication that the a.c. wave is tensammetric in origin.
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Fig. 5. Alternating current waveform for Wave 3 of iodide ion at 0.254 V (E5).

DISCUSSION

It is evident that the polarographic behaviour of iodide ion is in many respects differ-
ent from that reported for the other two halides (Parts I and IT). Two quite separate
a.c. waves are found, in contrast to the single chloride wave and the composite brom-
ide wave. It is perhaps tempting to suggest that the iodide waves correspond, respec-
tively, to the two processes postulated in the discharge of bromide ion but with a
larger potential differenceinterposed between them. However, thisideaisnotsupported
by the experimental evidence; the sharp, more positive iodide wave, for example,
corresponds to the limiting current plateau of the d.c. step rather than to the com-
mencement of discharge as is the case with bromide. A different scheme of electrode
processes is needed to account for the iodide a.c. waves.

Wave 1

The case of low concentrations of iodide, for which only Waves 1 and 3 appear will
be considered first. Qualitatively, the peak of Wave I represents the highest point of a
steady increase in current which beginsat quite cathodic potentials, around —0.6 V
for 1.5 % 10-4 M iodide. This current rise is wholly due to the increasing specific ad-
sorption of iodide ions, and the consequent increase of the double-layer capacity, as
the potential is made more positive®.?. Near the summit itself and towards more posi-
tive potentials, the start of the d.c. step is in evidence (Figs. 1 and 4), introducing the
possibility that the alternating current at these potentials contains a faradaic com-
ponent. However, logarithmic analysis of the iodide anodic step indicates that the
charge transfer reaction is quite irreversible2 and is therefore unlikely to give a faradaic
alternating current. The whole of Wave I is probably non-faradaic in origin and can be
considered analogous to the bromide hump, with the difference that at potentials
more positive than that corresponding to the maximum capacity the surface charge
density of iodide ions decreases steadily as these ions are removed by reaction with
mercury. Justas in the case of the bromide hump, the height of iodide Wave 1 increases
with decreasing %, indicating that adsorption equilibrium for iodide at these concen-
trations is also diffusion-controlled.

There is no evidence comparable with that discussed for the other halides, to indicate
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that a coherent mono-layer of mercurous iodide is formed at the electrode surface.

. Todide gives a very poorly defined pre-step (ref. 2 and Fig. 4) which is about half the

\ height of the pre steps found with chloride and bromide using the same capillary.
‘If a mono-layer is in fact formed it is not likely to possess the compact, crystalline
‘structure envisaged for calomel and mercurous bromide films. This conclusion gains
support from results obtained in electron microscope and diffraction studies8 which
show that the anodic film of mercurous iodide exists as a rather loosely organized
deposit rather than as a specifically oriented layer.

The alternating current in the region between Waves 1 and 3 depends very little
on the supporting electrolyte used and may be higher or lower than the base current
in the absence of iodide. It seems that the interface capacity is determined wholly by
the presence of the film of mercurous salt, as it is independent of the capacity found
with supporting electrolyte alone. In this respect mercurous iodide does not behave as
a simple uncharged surfactant which would lower the base current under all cir-
cumstances. The suggestion? that the iodide end of the mercury salt is oriented away
from the metal surface and that, as a result, the salt behaves like an anionic surface
active substance could possibly explain these results but the matter needs further
investigation.

Wave 2

Wave 2 is associated with the appearance of irregular fluctuations in the d.c. read-
ings. The presence of a mercurous iodide film is doubtless responsible for these irreg-
ularities! which seem to result from convective disturbances at the electrode sur-
face and/or in the surrounding solution. It is known that the mercurous iodide film
produces a marked lowering in the interfacial tension? and disturbances at the inter-
face probably arise when the film does not crystallise uniformly over the electrode
surface. If this is so, the portion of the d.c. step where these irregularities occur is a
kind of polarographic maximum; this conclusion is borne out by comparing current—
voltage curves in the presence and absence of gelatinlorbyrecognising that thelowered
current at very positive potentials corresponds to the true ditfusion current.

A connection between a.c. waves and d.c. maxima has been noted previously®. It
is also known that, even when the electrode process appears to be irreversible, a.c.
waves can occur together with d.c. maxima, e.g., in the reduction of hexammine
cobalt(IIT) ion and in the oxidation of ascorbic acid (unpublished results obtained in
this laboratory). Wave 2 of iodide appears to be an example of this effect and its pre-
sence cannot be taken to indicate the occurrence of a reversible charge transfer process.

Wave 3

This a.c. wave is almost certainly tensammetric in nature, 7.e., it arises from a sharp
change in surface charge density brought about by an adsorption/desorption process.
The evidence for this view is as follows:

(a) The wave is sharp, narrow and very high, at least for low iodide concentrations.

(b) There is no corresponding d.c. step, only a small kink in the iodide diffusion
current (Fig. 4).

(c) The base current between Waves 1 and 3 differs from that for supporting elec-
trolyte alone but on the positive side of Wave 3 the two base currents correspond
fairly closely.
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(d) The amount of distortion in the alternating current waveforms is comparable
with that found for waves of known tensammetric origin5.

(e) The wave decreases in height with increasing temperature and is completely

eliminated at a sufficiently high temperature (¢f. BREYER AND HACOBIAN10).

(f) Wave 3 is clearly associated with the disappeareance of irregularities in the iodide
limiting current at concentrations above ca. 4-10-4 M. Since these irregularities are
presumably due to a film of mercurous iodide on the electrode surface, it is reasonable
to suppose that wave 3 represents the desorption of this film, or at least a severe
change in its structure. KOLTHOFF AND OKINAKA2 have presented electrocapillary
curves which support this conclusion; the curves show a break at about +0.3 V
which is interpreted by these authors to indicate that the mercurous iodide film breaks
down at this potential.
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SUMMARY

A.c. polarograms of iodide ion at concentrations less than 4-10-4 M show two sepa-
rate waves, one of which occurs near the potential region of the anodicd.c. step and is
probably due to adsorption of iodide ion and the other at a considerably more posi-
tive potential, resulting from desorption of mercurous iodide from the electrode sur-
face. At higher iodide concentrations a third a.c. wave is evident and is connected
with the occurrence of convection phenomena at the electrode surface.
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APPLICATION OF OSCILLOGRAPHIC POLAROGRAPHY IN QUANTITATIVE
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XX.* THE OSCILLOGRAPHIC DETERMINATION OF TRACE AMOUNTS OF
HEAVY METALS IN HYDROCHLORIC ACID, PURE ALUMINIUM AND
ZIRCONIUM.
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Department of Analytical Chemistry, Charles University, Praha (Czechoslovakia)

(Received March 2nd, 1963)

The present rapid development of semi-conductor devices, powder metallurgy and
other branches of technology requires the preparation of very pure substances, es-
pecially metals, since slight amounts of impurities often cause large changes in the
properties of many materials. Spectrographic, photometric, radiochemical and certain
other methods have already been used for some time for the determination of trace
amounts of metals; the method of oscillopolarographic microanalysis has lately been
developed!. This method is based on a preliminary concentration and separation of a
metal into the mercury cathode by electrolytical means; an oscillopolarographic
analysis is made on the amalgam thus formed. Electrolysis is usually carried out by
means of a superimposed current, for the sake of speed and convenience, although
procedures with superimposed voltage have also been proposed?. Themercury cathodes
which have been employed are:

(i) a cup-shaped mercury electrode3;

(ii) a hanging drop electrode obtained by (a) pressing mercury out of a capillary?,
(b) precipitating mercury on to a platinum wire, or (c) hanging a drop of mercury on
a silver wire.

The electrode (c), proposed by MICKAS, is the most suitable one for oscillopolaro-
graphic measurements.

REAGENTS AND APPARATUS

Analytical grade reagents were unsuitable in some instances and required further
purification before use, since the impurities contained in them gave rise to high blank
values. Doubly-distilled water was further purified by repeated distillation in a silica
apparatus. Hydrochloric acid, AR, was purified by double distillation of the azeotro-
pic mixture in a silica distillation apparatus, or by saturating doubly-distilled water
with gaseous hydrogen chloride, obtained from hydrochloric acid by the addition of
sulphuric acid. Dilute sulphuric acid (5 M, analytical grade product of the Lachema
Company) was purified by continuous electrolysis with a direct current of 100-200
mA by the following method. A special covered electrolyser of about 400-ml capacity

* XIX, Collection Czech. Chem. Commun., 27 (1962) 2365.
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was provided with a layer of mercury on the bottom, to serve as cathode, the anode
was a platinum net electrode. Agitation was provided by energetic evolution of hydro-
gen. The purified acid could be removed from the electrolyser without interruption of
the current but the contaminated mercury at the bottom had tobereplaced aftersome
time. This method allowed the purification of about 400 ml of 5 M sulphuric acid per
week.

A standard aluminium chloride solution, 1 M, was prepared by first dissolving
Merck aluminium chloride, purissimum grade, in concentrated hydrochloric acid.
The solution was purified electrolytically using the following method. The cathode
was a larger cup-shaped mercury electrode, of volume 0.5 —1.0 ml and the anode a
platinum wire of area about 1 cm?, or a spectroscopic carbon. Since the anode was
corroded extensively by the chlorine evolved during electrolysis, the anodic space was
separated by a glass tube with a sealed-in sintered glass plate, type S3-Sial. 100 ml of
the solution was electrolysed for a period of 10 h, by a current of 200 mA, the mercury
in the cup-shaped electrode being replaced every half hour. The purified solution was
mixed by an electromagnetic stirrer. The hydrochloric acid concentration in the un-
purified aluminium chloride solution was purposely higher than the required strength
(1 M), since the acid concentration decreases in the course of electrolysis. In order to
prepare an aluminium chloride solution of definite acid molarity, an aliquot of the
purified solution (roo ml) was concentrated by gradual evaporation in a silica crucible
to a syrup-like consistency. The required amount of doubly-distilled hydrochloric
acid was added and the solution was transferred into a volumetric flask and made up
to the initial volume. The same procedure was used for the dissolution of aluminium
samples for analysis, 7.e., an aluminium chloride solution prepared in this way could
be used in the analysis of samples by means of the dilution method.

The technique of ion exchange chromatography?.8 was also employed for the purifi-
cation of the aluminium chloride solution. Aluminium chloride was dissolved in dilute
HCI (1:1) to obtain a solution 1 M with respect to AlCls. This solution was passed
twice through a column of the strongly basic anion exchange Wofatit L 150 (flow
rate 100 ml/h, column height 25 cm). An aliquot of the resulting solution, from which
most of the copper and all but minute traces of iron had been removed, was evaporated
in a beaker until crystals of aluminium chloride appeared. The evaporated solution
was transferred quantitatively into a volumetric flask and made up to the initial
volume. This solution was again passed twice through the ion exchange column, which
had previously been regenerated by roo ml of distilled water. At the hydrochloric acid
concentration then pertaining in the solution lead, zinc and cadmium were removed
practically quantitatively. This purification procedure required only one-third of the
time necessary for electrolytical purification.

A 0.25 M ZrOCl, solution in 1 M hydrochloric acid was prepared by dissolving 2.28
g of pure zirconium (product of Johnson, Matthey and Co., London) in a mixture of
40 ml of doubly-distilled hydrochloric acid and 2 ml of concentrated hydrofluoric acid,
and making up to 100 ml. The procedure for the purification of zirconyl chloride is
similar to that for the purification of aluminium chloride, although the possibility of
hydrolysis in the course of the electrolysis or evaporation of zirconyl chloride solutions
is far more acute, because of the chemical character of zirconium.

0.01 M solutions of copper, cadmium, lead and zinc were prepared from the pure
metals (product of Soyuzkhimexport, Moscow, extra purissimum grade) ; more dilute
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solutions were obtained by precise dilution of these solutions. Solutions of other de-
polarisers were prepared by dissolving analytical reagent grade salts.

All measurements were carried out with the Type P 576 Polaroscope. Perfect syn-
chronisation of the switching from electrolysis to alternating current polarisation was
ensured by using the arrangement proposed by BERAN?, which permits adjustment to
delayed exposure. The delayed exposure is necessary, because the first oscillopolaro-
graphic curves, formed after switching from electrolysis to alternating current
polarisation, develop badly. The synchronisation mechanism connected with the
electromotor of the photographic camera Praktina (manufactured by Kamerawerke,
Dresden) permits a fully automatic registration. The exposure time used was 1/30
sec; the diaphragm, f 2; the film, Afga Isopan Rapid and the exposure delay, 1/5 sec.
The polarisable electrode was a stationary electrode as described by Micka®. In order
to ensure perfect reproducibility of the oscillopolarographic curves, it was necessary
to keep the volume of the hanging mercury drop constant. This was done by using a
polarographic capillary with mercury reservoir?, from which the mercury drop, after
separation by means of an electromagnetic hammer was caught up on a glass spoon
and hung on to a silver wire by contact only. The weight of the mercury drop was
0.0085 g. The capillary was not submerged in water, so that it wasunnecessary todry
the mercury and the droplet was caught up on to the wire more easily. A platinum wire
spiral, of surface area about 2 cm?, or a carbon electrode was used as the non-polaris-
able electrode. Since electrolysis was carried out in hydrochloric acid medium, chlor-
ine was liberated in the course of electrolysis and interfered to a very considerable
extent. The comparison electrode was therefore separated from the solution by means
of a glass tube with a sintered glass plate, Type S3, sealed into it. The electrolyte in
the separated space was 1 N sulphuric acid, electrolytically purified. The solutions
were agitated by an electromagnetic stirrer of high output; agitation was interrupted
for about 5sec before the end of electrolysis and the ensueing registration of the curve.

EXPERIMENTAL

In order to test the suitability of hydrochloric acid as solvent for the determination of
impurities in aluminium and zirconium, it was necessary to study the suitability of
this acid as supporting electrolyte by means of the conventional oscillopolarographic
method, and to apply the results obtained to oscillopolarographic microanalysis. The
results of these measurements are given in Tables 1-3. Quotients, Q; depolarisation
potentials, Edep, and sensitivities of the detection of individual depolarisers, pD,
were measured in 1 M, 2 M and 8 M hydrochloric acid.

The results show, that about 10-2 9, copper, lead, cadmium, zinc and bismuth in
aluminium may be determined by means of conventional oscillopolarography, using
the method of comparative titration or of standard additions. The optimum hydro-
chloric acid concentration for the detection or simultaneous determination of these
depolarisers is 1-2 M. At lower concentrations the bismuth incision shifts to the left-
hand edge of the curve; at higher hydrochloric acid concentrations the sensitivity
of the detection and determination of zinc decreases and in 8 M hydrochloric acid the
zinc incision is lost.

In 1 M AlCls (1 M HCI) it has been found possible to detect as little as: 0.033%, Cd,
0.019%, Cu, 0.061%, Pb, 0.062%, Bi and 0.019%, Zn (calculated as a percentage of the
aluminium metal content) see Fig. 1.
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The depolarisation potentials Eqep, have been measured in the conventional man-
nerl0 against a saturated calomel electrode.

Since the incisions of the depolarisers in 1 M hydrochloric acid aresufficiently mutu-
ally distinguished by their potentials, acid of this strength was used as the supporting

Fig. 1. dE/d? = f(E), curve for mixture of Bi, Cu, Pb, Cd, Zn, each at concn. 10-4 M, in 1 M AICI3
(r M HCI); dropping electrode.

electrolyte for the determination of impurities in hydrochloric acid, aluminium and
zirconium by the method of oscillopolarographic microanalysis. There are, however,
certain limitations because oscillopolarographic curves obtained on the hanging-drop
mercury electrode are not developed perfectly in the vicinity of the edge points. For
instance, it is impossible to use analytically the cathodic bismuth incision at —o0.09 V.

DETERMINATION OF IMPURITIES IN HYDROCHLORIC ACID

Copper, lead, cadmium and zinc at concentrations of about 10-7 M have been de-
termined in T M hydrochloric acid by means of the calibration curve method, with a
mean relative error of 99,. At low concentrations it was possible to use doubly-
distilled hydrochloric acid diluted with doubly-distilled water as the pure standard.

Electrolysis was carried out for 2 min by a direct current of 12.5 mA ; after switch-
ing over to alternating current polarisation, the photographic registration was carried
out, using an alternating current component of 1.7 mA (exposure delay 1/5 sec). As long
as the cathode was not replaced, the amalgam formed had to be dissolved by an al-
ternating current of 2 min duration. The behaviour of several depolarisers which are
currently present in hydrochloric acid, aluminium and zirconium wasstudied under the
described conditions.

The influence of bi- and tri-valent iron, cobalt, nickel and chromium was investigat-
ed. These metals, with the exception of chromium, do not give oscillopolarogramsin
hydrochloric acid but they do influence the depth of incisions, especially those of cop-
per and zinc, and at high concentrations (from 10-4 M upward) they make the de-
termination of these depolarisers impossible. KALvoDA3 explains the influence of Fe2+
on the depth of zinc incisions by postulating the formation of inter-metallic compounds
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TABLE 2
INFLUENCE OF SOME IONS ON THE DETERMINATION OF Cu, Pb, Cd AND Zn IN HYDROCHLORIC ACID
SOLUTIONS
Concn. Concen. of Concn. . o
Metal taken accompanying found Devm_t:(}ﬁ L doevmtwn
(X 10-"M) element (X 10-7M) e ) (%)
Fe2+
Cu 3.20 o 3.15 —o0.05 —1.6
Pb 6.05 6.40 0.35 5.8
Cd 4.25 4.40 0.15 3.5
Zn 6.65 7.40 0.75 11.3
Cu 3.20 8.5x 10-6 M 2.95 —o0.25 —7.8
Pb 6.05 6.40 0.35 5.8
Cd 4.25 4.45 0.20 4.7
Zn 6.65 6.45 —o0.20 —3.0
Cu 3.15 6.75x 1075 M 2.25 —o0.90 —28.6
Pb 6.05 6.15 o.10 1.7
Cd 4.25 4.20 —0.05 —1.2
Zn 6.60 3.45 —3.I5 =AY
Fe3+
Cu 2.15 o 2.10 —o0.05 —2.3
Pb 4.25 4.90 0.65 15.3
Cd 4.25 3.95 —o0.30 —7.1
Zn 6.40 7.25 0.85 11.7
Cu 2.15 2.55 X 1075 M 2.05 —o0.10 —4.6
Pb 4.25 4.65 0.40 9.4
Cd 4.25 3.90 —0.35 —38.
Zn 6.40 5.05 —1.35 —2I.1
Cu 2.10 1.70X 1074 M 1.30 —o0.80 —38.1
Pb 4.20 4.65 0.45 10.7
Cd 4.20 3.00 —1.20 —28.5
Zn 6.30 b X X
Co2+
Cu 4.90 o 4.70 —0.20 —4.1I
Pb 1.45 1.70 0.25 17:2
Cd 4.15 3.70 —0.45 —10.9
Zn 6.15 6.60 0.45 7.3
Cu 4.90 9.85x 1076 M 4.35 —0.55 —1II.2
Pb 1.45 1.40 —0.05 —3.5
Cd 4.15 3.00 —o0.I5 —27.7
Zn 6.15 3.45 —2.70 —43.9
Cu 4.85 7.80%x 1078 M 2.30 —2.55 — 100
Pb 1.45 1.65 0.20 13.8
Cd 4.15 3.95 —0.20 —4.8
Zn 6.10 X X X
Niz+
Cu 3.65 o 3.45 —o0.20 —5.5
Pb 1.20 0.80 —0.40 —33.3
Cd 4.90 4.95 0.05 1.0
Zn 11.0 9.05 —1.95 — 14,6
Cu 3.65 9.80 X 10-6 M 3.30 —0.35 —09.6
Pb 1.20 0.75 —0.45 —37-5
Cd 4.90 4.85 —0.05 —1.0
Zn 11.0 3.20 —7.80 — 100
Cu 3.65 7.80x 10-5 M o.10 —3.55 — 100
Pb 1.20 0.70 —0.50 —41.7
Cd 4.90 4.60 —o.30 —6.1
Zn 11.0 X X X
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Concn. Conen. of Concn. i g
Metal taken accompanying found ( fe;j:f??‘;l) el ;i;z/v)mtwn
(X 10-"M) element (X 10-7"M) : g
Cy3+
Cu 8.55 o 7.40 —1I.I5 —1I.5
Pb 0.75 0.60 —0.14 —18.9
Cd 6.10 5.50 —o0.60 —9.8
Zn 2.45 2.55 0.10 4.1
Cu 8.55 9.80x 1076 M 6.25 —2.30 —26.9
Pb 0.74 —5.20 —o0.22 —29.7
Cd 6.10 5.50 —0.60 —9.8
Zn 2.45 2.35 —o.10 —4.1
Cu 8.55 2.95X 1075 M 4.45 —4.10 —48.0
Pb 0.74 0.55 —0.19 —25.7
Cd 6.10 5.65 —0.45 —7.4
Zn 2.45 X X X
Co2+
Cu 1.30 2.40X 1074 M % X X
Pb 2.85 2.20 —0.65 —22.8
Cd 7.15 4.95 —2.20 —30.8
Zn 7.15 X X X
Niz+
Cu 1.85 2.35X 1074 M X X X
Pb 9.35 10.15 0.80 8.6
Cd 9.36 9.10 —o0.25 —2.7

X ; no measurable incision formed

of the type ZnxFe,Hg,11:12, which dissociate very slowly. The metals mentioned are
chemically very much alike and it is therefore possible to make a similar assumption
also for Co2+, Ni2+, Fe3+ and Cr3+.

Copper cannot be determined accurately at high concentrations because of the low
solubility of copper in mercury. As a result, mercury loses the properties of a fluid when
copper is present in excess because of the influence of the precipitated metal.

The results of this study are presented in Table 2 and it can be seen that at Fe2+,
Fe3+, Co2+, Ni2+ and Cr3+ concentrations of 10-3 M, copper and zinc incisions are
already substantially influenced (errors reach 1009,) and that at concentrations of
104 M determination of copper and zinc often becomes completely impossible. The
depolarisers mentioned have less influence on the depth of lead and cadmium incisions.

In the course of the analysis of hydrochloric acid, incisions whichdid not correspond
to the presence of any of the depolarisers studied, sometimes appeared on the oscillo-
polarographic curves. They were therefore of adsorptive character. In these casesit was
necessary to renew the electrode by cutting off the end of the silver wire and hanging
on a fresh mercury drop. It has also been found, that after prolonged electrolysis on to
one mercury drop, the drop is partially dissolved and the oscillogram increases in the
vertical direction. For these reasons, the mercury drop on the stationary electrode
should be replaced frequently.

In order to determine these metals at very low concentrations, corresponding to
the impurity contents of “pure”, ““analytical grade”” and doubly-distilled hydrochloric
acid, the value of the blank experiment must be decreased, .., it is impossible to use
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doubly-distilled hydrochloric acid diluted with doubly-distilled water as the pure
standard. Another method for quantitative evaluation was therefore proposed.

The incision depth is proportional to the amalgam concentration (k = fC,); further-
more, the amalgam concentration is a function of the duration of electrolysis (f) and
the concentration of the depolariser in the solution analysed (C,)3.

Crt
Vug

Co =K = RC,t

Since equal incision depths must correspond to equal amalgam concentrations, the
following relation must also be valid:

h ~ Cq = kC/t = kC,”'t"

The validity of this relation has been proved experimentally by means of the oscillo-
graphic analysis of a 0.99 X 10-7 M Cu2* solution for varioustimesofelectrolysis. The
dependence of the incision depth obtained, on the time of electrolysis has been plotted
in equal units, and compared with a calibration curve for copper, measured at a con-
stant time of electrolysis, # = 2 min. The two curves are in reasonable agreement.

Let us assume, that a solution is electrolysed for a time ¢, until well-developed
incisions form. After oscillopolarographic analysis with photographic registration the
time of electrolysis is shortened to . Three standard additions of the corresponding
depolariser are then added, selected in such away that, after the third addition, in-
cisions formed are a little deeper than in the initial solution (with longer duration of
electrolysis). A calibration curve is prepared by plotting incision depth against the
concentration of depolariser added. The initial concentration C in the solution studied
is calculated thus:

(Cz + C)t = Cat,

iz ¢
Cz:=C =
T — tft, tr — ¢

When the time of electrolysis is, for instance, shortened to half its original value,s.e.,
t = t4/2, the relation C, = C is valid, meaning that the depolariser concentration
read from the calibration curve is in this case directly the concentration required.

The precision of the proposed method has been tested for short times of electrolysis
i.e., 2 min and 5 min (Table 3). The mean relative error at { = 2 min was 17%,. At
¢ = 5 min, it was 209, as positive errors were prevalent, since the influence of im-
purities in the doubly-distilled hydrochloric acid used as the pure standard, became
manifest.

The method described has also been used for determining impurities in pure, analy-
tical-grade and doubly-distilled hydrochloric acid at longer electrolysis times. Before
adding the standard additions the duration of electrolysis was always shortened by
one-half. In all cases the acid analysed was diluted in such a way, as to make the solu-
tion 1 M with respect to hydrochloric acid. Using electrolysis times of 30 and 15 min
the authors have succeeded in determining 4.9 X 10-79, Cu, 9.0 X 10-79, Pband 4.2 X
10-7%, Zn in doubly-distilled hydrochloric acid (Table 4), corresponding to concentra-
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TABLE 3

THE DETERMINATION OF Cu, Pb, Cd AND Zn IN SYNTHETIC HYDROCHLORIC ACID SAMPLES
Duration of electrolysis: Nos. 1 to 4, / = 2 and 1 min; Nos. 5 to 8, f = 5 and 2.5 min.

Concn. Concn.

No. Metal Incision taken found (;)e;)(z)a_?(;‘ﬂ;) Hel. ?i/z/u)almn
(X 10°"M) (X 10-7"M) : £9
I Cu C 9.62 10.7 1.08 11.2
Pb C 4.81 5.37 0.50 LET
Cd A 9.62 8.95 —0.67 —7.0
Zn A 14.4 17.3 2 20.1
2 Cu C 4.86 5.10 0.24 4.9
Pb C 3.05 5.30 1.71 46.7
Cd A 9.62 8.30 —1.32 —13.7
Zn A 9.62 7.31 —2 —24.1
3 Cu C 7:23 8.20 0.97 13.4
Pb C 2.70 3.16 0.46 17.0
Cd A 14.4 14.1 —0.3 —2.1
Zn A 12.1 14.1 2.0 16.5
4 Cu G 12.0 11.7 —0.3 —2.5
Pb C 6.02 8.15 2.13 35.4
Cd A 12.0 11.7 —o0.3 —2.5
Zn A 7-22 5-57 —I1.65 —22,8
5 Cu C 2.62 2.51 —o0.11 —4.2
Pb C 2.10 3.02 0.92 43.8
Cd \ 4.74 5.43 0.69 14.2
Zn A 5.04 5.80 0.82 16.3
6 Cu C 1.66 1.90 0.24 14.5
Pb (& 1.81 2,12 0.31 —17.1
Cd A 2.31 1.77 —0.54 —23.3
Zn A 2.61 2.94 0.33 12.7
7 Cu Cc 1.92 2.32 0.40 20.8
Pb C 1.63 1.61 —0.02 —I2
Cd A 1.91 1.37 —0.54 —28.3
Zn A 2.44 2.66 0.22 9.0
8 Cu (& 2. T T 2.26 0.15 74X
Pb C 1.36 1.57 0.21 15.5
Cd A 2.32 1.89 —0.43 —18.5
Zn A 2.16 1.61 —0.55 —25.4

C; cathodic incision
A; anodic incision

tions of 1.4 X 10-8 M Cu, 7.9 X 10-* M Pb and 1.1 X 10-8 M Zn in 1 M hydrochloric
acid obtained by dilution of doubly-distilled hydrochloric acid. Doubly-distilled
water, purified by further electrolysing for 15 h, was always used to dilute the acid.

DETERMINATION OF HEAVY METAL TRACES IN PURE ALUMINIUM

The simultaneous determination of traces of copper, lead, cadmium and zinc in very
pure alumium has been studied by using so-called “‘synthetic’’ samples. These were pre-
pared having regard to the usual levels of impurities in aluminium of 99.99%-99.999%,
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TABLE 4

THE DETERMINATION OF IMPURITIES IN HYDROCHLORIC ACID
(a) Content of impurities in ‘““pure”” hydrochloric acid (Duration of electrolysis, # = 10 and 5 min.)

No. X 10789, Cu X 10789, Pb X 10789, Zn
I 4.4 6.7 8.8
2 3.2 6.9 6.7
3 4.2 0.1 I1.1
4 3.2 6.5 0.4
5 3.8 5.7 10.1
mean 3.8 6.4 8.6

(b) Content of impurities in ‘‘analytical-grade’” hydrochloric acid (Duration of electrolysis, ¢ = 12
and 6 min.)

No. X 1078%, Cu X 10789, Pb X 1078% Zn
I 6.3 6.9 5-7
2 5.8 3.8 5.8
3 5.2 4.6 5.2
4 5-1 55 4.1
5 6.8 4.2 5.4
mean 5.8 5.0 5.2

(c) Content of impurities in doubly-distilled hydrochloric acid (Duration of electrolysis, ¢ = 30
and 15 min.)

No. X 1078%, Cu X 10-8%, Pb X 10789, Zn
I 5-3 7-1 4-3
2 4.6 8.4 4.1
3 4.9 8.8 4.1
4 4:2 I1.1 47
5 5-3 9.8 3.6
mean 4.9 9.0 4.2

purity. 40 ml of a purified 1 M AICls solution in 1 M hydrochloric acid (aluminium is
not precipitated on the mercury electrode; its potential is more negative than the
evolution potential of hydrogen) was pipetted into the electrolytic vessel (a 50-ml
beaker). The required amounts of 10-4 M-10-3 M standard solutions of the depolari-
sers to be determined were added successively. The dilution method was used for the
analysis, in order to eliminate any possible interference by impurities. Individual
synthetic samples were electrolysed for 2—5 min depending on the content of depolari-
sers, by a direct current of 12.5 mA under constant agitation. The amalgam was then
analysed oscillopolarographically with photographic registration. Agitation was al-
ways stopped 4 sec before the exposure, in order to achieve a stable picture. After
dilution of the solution of the sample at a ratio of 1 : 1 by a purified aluminium chlor-
ide solution, three standard additions of the individual depolarisers were made. These
were selected so that the incisions obtained after the third addition were slightly deep-
er than for the initial solution. The corresponding oscillopolarographic curves were
registered twice, in order to eliminate any possible interference. Calibration curves were
plotted from the results obtained. The depolariser concentration in the solution in-
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TABLE 5

THE DETERMINATION OF IMPURITIES IN SYNTHETIC ALUMINIUM SAMPLES

Sam- Concn. Concn. dﬁj}eilc;- Sam- Concn. Concn. df’?;il(;-
ple Metal taken found e ple Metal taken found ﬁ'on
no. ( X1074%) ( X10-4%) (%) no. (X 10-1%) (X 10-4%) (%)

I CuC 2.75 3.00 I1.3 8 Cu 0.33 0.33 o
PbC 10.8 I1.2 3.7 Pb 12.5 11.0 —12.3
Cd A 7.79 7.34 —5.8 Cd 8.71 7.87 —9.6
Zn A 4.52 4.20 —5.8 Zn 4.50 3.72 —17.2
2 CuC 4-44 4.09 —7-9 9 Cu 3.55 3.74 53
PbC 5.40 5.53 1.3 Pb 13.5 13.6 0.6
Cd A 6.88 5.84 —15.1 Cd 7.75 6.83 —11.8
Zn A 3.14 2.55 —18.8 Zn 0.44 0.38 —15.3
3 CuC 5.15 4-49 —12.9 10 Cu 3.88 4.07 4.7
PbC 12.4 13.5 9.1 Pb 12.7 13:7 7.9
Cd A 7.67 6.97 —9.2 Cd 0.20 0.21 7.4
Zn A 5.30 4.72 —10.9 Zn 5.34 5.80 8.6
4 CuC 1.69 1.36 —20.2 11 Cu 2.25 2.47 9.4
PbC 6.46 6.92 7.1 Pb 0.04 0.72 13.3
Cd A 3.00 2.87 —4.3 Cd 5.960 4.78 —19.6
Zn A 2.90 3.12 7.6 Zn 3.75 4.30 14.8
5 CuC 0.55 0.52 5.5 12 Cu 2.25 2.11 —6.3
PbC 10.8 10.2 —5.3 Pb 0.04 0.69 8.4
Cd A 6.79 6.33 —6.8 Cd 5.90 5.20 —12.6
ZnC 3.94 3.00 —32.5 Zn 3.75 3.92 4.5
6 Cu 0.54 0.66 20.8 13 Cu 1.98 1.93 —2.4
Pb 13.3 13.8 3.9 Pb 10.2 10.3 1.5
Cd 7.71 7.08 —8. Cd 5.5 7.16 30.3
Zn 3.92 3.75 —4.3 Zn 0.20 0.12 —40.5
7 Cu 4-33 4.68 8.2
Pb 13.3 13.9 4.6
Cd 9.08 8.78 —3.2
Zn 0.53 0.51 —3.7

C; cathodic incision
A; anodic incision

vestigated was obtained by multiplying the concentration read from the curves, by a
factor of 2.

The mean relative error in the determination of copper, lead, cadmium and zinc in
1 M AlCls (1 M HCI) at concentrations of 10-6-10-7 M (10-3-10-39, of these metals in
aluminium metal) is about 109,. The deviations of individual determinations depend
to a large extent on the way, in which the incisions are measured. Deviations of the
results are least, when the depths of the larger incisions are measured whereas for
small incisions it is better to measure their distance from the potential axis. This
manner of measurement greatly increases the ratio of individual depolariser concen-
trations, which may be measured in the same solution. Copper, lead, cadmium and
zinc may be determined in the presence of each other even in ratios of 1:15. This
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ratio may be further increased by prolonging the time of electrolysis. Incisions of
depolarisers, present in larger concentrations, have been measured at shorter times
of electrolysis; incisions of depolarisers which are present in lower concentrations are
measured using longer times of electrolysis. By increasing the time from 2 to 5 min,
it was possible to determine the investigated depolarisers at ratios of 1 :25. When the
time of electrolysis was increased, it was necessary to decrease the value of the direct
component of the current, in order to permit the mercury electrode to polarise to
positive potential values. Results of the measurements are given in Table 5.

Adsorptive incisions are formed to a far less degree in the analysis of aluminium than
in the analysis of hydrochloric acid. This is evidently due to the buffering effect of
the high ionic strength of the solution.

Procedure

2.7 g of pure aluminium in the form of fine filings were gradually dissolved in 50 ml
of doubly-distilled hydrochloric acid and 0.5 ml of hydrogen peroxide. A silica beaker
was used for the dissolving operation, since platinum dissolves in the presence of
hydrogen peroxide. Both the hydrochloric acid and the 309, hydrogen peroxide were
added in small portions; after reacting, the portions of the solution were poured off
and concentrated in a silica dish. The dissolution was catalysed by the addition of
a drop of 0.01 M H.PtCls. Using these conditions, 2.7 g of 99.999%, aluminium were
dissolved in 6 h. The solution was carefully evaporated to a syrupy consistency and
on cooling solidified into a crystalline mass. After the addition of 16.4 ml of 6.1 M
doubly-distilled hydrochloric acid the solution was transferred quantitatively into a
100-ml volumetric flask, and made up to volume with doubly-distilled water. The
solution thus obtained was analysed in the same way as the synthetic samples. Purified
aluminium chloride solution was used to dilute the solutions.

When using the dilution method, it is unnecessary to keep precisely to the prescribed
hydrochloric acid concentration. On dissolving a sample for analysis, it is possible to
proceed so that the solution is evaporated only partially, and is transferred to a
100-ml volumetric flask and made up to volume directly with doubly-distilled water.
In this case, the same sample solution is used for dilution, after the impurities have
been removed by electrolysis.

Since the content of impurities in the hydrochloric acid used to dissolve the alu-
minium samples was known, no blank tests were necessary; a correction was made for
the impurities contained in the amount of acid used.

In the simultaneous determination of copper, lead, cadmium and zinc, the presence
of larger amounts of alkaline metals, alkaline earths, magnesium and rare earths
caused no interference. The influence of cobalt, nickel, chromium etc., when present
in the amounts usually encountered in pure aluminium, is largely eliminated by the
method employed.

Arsenic and antimony do not interfere as they largely evaporate, when the alu-
minium chloride solution is evaporated, and any traces that remain are oxidised to
the pentavalent state.

The method described has been used to analyse aluminium of 99.99%, purity
(Johnson-Matthey Co. London) and aluminium of 99.999% purity (Light and Co.,
Colnbrook). The results, and a comparison with the analyses given by the manufac-
turer are given in Table 6.
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TABLE 6
THE ANALYSES OF VERY PURE ALUMINIUM SAMPLES
Sample Cu Pb Cd Zn
99.99% Al, product mean of three de-
of Johnson and terminations 1.26X 10°7"M 1.53X107M 29X10-7M 585X 10°6M
Mattney, London  correction for impur-
ity in HCI —0.42X10°7 M —o0.24 X107 M o —0.03 X 1076 M
impurity content of
sample alone 084 X107 M 1.29X10°7"M 29X10°"M 582X10° %M
impurity content
related to Al 1.98 X 10759 9.9X 10739, 1.21X1074Y% 1.41X10°39,
manufacturer’s
analysis — — 1.00 X 10749, 1.5 X 10739,
99.999% Al, mean of three
product of determinations 1.06 X10-7M 2.63xX10°7M — 1.46 X 1077 M
L. Light and Co.,  correction for
England impurity in HCl —o0.42X1077 M —o0.24X 107" M - —o0.33X10°7 M
impurity content of
sample alone 0.64 X107 M 2.39X10°7 M — 1.13xX10°7 M
impurity content
related to Al 1.5 X1075% 1.85X1074% — 2.75 X 10739,
manufacturer’s
analysis — 1.5 X 10749, — —
TABLE 7
THE DETERMINATION OF IMPURITIES IN SYNTHETIC ZIRCONIUM SAMPLES
- Concn. taken 7Confn. foumi R;ut;'ve deviatio;{
Sample no. Metal ( X 10-49,) ( X 10-4%,) (%)
I CuC 0.86 0.84 —2.9
PbC 2.14 1.92 —10.6
Cd A 5.8 6.4 18.6
Zn A 1.08 1.0 —7.4
2 CuC 0.65 0.64 —2.1
PbC 3.18 2.54 —20.3
Cd A 5.8 5.36 —7.6
Zn A 1.2 1.08 —10.5
3 CuC 0.33 0.38 16.9
PbC 1.50 1.64 Q9.1
Cd A 5.8 5.27 —9.3
Zn A 0.54 0.37 —30.8
4 CuC 0.27 0.28 6.2
PbC 3.04 3.068 20.9
Cd A 4.53 3.94 —1I1.0
0.55

C; cathodic incision
A; anodic incision

DETERMINATION OF HEAVY METAL TRACES IN PURE ZIRCONIUM

The determination of impurities in zirconium was carried out in the same manner as

for aluminium. The zirconium concentration was modified to 0.25

M ZrOClgin 1 M
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hydrochloric acid. Copper, lead, cadmium and zinc were determined in concentrations
of 10-6-10-7 M, corresponding to a content of 10-4-10-39, of these metals in zir-
conium metal. Since no sufficiently pure zirconium sample was available, the following
procedure was tested only on synthetic samples, using a purified zirconium solution.

Procedure: 2.28 g pure zirconium, in the form of a fine foil were dissolved carefully
during one hour in 40 ml of doubly-distilled hydrochloric acid and 2 ml of concentrated
hydrofluoric acid in a platinum dish. The resulting solution was then evaporated for
3 h over a small flame, until the solution solidified into a crystalline mass. 16.4 ml
of 6.1 M hydrochloric acid were added to the residue on evaporation, and the solu-
tion was transferred into a 100-ml volumetric flask and made up to volume with
doubly-distilled water. The slight turbidity, which sometimes formed as a result of
hydrolysis, always redissolved in 6-10 h. The solution thus prepared was subjected
to oscillopolarographic analysis. The time of electrolysis was 2—5 min; the electrolysis
was carried out using a direct current of 12.5 mA and the optimum intensity of the
alternating current component was 1.7 mA. The direct current component should be
adjusted according to the time of electrolysis selected.

The precision of the determination of impurities in zirconium was usually about
10Y%, (relative error), see Table 7 and Fig. 2.

Fig. 2. dE/dt = f(E), curve for mixture of Cu, Pb, Cd, Znin 1 M AICl3 (1 M HCI); Cu 1.8; Pb 1.7;
Cd2.2;Zno.2 X 10-6 M. Curve registered after 2 min of electrolysis by direct current of 12.5 mA;
hanging-drop mercury electrode.

DISCUSSION

The minimum amount of an element, which may be determined using a given method,
is governed by the value and the reproducibility of the blank. The only methods which
are not subject to this limitation are radioactivation, mass spectrographic and emis-
sion spectrographic methods. To assure the reliability of the results obtained it is
therefore necessary to eliminate the possibility of secondary contamination in the
course of analysis and to decrease the value of the blank to a minimum.
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The main principles for the analysis of very pure substances are given by PoHL13:
(1) employment of the simplest methods, (ii) employment of especially pure reagent
acids and solvents, (iil) elimination of the use of inorganic reagents and (iv) careful
cleaning of vessels and the laboratory bench. It is also advantageous to work in a
closed system, and to use vesselsof specified material (polyethyleneisthe mostsuitable).

The orders of magnitude of the sensitivity and precision of other currently employ-
ed methods, are presented below to permit an evaluation of the proposed method.

Polarographic analysis permits a determination of depolarisers in concentrations
down to 10-¢ M. Concentrations of 10-4-10-5 M are, however, used ordinarily, the
deviations being in this case in the region of 1-3%,. The sensitivity of polarographic
analysis is increased by chemical or physico-chemical separation and concentration
of the depolarisers to be determined!4 but in this way the method loses its simplicity
and precision and the problem of the blank test is aggravated. The polarographic
method, in conjunction with various methods of separation, may be used to determine
amounts of the order of magnitude of 10-39%, copper, lead, cadmium and zinc!4, with
a precision of 5-15%. The conventional method of oscillopolarographic analysis
reaches a sensitivity which is lower by about two orders of magnitude than polaro-
graphy, i.e., it is possible to determine depolarisers in minimum concentrations of
10-3 M. At the beginning of this paper the possibility of the simultaneous determina-
tion of amounts of the order of 10-29, of copper, lead, cadmium zinc and bismuth,
using 1-2 M hydrochloric acid as electrolyte, was mentioned.

Spectrographic methods permit the determination of 10-49;, of impurities in pure
aluminium15 and zirconium?5%,16 with a precision of 209,. Chemical methods of separat-
ing impurities using organic reagents (dithizone, quinoline), are used in these methods
also. Impurities in specially purified hydrochloric acid are determined by a spectro-
graphic analysis of the residue on evaporation!?. A disadvantage of spectrographic
methods is the high cost of equipment, and it can be seen that no simple procedure
is possible even with these methods.

The method of oscillopolarographic microanalysis permits the determination of
concentrations down to 10-? M. In order to keep the method sufficiently rapid, and
to avoid prolonged electrolysis, it is better to work in the concentration range of 10-6-
10-7 M, and to select the amount of sample accordingly. Using the method described,
copper, lead, cadmium and zinc have been determined in concentrations of ro-%-
10-8 M with a relative error of 10-209%,. A certain disadvantage is the use of relatively
large volumes. This may, however, be avoided by using precise micro-pipettes, but
this again decreases the limit of detection, although the amount of sample to be weigh-
ed and the consumption of chemicals, are both decreased and this is important if the
purification of the reagents has been a lengthy process.

Summarising, it can be said that the method of oscillopolarographic microanalysis
hasadvantages of simplicity, sensitivity, rapidity and precision, which are comparable
with the sensitivity and precision of spectrographic analysis. The limitation that only
those metals may be determined which are capable of forming amalgams, is outweighed
by the low cost of the equipment, since a polaroscope is today available in every ana-
lytical laboratory and its adaptation to this method is not very expensive.

SUMMARY

A method has been developed for the oscillopolarographic determination of trace
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amounts of copper, lead, cadmium and zinc in hydrochloric acid. This method has
also been applied to the simultaneous determination of these metals at concentrations
of 10-4-10-39%, in pure aluminium and zirconium. A new method for the quantitative
evaluation of the results has been proposed.
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AN IMPROVED TECHNIQUE IN IMPEDANCE TITRATION
U. H. NARAYANAN anp K. SUNDARARAJAN
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When a constant alternating current is applied between two platinum electrodes (one
of them a polarisable electrode and the other a non-polarisable electrode such as a
platinum gauze) immersed in a titrant, the impedance of the cell changes during the
course of the titration. A sudden change in the impedance of the titration cell, as
indicated by the large change in the a.c. voltage across the cell, denotes the end-point
of the titration. This titration is termed an impedance titration-2. In this paper, a
technique has been described by which the alternating voltage at the commencement
of the titration is compensated and only the changes in the alternating voltage during
the course of the titration are recorded.

EXPERIMENTAL

The titration set-up is given in Fig. 1. The a.c. source (i) provides constant alternating
current and the current can be varied with the help of a variable resistance connected
in series with the titration cell. The alternating voltage across the cell is fed to one set
of input terminals of the difference amplifier. The compensating voltage which can be
adjusted to any required value is fed to the other set of input terminals of the differ-
ence amplifier.

Ac Ac
SOURCE soqlct
i 1
] b
DIFFERENCE
AMPLIFIER CELL
(] o°J—,|,
V.T.V.M
(a.Me015)

Fig. 1. Set-up for the improved technique in impedance titration.

At first, before any titrant is added from the burette, the two signals, one from the
titration cell and the other from the second a.c. source are made equal so that the
output of the difference amplifier is very nearly equal to zero. In the course of the
titration the alternating current is kept at a constant value and the alternating voltage
across the cell changes from the initial value because of changes in the impedance of

J. Electroanal. Chem., 6 (1963) 397—400



398 U. H. NARAYANAN, K. SUNDARARAJAN

the cell. At the end-point there is a sudden change in the alternating potential which
also indicates the change in the impedance.

Difference amplifierd

In this amplifier, (see Fig. 2) the right-hand half of the twin triode (V2) forms the
cathode load of the other triode (V1) and the output is taken at the plate of this tube.
If a signal (A) is injected at the grid of Vi, the resulting current flowing in the potentio-

—1— +300 V
IM o
Vo
F C £;
0 }—-—w—é- e i
=
I 470 3 ara VMF I
o 12 AX7 E
S 1 Ac
hic 5 2so. Euo.n. E SOURCE 2.
sources | 2 E 3 i
5 M 4 SoiiF
+ & it VT.V.M
= T 680k (GM 6015)
<

Fig. 2. Circuit diagram of the difference amplifier used in the set-up.

meter (250 ) is in the same phase. The signal at the second triode (B) is 180° out of
phase and opposes the current due to the first signal. Thus the output is the difference
between the two signals. The whole circuit can be considered as a cathode follower
of practically unity gain. Thus the output is exactly the difference of the two signals
fed to the two grids of the twin triode.

1001 1400

1360

4280
1240
1200

1160

AC. mV

1120

180

H40

ol .

o 2. 4 6 6 10 12 14 16 18 20 22 25
Volume of titrant added (ml)

Fig. 3. Titration of ferrous ammonium sulphate with ammonium meta-vanadate: point O, with
compensation; point A, without compensation.
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1. Titration of ferrous ammonium sulphate with ammonium meta-vanadate

(a) Solution in the beaker: 25 ml of ferrous ammonium sulphate solution and 75 ml
of 1.5-2 M H2SO4 (supporting electrolyte).

(b) Solution in the burette: About 3 g of ammonium meta-vanadate was dissolved in
100 ml of hot 1.8 N H2SO4 and the volume made up to 250 ml. This was diluted 10
times to give a solution approximately 0.0104 N with respect to vanadate.

11. Titration of ferrous ammonium sulphate with ceric sulphate

(a) Solution in the beaker : 25 ml of 0.0084 M ferrous ammonium sulphate and 100 ml
of N/10 sulphuric acid (supporting electrolyte).

(b) Solution in the burette: Approximately 0.0168 M ceric sulphate in 1.8 N sulphuric
acid.

Analytical grade chemicals were used for the preparation of all solutions.

Typical valuesof changes of cell impedance during the course of the titrationsare
presented in Figs. 3 and 4.

A B

45 1225
40 —4200
35 iﬁgﬂ/ 4175
30 1150

25 ﬁ125
> >
[S (=
o 20 100 U
< <
15 75
10 50
8 25
(o) N T, SN S W 1 _L,L = J;J o]
(¢] 2 4 6 8 10 12 14 16 18 20

Volume of titrant added (mi)

Fig. 4. Titration of ferrous ammonium sulphate with ceric sulphate: point 0, with compensation;
point A, without compensation.

DISCUSSION

This technique has potentialities for detecting the end-points of several systems which
may not be determined with reasonable accuracy by other electroanalytical or purely
chemical techniques. It is possible to improve the precision of the end-point by provid-
ing compensating alternating voltage just before the end-point. The output voltage
of the difference amplifier will not be much affected by parameters such as mains
fluctuations and temperature effects, as both the inputs will be affected equally. The
loading effects due to the compensatory circuit will be minimal as the cell circuit has
been isolated from it by employing a vacuum tube circuit. This impedance titration

J. Electroanal. Chem., 6 (1963) 397—-400
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method has been found to be satisfactory for dilute solutions for which the ordinary
potentiometric titration fails4.
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SUMMARY

The precision of the end-point of the impedance titration can be improved by com-
pensating the alternating voltage of the titration cell with that from an external
alternating voltage with the help of a difference amplifier. The output signal of the
difference amplifier is A-B if the input signals are A and B. There will be a sharp
jump in the output of the difference amplifier at the end-point of the titration.
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STUDIES OF THE MECHANISM OF THE ANODIC OXIDATION OF
ETHYLENE IN ACID AND ALKALINE MEDIA

HALINA WROBLOWA#*, BERNARD ]J. PIERSMA axp JOHN O’M. BOCKRIS
The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia 4,(Penna, U.S.4.)

(Received August 28th, 1963)

Ethylene oxidation in alkaline solution has recently been studied by Drazic, GREEN
AND WEBER! Their results were interpreted? in terms of OH- ion discharge as the
rate-determining step. The primary object of this paper is the study of ethylene oxida-
tion on platinum in acid solution. However, a thorough study of the pH and pressure
dependence of the reaction rate necessary for establishing the reaction mechanism
led to investigation over a wide pH range.

EXPERIMENTAL
(i) The cell

A conventional electrolytic cell of Pyrex glass with anodic and cathodic compart-
ments separated by fritted glass discs and stopcock (which was closed for galvanosta-
tic and open for potentiostatic experiments**) was used. The anode compartment was
thermostated at 80° -+ 0.5°C.

The anodes were platinum gauze, 0.1 mm wire thickness, 52 mesh size, and were
used as both bright and platinized Pt electrodes. The smooth Pt electrodes were large
(tooo cm?) pieces of folded gauze, the platinized electrodes were gauzes in planar
form. The procedure for platinization has been reported elsewhere!. Before each
experiment the electrodes were activated in 209, H2SOj4 in the following manner:
the electrode was placed in acid solution with another Pt electrode and cycled*** at
0.1 A cm~2 (geom.****) from oxygen evolution to hydrogen evolution at one second
intervals about 10 times. The electrode was then polarized for about 100 secondst
cathodically at the same current density.

The cathodes also consisted of Pt gauze, platinized, and wound around glass rods
to give a low c.d. for hydrogen evolution and hence to avoid the production of Hs
bubbles. Prepuritied nitrogen (see below) was passed through the cathode compart-
ment throughout the experiment.

* On leave of absence, Academy of Sciences, Warsaw, Poland.

** In potentiostatic runs the stopcock had to be opened to prevent a high resistance between the
auxiliary and test electrodes. The diffusion of Hs to the anode compartment was proved by
special tests to be fully prevented by the fritted disc and the stream of nitrogen.

*** cf. Bockris, AMMAR AND Hug3 who described and discussed the effects of pulsing in activating
Pt electrodes. The same technique as that described here was used by Drazic, WEBER AND
GREENL.

**** Geometric area

t The electrode was activated in one cell and transferred immediately thereafter to the reaction
vessel. Activation in a closed system gave identical parameters.
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Reference electrodes used were mercury-mercurous sulfate, containing the same
solution as that in the cell for the pH range 0-6 and saturated calomel electrodes ir.
the more alkaline solutions.

(11) Reagents

Sulfuric acid - “Baker Analyzed’ reagent ; sodium sulfate — Fisher Certified Reagent ;
sodium hydroxide — ‘“Baker Analyzed” reagent; ethylene — Matheson, C.P. grade
(99.5% min. purity)*; nitrogen — Matheson, pre-purified (99.9969%, purity); water —
distilled and conductivity water (specific conductance approximately 5 x 10-7 ohm-1!
cm~1); gas mixtures of ethylene and pre-purified nitrogen for several partial pressures
of ethylene were supplied in cylinders with analysis (Matheson).

(17i) Electrical accessories

The “Wenking”’ electronic potentiostat coupled with an ““Esterline Angus’’ graphic
ammeter were used to record current at constant potential. Potential was measured
by a Kintel 203 vacuum tube voltmeter.

(1v) Determination of faradaic efficiency

The consumption ofethyleneand the production of COs, were measured by techniques
described elsewhere4.

RESULTS
(i) Faradaic efficiency of oxidation to carbon dioxide

The amount of carbon dioxide evolved during the anodic oxidation of ethylene in
1 N HsSO; solution for 18 hours with a current strength of 40 mA was found to be
Nco; = (4.47 4+ 0.01) X 1073 moles. The calculated value for complete oxidation
according to the reaction:

CoHg + 4H20— 2CO2 + 12H* + 120
21t
12F

Nco, = = 4.477 X 10-3 moles.

In 1 N NaOH solution the consumption of ethylene during the anodic oxidation for
12 h with a current strength of 30 mA was found to be 1.23 4 0.06 X 10-3 mo-
les. The calculated value for complete oxidation according to the reaction

CsHy + 120H-—» 2CO2 + 8H20 + 126

it
Neyu, = —— = I.12 X 1073 moles.
12F

(1) Rest potential

All potentials are given on the normal hydrogen scale unless otherwise indicated
and refer to the scale in which the normal potential of the hydrogen electrode eﬁz
= o at 80°C.

Since the test and reference electrodes were at different temperature, measurements
of correction of the thermo-junction effect and temperature coefficient of the hy-
drogen and mercury-mercurous sulfate electrodes were made. The difference between

* The only contaminants are relatively inactive saturated hydrocarbons.
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the anode potential measured in isothermal arrangement at 80°C and in that used
hroughout experiments (i) was 13 mV. The potentials reported are corrected by
tNis experimentally obtained value.

he rest potential of Pt in 1 N H2SOj in nitrogen atmosphere of 1 atm, was 0.23 V.
Upon introduction of ethylene, the rest potential shifted to 0.25 V.* This value was
decreased by 70 mV per unit of increasing pH (Fig. 1), and was independent of the
partial pressure of ethylene (Pg) in the range 10-¢4 <{ P < 1 atm.
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-600
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H
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~
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Fig. 2. Current-potential relation (Pg = 1 atm) as a function of pH: (1) 0.5, (2) 1.9, (3) 2.3, (4) 2.9,
(5) 3-45, (6) 5.6, (7) 6.5, (8) 9.8, (9) 10.8, (r0) 12.5.

* The small change of the rest potential upon introduction of ethylene exemplifies the danger of
deducing information concerning reactivity at an electrode from effects on the rest potential.
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(111) Current-potential relation

Polarization curves obtained potentiostatically at a series of pH values for platiniz
Pt in solutions containing excess neutral salt (Na:SO4) to maintain a constant ioftic
strength I = 1.5 moles 1-! are shown in Fig. 2. The reproducibility of the curfent
values at constant potential is within 109%,. Four regions may be distinguished on the
potential log current curves:

(a) A potential range close to the rest potential, where no steady states could be
obtained, the current at constant potential decreased for several hours.

(b) A linear Tafel region with a slope (b) of 140-160 mV in the pH range 0.3to12.5,

mV
95
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450
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250 - | |
10°® 10° 0t 10%i (A/cm?geom)—»

Fig. 3. Current-potential relation (pH ~.5) as a function of ethylene partial pressure: (1) Pg =
10-4 atm, (2) 10-3 atm, (3) 10-2 atm, (4) 10! atm, (5) T atm.
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Fig. 4. Limiting current as a function of ethylene partial pressure.
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and about 200 mV in 10 N H2SO4. At a pressure Pg = 1 atm and pH close to o, the
c.d. range for this region is 3 X 1076to 3 X 10-3 A cm~2 (geom.).

(c) A region where the line curves upward and becomes independent of potential
(Ng. 3)- The current increases here roughly proportionally to ethylene pressure (Fig. 4)
and increases with increased rate of stirring.

(d) At about 0.9 V (reversible hydrogen electrode), the current rapidly decreases
to negligible values.

Galvanostatic determinations yielded the same results except for region (d),
where, in this case, the current remained independent of potential until the potential
of oxygen evolution was reached.

Essentially the same behavior was observed on smooth Pt anodes, where the slope
of the Tafel region was also about 150 mV, except at pH & 0.3, where it increased
to about 170 mV, and in 10 N H2SO4 was about 220 mV. The reproducibility of re-
sults for smooth Pt was somewhat less than for platinized Pt.

(1v) Exchange current densities
From the thermodynamic data, the free energy and the entropy of the reaction

2CO2 + 12H* 4 120 = C2Ha + 4H20 (1)

are: AG®» = 21.96 kecal, ASs52 = 17.3 cal deg~! mole~1. The temperature coefficient
(0E°/dT)2s5> = 1074 V deg™1.
The thermodynamic reversible potential of reaction (1) at 80°C is
(AGSs50 — AS(80 — 235))

E§pe = — = 0.082 V
12F

where
ASss50 + ASseo
AS — 25° + s0°
2

Under experimental conditions, the activity of carbon dioxide dissolved in the vicinity
of the electrode may be lower than that in equilibrium with 1 atm pressure of COq
(~ 10~2 moles 171). The values of exchange currents are obtained by extrapola-
tion of the linear section of the polarization curve to the reversible potential. The
current density observed in the middle range of Tafel section at Py = 1 atm and
pH = o0.5is7 ~ 1074 A cm~2 (geom.). In the steady state,

'—FDC (0
i=z F(E_ B) (2)

where F = 96500 coulombs; 2=6; D ~ 2 X 10-5 cm? sec~!; Cg = concentration of
CO: at the electrode in moles cm—3; Cg = concentration in the bulk ~ 0; § =
thickness of diffusion layer ~ o.01 cm.
From eqn. (2)
Ce ~ 2 X 1074 moles/]

Thus, the reversible potential may be estimated at a value of about 0.03 V (R.H.E.)
for purposes of extrapolating the Tafel section to obtain the values of the exchange
current, 7o. The values of 79 at Pe = 1 atm are ~ 10710 and 10-8 A cm~2 (geom.) for
smooth and platinized Pt, respectively. The highest probable value for roughness
factor of platinized Pt is thus R ~ 100.

J. Electroanal. Chem., 6 (1963) 401-416
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(v) Current-pressure relation

The dependence of current on ethylene pressure was studied on platinized Pt for
ethylene partial pressures from 1 atm to 10-4 atm in two ways:

(a) Polarization curves were determined potentiostatically at constant press#tre
(Fig. 3). The range of the Tafel sections depends on Pg, decreasing roughly by one
decade per tenfold decrease of ethylene partial pressure. The potential range of
region (c) expands in the negative direction with decreasing Pg, but always ends on
the positive side with a potential of V & 0.9 V (reversible hydrogen electrode).

(b) The current was recorded at constant potential as a function of ethylene partial
pressure.

Experimental points obtained by both methods are shown in Figs. 5 and 5a for

my—
s

S

ix|0%(A/cm2 geo

—R (atm)

Fig. 5. Current as a function of ethylene partial pressure at constant potential: (1) 0.38 V, (2)
0.43V, (3) 048V, (4) 0.53 V.
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Fig. 5a. Same as 5: (1) 0.58 V, (2) 0.63 V, (3) 0.68 V.
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1 N H:S0j; solution (shaded points — method a; unshaded points — method b). The

irrent decreases roughly logarithmically with increasing partial pressure of ethylene.
TYe value of Idz'/d log p]v increases with increasing positive potential and is slightly
higher in acid than in alkaline solutions.

(vi) Current-pH relation

The pH dependence of current is shown in Figs. 2and6. Thefollowing relations were
found:

°

dlogt )
———— ) = —o0.45
(d log cu+ /v L
dn
— X o
d log cu+
d log 7o
d log ca+ =
pn 1
4
24
1o+
8»—
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41—
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Fig. 6. Current (V = o.100 V) as a function of pH.

(vii) Current-temperature relation

The dependence of current on temperature for 1 N H2SO4 and Pg = 1 atm is
given in Fig. 7 for several potentials. The apparent activation energy A = (20.5-+1)
kcal mole~! at 0.380 V and was not found to change systematically with potential.
This is attributed to the experimental error arising from the limited scope of tem-
perature and potentials over which the measurements could be carried out.

The activation energy at the reversible potential calculated as AH® = Aq.3sv —
xnF ~ 17 + 2 keals. ( efinyiene/dT is negligible (cf. Results 1v), x is assumed to be
constant with temperature, thermojunction potential is assumed to be negligible).

J. Electroanal. Chem., 6 (1963) 401-416
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Fig. 7. Current as a function of temperature at constant potential: (1) 0.38 V, (2) 0.48 V, (3) 0.68 V,

(viti) Effect of purification

Use of conductivity water, Teflon cells for NaOH solutions and extensive pre-
electrolysis of solution under nitrogen atmosphere (12 h at —o0.5 V and 12 h at
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Fig. 8. Effect of pre-electrolysis on current-potential curve: (©) distilled water, (@) pre-electrolysis

using conductivity water.
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+ 1.8 V) on separate platinized Pt electrodes made no significant changes in the
Rolarization curves (Fig. 8).

DISCUSSION
(1) Adsorption of ethylene

The two most probable modes of ethylene adsorption are:

CaHyg - H2.C—CHa (A)
I\lle ;\lle

CoHyg — HC=CH + 2MeH (B)
I\I'Ie I\Ilc

Mechanism (A) has been postulated for the gas phase by TwicG AND RIDEALS on
the basis of their results on ethylene hydrogenation and hydrogen-deuterium exchange.
Subsequent work by CoNN AND TwiGG® and BEECK, SMITH AND WHEELER? seemed
to confirm this result. Later work by BEECK et al.8 and TRAPNELL? favors mechanism
(B) on the basis of studies of the ethane production in hydrogenation of ethylene.

The energetics of adsorption from the gas phase favors mechanism A, only by
~ 35 kcal mole-1, assuming the bond energies to be!?: C=C (breaking of one bond in a
double bond) 63 kcal mole-1; C-H 106 kcals mole—1; Pt—H 62 kcals mole-1 (calculated
with Pauling formula). Under conditions of adsorption from aqueous solution and
at anodic potentials three other factors must be taken into account: (a) the extra
energy needed in mechanism (B) to desorb two additional water molecules replaced;
(b) the ionization of the adsorbed H atoms to form solvated protons under charge-free
conditions; and (c) the energy of the charge-transfer process. The heat of desorption
of a water molecule from the Pt surface is an endothermic process. The heat of the
reaction

Pt-H — H*@ow) + Pt + ¢

at the potential of zero charge is ~112 kcals mole-1. The middle of the potential
range of the measurements is about 0.2 V positive to the point of zero charge, so that
the energy of the reaction

C:Hy — HC=CH -+ 2H"'gary + 2¢

| |
Me Me

would be by ~240 kcals mole-! higher than that corresponding to mechanism A
(assuming ionization energy of hydrogen I = 313 kcalsmole-! and energy of solvation
S = — 263 kcals/mole!?).

Hence mechanism (A) under conditions of anodic oxidation is much more probable.
In this model adsorption of ethylene molecules (both on the basis of steric considera-
tions as well as taking into account the covalence with d-band as responsible for
ethylene chemisorption) involves four surface sites of Pt per one molecule of ethylene!2
The adsorption isotherm is then of the form

0

— = K¢, or

(r—6)4 (3)
J. Electroanal. Chem., 6 (1963) 401—416
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0

m = KpPg (3a),

where = I'/I"'max — fractional coverage with ethylene, K. = equilibrium constght
(cm3 mole~!), K, = equilibrium constant (atm-1), ¢ = concentration of ethylene in
solution (mole cm—3).

It is of importance to the following mechanistic consideration to attempt to calcu-
late the degree of coverage of the Pt catalyst with ethylene* An estimate can be
made using data of Daams, GREEN AND WEBER!3 who, using radiochemical method,
found that for concentrations of ~4 X 1078 moles cm=3, Iemytene per apparent
cm? at the maximum of coverage-potential curve is about 2.5 X 10-9 moles cm~2.
For a four site attachment model

V& 2.5 X 107¢

- _ ok
I'maxR 0.6 X 100R R

where R is the roughness factor. The above authors stated the roughness factor of
14, which they considered low. The results of this paper (7v) show as a probable highest
value R = 100. I't will be assumed here that the roughness factor is between 10 and
100. Hence for ¢ = 4 X 10-8 molescm~3, the coverage 0 is between 0.04 and 0.4. The
concentration (at 1 atm ethylene partial pressure) in the present work is ~ 2 X 106
moles cm~3, 7.e. 50 times higher than that of the above quoted measurements. The
coverage calculated from eqn. (3) gives for ¢ = 2 x 10-6 moles cm-3, 0.37 <
6 < 0.73 for R = 100 and 10 respectively. The corresponding K, values are 2.3 <
K, < 150.

Another way of obtaining an approximate estimate of 0 is as follows: it is known14
that time, 7, to reach steady state adsorption when 0 is in the linear section of the
isotherm

K,?
T = I.I X 108

— (4)
where D — diffusion constant (= 5 X 1076 cm? sec~1)13; K; = K¢ I'max. From ex-
perimental data!6, when 6 < 0.1,7 ~ 600 sec. Introducing the relevant values into

eqn. (4)

K. ~ 5 X 106cm3 mole-!

Kp ~ 10 atm~!

When introducing this value of K. into eqn. (3), for ¢ = 2 X 10-¢ moles cm-3,
0 ~ o.5.

Thus estimates derived from radiochemical method and the above calculation
agree reasonably well** and suggest a surface coverage at maximum (with respect to
potential )for Pg = 1 atm of 6 = 0.55 + o.2.

* A study of this phenomenon is in progress in the Electrochemistry Laboratory at the Uni-
versity of Pennsylvania.

** The consistence of the two methods for obtaining an approximate value of Qg is less significant
than appears for eqn. (4) applies only in the linear range of a Langmuir isotherm with one point
attachment. Although eqn. (4) might have an approximate applicability at § = o.5 for one point
attachment it would seem to be a very poor approximation for four point attachment at this
coverage.
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No data are as yet available for the coverage-potential relation at the concentration
orresponding to that of P = 1 atm. However, for concentration corresponding to
apout 10-3 atm, the coverage is invariant (4-109,) over the potential range + 200 to
--%00 mV13, According to the measurements of BLOMGREN, BOCKRIS AND JESCH!4,
the potential invariant portion of §-V curves for organic compounds is expanded
as the concentration increases. For an increase of about 102 in concentration, the
flat () = -+ 109,) portion increases by some 3—4 times. Hence, an estimate of the
potential invariantsection for this concentration would be for about—r100 to + 8oomV.

(11) State of adsorbed hydroxyl
In the ensuing discussion of the mechanism of the ethylene oxidation, the adsorbed
hydroxyl radical will play an essential part of the suggested mechanism. It is hence
necessary to discuss the probable state of the electrode with respect to adsorbed
hydroxyl in the potential range under consideration. The experimental results must
be considered in which the adsorption of the oxygen containing species has been
examined upon the electrode in the absence of significant quantities of dissolved oxy-
gen in the solution. Such measurements have been carried out by DAHMS AND
Bockris!?, and are shown in Fig. 9. The coverage below V ~ 0.9 Vis very low. At
L&

0.5

o4l

| 1 ! | | |
600 700 800 900 1000 1100 1200

p—}

Fig. 9. Oxygen atom coverage on Pt as a function of potential (mV).

0.9 V, an inflection in the curve is observed after which the coverage steeply rises
with potential. A probable interpretation of this behavior is that below V ~ 0.9 V,
the species adsorbed is OH radical resulting from water discharge onto platinum elec-
trode. In absence of any species capable of removing OH radicals from the surface
an equilibrium is set up between water and Pt-OH. At potentials V > 0.9 V Pt-O,
or Pt(OHz) starts forming, leading to a high coverage of the electrode with an oxide.
This interpretation is in conformity with the ““passivation’ of the electrode occurring
in the vicinity of 0.9 V (see 17, 4, p. 415).

The question remains concerning the number of metal sites covered by one adsorbed
OH. There is no evidence for d-band adsorption of O on metals2. Hence a one site
attachment mechanism may be assumed.

(111) The reaction mechanism

(1) General nature. (a) The overall reaction yields CO: with 100 + 19, efficiency in
acid and 9o + 59, efficiency in alkaline solution (Resuifs, 7). Thus it is assumed that

J. Electroanal. Chem., 6 (1963) 401—416
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no branching leading to other products than CO: and water (or protons) occurs to an
appreciable extent.

(b) The value of the activation energy AHo~ 20 kcals mole-! precludes termindi
desorption of CO: as the rate-determining step.

(c) The observed Tafel slopes for the pH range 0.3—12.5 and pressure range from
1073 to I atm are b = 140-160 mV. At 80° C, the value of b = 2.3 X RT/«xF for
& = 0.5 is 140. Thus, it may be concluded that a charge transfer is a rate-determin-
ing step and the value of « is between 0.44-0.5.

(d) The observed Tafel slope is consistent only with the first charge transfer as
r.d.s. or a later charge transfer from the species present at the electrode at full coverage
as r.d.s. For the latter case however no pressure effect could be expected. Thus the
value of b = 2.3 X 2RT/F together with the fact that di/dp << o (Results, v) fix the
location of r.d.s. as the first charge transfer reaction.

(e) The negative pressure effect: di/dp < o shows that r.d.s. involves a substance
which requires the surface free of ethylene (or any intermediate derived therefrom)
to adsorb. Thus the likely rate-determining step is one of the two reactions.

H:0 - OH + H+ + ¢ (5)
OH- > OH + ¢ (6)

(f) The reaction sequence may then be represented by

C2H4 = CsH4 ads
H20 — OHaas + H* 4 ¢, or

r.d.s.
OH- — OHaas + €

CsHaags + OHags — C2Ha OH(OI‘ CeHs + HOH)
CoH4 OH + ... — ... 2C0z2 + 11 HY + 112

The coverage of all intermediates will be negligible in comparison with the coverage
of ethylenic radical, since they occur affer the rate-determining step and are not in
equilibrium because of the constant removal of the final product — CO,. Thus it is
justified to assume that Orotar ~ Omtnylene.

(2) pH effect. As shown in Fig. 2 current-potential relation was investigated over a
wide pH range (Kwater at 80° = 10-125). The Tafel lines were of restricted extent
in the middle range (curves 8-10) owing to the necessity of limiting the current to
avoid pH changes in the diffuse layer. (The effect of those changes on Tafel slope is
indicated by points corresponding to higher current densities of curves 6 and 7 in
Fig. 2.) By extrapolating the Tafel lines so that the current values could be obtained
at the same potential for all pH values, the plot of log ¢ versus pH at constant poten-
tial (V = 100 mV) was obtained (Fig. 6).

In Table 1 the value of (d log 7/d pH)v thus obtained is given, together with certain
other relevant coefficients.

It may be seen that the present result is not consistent with the theoretical coeffi-
cients (derived on a simple model) for water or OH- ions discharge as the rate-con-
trolling step. This fact does not militate against the suggested mechanism but lends
it support because similar anomalous pH effects have been observed by several
authors (see Table 1) who were concerned with simple reactions in which the charge
transfer from H20 (or OH-) is certainly the r.d.s.19-22,

J. Electvoanal. Chem., 6 (1963) 401—416



ANODIC OXIDATION OF ETHYLENE 413

TABLE 1

XPERIMENTAL AND THEORETICAL pH DEPENDENCE IN CERTAIN REACTIONS INVOLVING THE
DISCHARGE OF H30O oR OH - IN PRESENCE OF EXCESS NEUTRAL SALT

d log i dn d log 10
Origin ( ) (—) ( )
d PH v dﬁH i de
Theoretical consideration Discharge from water o RT/F —o
of the simple model Discharge from OH- I — RT/F «
Bockris aND Hug!?, O; evolution on Pt, (H2SO,) 0.25 « RT/F
VETTER AND BERNDT?, O; evolution on Pt
wide pH range o
MacDonaLD AND CoNwAY?2!, O evolution on
Pd and Au alloys (H2SO4, NaOH) o o
Present work 0.45 ~ 0 ~ 0

The value of (d logi/d pH)v is constant over the entire investigated pH range,
suggesting that the same mechanism applies in the cases of both acidic and alkaline
solutions. Charge transfer from OH- ions would cause, in acid solutions, a limiting
current at very low current densities, several orders of magnitude lower than those
observed in the Tafel region. It is thus concluded that the discharge occurs from water
molecules over the whole pH range investigated.

A number of possibilities for the anomalous pH effect (at constant ionic strength)
may be considered.

(a) Let it be supposed: (a) H2O undergoes charge transfer only when oriented with
the O atoms towards the electrode; (b) the potential of zero charge of Pt decreases
with pH (see below). Then, the fraction of water molecules which could react in-
creases with pH at constant potential, qualitatively in agreement with observation.
However, such an effect would also occur during the potential interval corresponding
to a Tafel line. Equations developed by BockRris, DEVANATHAN AND MULLER show?3
that the change expected in water orientation over the relevant potential range is
not consistent with the Tafel slope observed.

(b) Let it be supposed that the discharge of OH- and H»0 both contribute to the
current:

i = (ksauzo - ksaon')t’“m"/l”‘

(dlni) 1
d pH V_E aH20+I

ke aom™

in disagreement with the observed coefficient (4 In 7/d pH)v = const.
(c) Were reaction sequences of the type:

A=B + H+ } ¢
B =22
C+D—> E...

both the observed Tafel slope and pH effect would be obtaiued. However, no reasona-
ble model was found which would correspond to the above reaction sequence.
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(d) Suppose that a pH effect on the potential of zero charge (V) exists. Then,
for a given vaue of the measured Galvani potential difference across the interfacy
the Volta potential difference changes, 7.e. a pH effect on the current densities at
constant potential would be found. Evidence for such a change exists. Thus, Kugtrf1z
AND Krasikov24found it for platinum but in systems in which Pt had been presaturat-
ed with hydrogen. BoCKRIS, SWINKELS AND GREEN?23 found that the potential of
the maximum of the adsorption for naphthalene, Vmax.napnt., on Pt depended on
pH to the same degree as that observed by KHEIFETZ AND KRASIKOV. Assuming
that @Vmax. napnt./@Vpze = I, the empirical relation is:

Vpze = Vipze + —F— In an+

Thus:
V= (Yo + —Inag) it
RT
i = ksanzo (r—0)e
or
d log ¢
( ) = X ~ 0.5,
dPH v

as observed.

Were OH- ions to adsorb on the electrode surface according to a logarithmic iso-
therm, they would contribute to a change in potential across the interface equivalent
in form to that here assumed.

(3) Pressure effect. The evidence that the inverse pressure effect (Figs. 3, 5, 5a) does
not represent some artifacts, as for instance the effects of the presence of traces of
some poisoning substance in ethylene gas, is as follows.

The pressure effects are reversible on repeated pressure changes without hysteresis.
Similar effects have been observed on Pt with other hydrocarbons4.2¢, but not during
ethylene oxidation on other metals where positive pressure effects occur??,

For a mechanism in which the rate-determining charge transfer occurs from water
onto bare Pt sites:

1 = k5a320 (1 — Og) exVF/RT (7)

and at constant potential, the current decreases with pressure as the term (1 — 0g)
does.

From the theoretical plots of (1— ) versus pressure (eqn. 3a), for the limiting values
of Kp = 2.3 and K, = 150 (see Discussion, i), the values of (I — 0) at Pg =
1, 0.1, 0.0 and 0.001I atm were found and introduced into equation (7). The term
ksax,o0 ¢*FV/RT was calibrated from the experimental value of 7 at Pg = 1 atm and
520mV and the theoretical i —log p relationship for seven potential values was plotted
(Fig. 5, 5a, full lines Kp = 150, dotted lines Kp = 2.3). It may be seen that the general
shape of the experimental s—log p curvesfits much better the theoretical curve plotted
for Kp = 150 than that for Kp = 2.3. Thus the experimental results are more consist-
ent with a coverage close t0 0.7 at Pg = 1 atm. The theoretical : — log p relation for
Kp = 150 is in reasonable agreement with experimental data. The slope Q of the
experimental ; — log p curves varies with potential (Fig. 5 and 5a) 4 log Q/dV being
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equal to ~ 7 V-1. From equation (7), the coefficentd log Q/dV should be equal to
QF/2.3 RT ~ 7.2 V-1 for x = 0.5 and ¢ = 80°C.
These are marked consistencies with the hypothetized mechanism.

(4) Control in the limiting current vegion. Figure 4 shows the existence of a limiting
current, whose value depends on stirring and is roughly proportional to the partial
pressure of ethylene (Fig. 3). Thus the control in this region is by diffusion of ethylene
in solution. At sufficiently high pressures (e.g., I atm) potential V = 0.9 V(R.H.E.) is
reached earlier than the current corresponding to the diffusion control. At this poten-
tial, the current drops to negligible values for all pH and pressure values. This value
of potential corresponds closely to the potential wheresurface oxidestartsforming18.20,
The “passivation” of the electrode with respect to ethylene oxidation may be
understood of at V &~ 0.9 V (R.H.E.), the reaction between OH radicals, or OH and
H>0 occurs fast enough for the accumulation of PtO, and water discharge onto the
PtO covered surface drops to a negligible rate corresponding to the value

1 = ipoy e"*FWRT ~ 10710 A cm~2

where 7o0,) — exchange current for O evolution reaction.
The dependence of the limit of the potential range of ethylene oxidation on oxide
formation is to be noted.

(5) Rate constants of charge transfer from solution onto bare and O-covered platinum.
The value of the exchange current of ethylene oxidation on smooth Pt 7, = 10710
A cm~2, as compared with the exchange current of oxygen evolution occurring onto
oxide covered surface 7oq,, is 10710 to 1078 (cf. ref. 27).

The ratio of rate constants for water discharge on bare and oxide covered surface
is thus

k )

i 0 OF/RT(Vpey ~Viey )
— = — e E a~ 108
k i

o, 00,

This large difference in the rate constants, and similar values of the activation energy
of both reactions, is consistent with the model in which, in both cases, water dischar-
ges onto the bare surface, whose area in case of oxygen evolution is 108 times lower
since the electrode is almost fully covered by PtO.

This assumption is supported by a consideration of the potential energy-distance
profile diagrams which show that the bond energy of OH radicals with Pt-O would
have been of the order of ~ 100 kcals to yield the observed activation energy of the
oxygen evolution reaction. Such a high value of the Pt-O-OH bond energy is most
unlikely. The assumption of H20 discharging onto the bare surface sites only, is also
supported by results of Bockris and Huq!?, who found that the overpotential of O;
evolution increases with time, and attributed it to the filling up of the bare surface
sites by an oxide.
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SUMMARY

The ethylene oxidation reaction on smooth and platinized platinum has been studiea
at 80°Cin solutions of H2SO4 + K2504 and NaOH + K2SOs of constant ionic strength
= I1.5. Reaction rates were measured as a function of potential, pH and partial
pressure of ethylene. Coulombic efficiency of the reaction was determined by measure-
ments of COs production in acidic solutions, and of CoHs consumption in alkaline
solutions. The following parameters have been found:

av 2.3-2RT /d log i dn d log ig di
(o) =S ), = (), = () e (8, <o
dlogi/p F dpH /v d pH/: d pH aplv

Coulombic efficiency is 100 + 1%, in acidic and go + 59%, in alkaline solutions. 7o =
1078 A cm~2 on platinized and 1071 A cm~2 on smooth Pt respectively. Activation
energy A = 17 + 2 kcals. At higher overpotentials diffusion limiting current was
obtained. At V = 0.9 (R.H.E.), the current drops to negligible values due to the oxide
formation. Coverage of the electrode with the ethylenic radical at T atm has been eval-
uated by two independent methods as O = 0.55 + o0.2.

The reaction mechanism in the Tafel potential range was interpreted in terms of
water discharge as the rate-determining step over the complete pHrangeinvestigated.
In the potential range higher than that of the Tafel region the rate control is shifted
to mass transport of ethylene. At Pg = 1 atm, the Tafel potential range is limited
by oxide formation before diffusion control sets in. A possible explanation of the
anomalous pH effect in reactions concerning water discharge has been given.
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Short Communication

Polarography of cyclic hydrazides

There have been, to our knowledge, two previous investigations on the polarographic
reduction of cyclic hydrazides at a dropping mercury electrode in aqueous solutions.
Vojir?! has reported the reduction of luminol (3-aminophthalhydrazide, I, R=NHp)
in 0.1 F sodium carbonate solution. MILLER2:3 has described in detail the reduction of
maleic hydrazide (IT) at various pH’s. MILLER3 also demonstrated that the probable
product from the reduction of maleic hydrazide, cyclic succinhydrazide (ITI), was
not polarographically active.

R O o 0
| | | /|\
AN AN
L | | NH
\/\ NH . NH . NH
I 1 \(
0 0 0
I I I

We attempted the polarographic reduction of luminol as part of an investigation
which involved the anodic electro-generation of solution chemiluminescencet. We
found that luminol was not reduced contrary to the work of Vojir. Furthermore, the
unsubstituted phthalhydrazide (I, R=H) was also inactive. 3-Nitrophthalhydrazide
(I, R=NO2), on the other hand, gave a wave (E1;2 = —0.49 V vs, mercury pool) which
appeared very similar to the one shown by VojIr.

We believe that the wave, which VojIr ascribed to luminol, was probably due to an
impurity which may have been 3-nitrophthalhydrazide. Examination of the preparat-
ive methods for luminol shows that it can be made from (a) the action of hydrazine
hydrate on 3-aminophthalimide® or (b) the reduction of 3-nitrophthalhydrazide with
stannous chloride® or sodium hydrosulfite®. The first method can yield a side product
of 3-N-diaminophthalimide, but this compound is insoluble in dilute carbonate solu-
tions. In the second procedure, a likely contaminant can be the starting material
itself. A sample of luminol prepared according to FIESER®, indeed gave a wave
corresponding to the starting nitro-compound. Commercial samples without further
purification, however, failed to produce any reduction waves.

The results obtained above were also duplicated on a carbon-paste electrode. It was
also interesting to note that oxidation of the nitro-compound (I, R=NO.) produced an
anodic current-voltage curve with Eps of +0.36 V vs. saturated calomel reference
electrode and a photo-polarogram similar to luminol4 in a solution of carbonate con-
taining oxygen.

MILLER attributed the cathodic activity of maleic hydrazide to the reduction of the
carbon-carbon double bond which led to the postulated product, cyclic succinhydraz-
ide. We performed a macro-scale electrolysis of maleic hydrazide at a mercury cathode
in aqueous ethanol solution containing lithium chloride and produced a product
identified as cyclic succinhydrazide by infrared spectrophotometric comparison with
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an authentic sample. (Solvent composition was similar to the one used in the prepara-
tion of cyclic succinhydrazide from maleic hydrazide by aluminum amalgam reduc-
tion?.) Our voltammetric and product analysis data, therefore, support the results
and conclusions of MILLER.

EXPERIMENTAL

The dropping mercury electrode polarograms were obtained with a Sargent Model XV
Polarograph using a Sargent-Heyrovsky cell with a mercury pool as the reference
anode. This reference electrode was chosen to permit comparison with VojIr’s data.
The cell was thermostatted at 25 + 0.05°C. The carbon-paste electrode has been
described by Apams®. Current-voltage curves using this electrode were obtained with
a triangular-voltage apparatus®.

The phthalhydrazides were prepared by reacting the appropriate phthalimides
with excess hydrazine hydrates.19. The commercial samples of luminol were obtained
from the Eastman Kodak Company and the Aldrich Chemical Company.

The most reliable and satisfactory samples of luminol were obtained by reacting a
highly purified sample of 3-aminophthalimide with hydrazine. However, whether the
luminol was synthesized as above or obtained commercially, a modified purification
procedure of Drew and Pearman gave the most consistent spectral and electrochemical
results. As suggested by Drew and Pearman, a concentrated solution of luminol in 5%,
sodium hydroxide was cooled to 0°C in an icebath. The resulting crystals were dissolv-
ed in water and reprecipitated by the addition of 109, acetic acid. We have found,
that, at this stage of the procedure, a product which was more easily isolated and
dried was obtained as follows: luminol was redissolved in an excess of 109, aqueous
ammonia, decolorized with charcoal (if necessary), diluted with an equal volume of
95% ethanol and then warmed to 50-60°C. The slow addition of 109, acetic acid (un-
til it was in slight excess) brought about the gradual formation of needle-like crystals.
The product should not be heated during drying and should be stored under dry
nitrogen, protected from light.
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