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Periodic current oscillations of zinc in nitric acid solutions
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Abstract: This paper presents current oscillations of a Zn anode in solutions of
nitric acid and potassium dichromate. The effects of the nitric acid concentra-
tion were investigated. The system was analyzed using cyclic voltammetry,
current—time plots and attractors. It was found that the concentration of nitric
acid has a major effect on the behavior of the system and it is proposed that
zinc hydroxide precipitation—dissolution processes are responsible for the cur-
rent oscillations.
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INTRODUCTION

The dynamic behavior of some metals in the transition region from the ac-
tive to the passive state, from the steady state to simple, double or chaotic oscilla-
tions, presents a large area of research interest in the corrosion and protection of
metals and, also, for an understanding of oscillatory phenomena which occur du-
ring solid/liquid interface processes.! =16

Self-organization of electrochemical systems is not limited to temporal phe-
nomena but can also involve spatial pattern formation.2-%-11:13 The most studied
electrochemical system, from the point of view of dynamic behavior, is the ano-
dization of iron in sulfuric acid media.2:4:6.9 In addition to iron, there are many
other metals which exhibit current or potential oscillations (Ni, Cu, Co, Pb, Ag,
Zn, alloys) in certain media (acid, alkaline or solutions of salts). The behavior of
zinc electrodes were studied in alkaline solutions as cathodes but their behavior is
almost unknown in acidic media.l415

Current oscillations are explained by a precipitation—dissolution mechanism
or chemical reactions having an autocatalytic step.3:!5 The precipitation—dissolu-
tion mechanism is the most extensive mechanism and it seems to be the closest to
the real phenomena of current oscillations. This mechanism presumes that chemi-
cal species (salt, hydroxide or oxide) are precipitated at the electrode surface.

* Corresponding author. E-mail: florincrisan2000@yahoo.com; dfjarad@rdslink.ro
doi: 10.2298/JSC0802221C
221



222 CRISAN and SALLO

It is well known that zinc, as well as certain other metals and alloys, exhibit
the phenomenon of metallic passivity, i.e., the metal becomes inert under certain
environmental conditions since its surface is covered by a thin oxide film. In the
passive state, defects in the protective film may induce propagating reaction zo-
nes, which lead to the dissolution of the pacifying layer and transform the elec-
trode into its active state.

For iron in acidic media, an increase of the dissolution rate with increasing
electrode potential is observed. At the passivation potential, the dissolution rate
decreases dramatically and the electrode surface becomes passive again. Under
these conditions, the system forms an excitable medium where passivation—acti-
vation phenomena occur successively, leading to current oscillations.

This paper presents the dynamic behavior of a zinc anode in nitric acid-oxi-
dizing media and the influence of the acidity and the electrode potential on this
behavior. In addition, the attractors generated by current—time series are presen-
ted. The dynamic behavior of zinc was studied in solutions of nitric acid (0.2—1.6 M)
containing 0.15 M of potassium dichromate.

EXPERIMENTAL

The experiments were performed using a three-electrode system in a non-stirred electro-
lyte. The potential of the zinc electrode was controlled by a Voltalab 40 PGZ 301 potentiostat
and the response current was monitored by Voltamaster 7.08 software. The working electrode
was a zinc rod (8§ mm diameter) of 99.9 % purity (Merck) embedded in an isolating muff, so
that only the end of the rod was exposed to the solution. The counter electrode was a Pt wire
and a saturated calomel electrode (SCE) was used as the reference electrode. The electrolytes
were prepared with purified Millipore water (> 18 MQ c¢m resistivity) and analytical grade po-
tassium dichromate (Riedel-de-Haén, 99.8 % purity) and nitric acid (Fluka, 65 %). The total
volume of the solution in each experiment was 100 ml. The working electrode was polished
with 600 and 1000 grade emery paper, washed with water and wiped prior to each experiment.
All experiments were performed at room temperature.

RESULTS AND DISCUSSION
Cyclic voltammetry

The four cyclic voltammograms for the four nitric acid concentrations (0.2,
0.3, 0.6 and 1.6 M), at the same potassium dichromate concentration (0.15 M),
recorded at a potential scan rate, are presented in Fig. 1. For all of the voltam-
mograms, in the positive sweep, a slow increase of the current, followed by a pla-
teau at around zero current, then an abrupt increase of the current at = 0.2 V, ac-
companied by gas evolution at the counter electrode, can be observed. The width
of the plateau zone decreased as the nitric acid concentration increased, so that at
a nitric acid concentration of 1.6 M, the plateau was very small. Nevertheless, a
maximum of the current appeared and then the electrode passivates.

For the negative sweep, the current decreased continuously but presents hi-
gher values than in the positive sweep. At around —0.2 V, the current oscillated,
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which is marked in Fig. 1 by A. The potential domain in which oscillations occur-
red increased up to a nitric acid concentration of 0.6 M and then decreased. Cur-
rent oscillations seem to appear only after the passive layer had attained a critical
thickness and the potential attained a certain value. At this moment, the system be-
came unstable and transitions between the passive and active state occurred. If
both conditions (film thickness and potential value) exist, oscillations may appear.
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Fig. 1. Cyclic voltammograms recorded in a) 0.2 M HNOj3, b) 0.3 M HNO3, ¢) 0.6 M HNO;
and d) 1.6 M HNOj. The zones indicated with A denote oscillatory regions.
The arrows indicate the direction of potential sweeping.
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In the passive state, defects in the protective film may induce propagating re-
action zones and electrode surface becomes active.!3 Zinc dissolution leads to an
accumulation of zinc ions and a migration of H* ions away from the vicinity of
the electrode. Consequently, the pH increases and a temporary precipitation of
zinc hydroxide may occur, whereby zinc dissolution ceases. The electrode sur-
face becomes passive and the current decreases. Due to the precipitation of zinc
ions, H* ions migrate back from the bulk to the surface of the electrode, leading
to dissolution of the hydroxide layer, whereby the electrode reverts to its active
state, the current increases and cycle repeats itself.

In order to obtain current oscillations, the electrode potential was swept from
—1.0 V to 0.50 V then back to the potential value where oscillations occur
(around —0.2 V). No oscillations were observed for a concentration of nitric acid
of 0.2 M or lower.
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Current—time series

The current vs. time plots for nitric acid concentrations of 0.3, 0.6 and 1.6 M
at —0.20, —0.10 and —0.05 V are presented in Fig. 2. The dynamic behavior of
system changed, depending on the nitric acid concentration.
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Fig. 2. Current—time series registered in a) 0.3 M HNO; at £ =-0.2 V, b) 0.6 M HNO;
at E=—0.2V,c) .6 MHNOs at E=-0.1 Vand d) 1.6 M HNOj at E=-0.05 V.

For 0.3 M nitric acid (Fig. 2a), the current passed through a maximum and
oscillations appear after about 10 s but they rapidly ceased, then the current de-
creased to zero. For 0.6 M nitric acid (Fig. 2b), the current exhibited a minimum
but oscillations did not appear even after 4 min. A short stir of the solution resul-
ted in oscillations which occurred for 10 min. In this case, one period of oscilla-
tions could be observed but the amplitude was not very constant. For 1.6 M nitric
acid (Figs. 2c and 2d), oscillations appeared immediately which become regular,
with a double-period, after 4 min.

As observed, for 1.6M nitric acid solution, the oscillations were similar for
different potential values (Figs. 2¢ and 2d,) but the amplitude was smaller at the
lower potential (—0.05 V), than at the higher potential (— 0.10 V) and the fre-
quency increased.

Attractors

The attractors for the time series in Fig. 2 and the shape of the oscillations
are presented in Fig. 3. Attractors 3a and 3b correspond to one period oscillation
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(Figs. 2a and 2b, respectively) and 3c to double-period oscillation (2¢), from
which it can be concluded that as the concentration of nitric acid increased, the
complexity of the oscillations increased and their shape changed. The oscillations
for 0.3 and 0.6 M nitric acid are perfectly sinusoidal, while for 1.6 M nitric acid,
the oscillations seem to be of the relaxation type.
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Fig. 3. Attractors and part of the time-series. a) 0.3 M HNO; (for 2a); b) 0.6 M HNOj (for 2b);
¢) 1.6 M HNO; (for 2¢). The diagrams d—f present the shape of the oscillations for 2a—2d, respectively.
It is possible to find chaotic behavior for higher concentrations of nitric acid
and the route to chaos is likely to be a period-doubling one. Further investigation
is necessary to elucidate this mechanism and the role of potassium dichromate in it.
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CONCLUSIONS

According to the experimental results, current oscillations in the Zn-nitric
acid—potassium dichromate system occur within a certain potential range. In ad-
dition, the oscillations are strongly influenced by the nitric acid concentration but
not enough information is available to explain the role of the potassium dichro-
mate. The oscillations may be explained by the precipitation—dissolution mecha-
nism and it is possible that a chemical reactions mechanism with participation of
the potassium dichromate exists, which can lead to self-organization of the system.
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U3BO A
MNEPUOAVYHE CTPYJHE OCHMJIIALIMIE HMHKA Y PACTBOPUMA A3OTHE KMCEJIMHE

FLORIN CRISAN! u ERVIN SALLO?

!County Lab for Pesticides Quality Control, Bodrogului Str. 3, 310059, Arad u >Chemistry Institute of
Romanian Academy, Mihai Viteazul Blvd. 24, 300223, Timisoara, Romania

OBaj paz mpuKasyje CTpyjHe OCIIJIALUje aHOe O IMHKA Y PacTBOPHMA a30THE KUCEIHHE Y3
JofaTak KanujyM-Ouxpomara. McnuTiBaH je yTHIaj KOHLEHTpalHUje a30THE KHUCEIUHE Ha OBY I10-
jaBy. CucreM je aHanu3upaH KopuinhemeM HUKIMYHUX BOJITAMOrpaMa, rpaduika 3aBHCHOCTH CTpY-
je ox BpemeHa u arpakropa. HaljeHo je 1a KOHICHTpaIHja a30THE KUCEIHHE UMa OJuTyuyjyhu yTu-
11aj Ha HOHAIIAkbEe CHCTEMa U MPETIIOCTABIBEHO JIa je TPOLEC TAJIOKEHha U PacTBapamba LIHHK-XU/I-
POKcHaa OATOBOpPaH 3a CTPYjHE OCHMIALH]E.

(ITpumibeno 23. maja, peBuaupano 16. asrycra 2007)
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