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Current oscillations of iron in p-toluenesulfonic acid
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The periodic current oscillations of an iron electrode in p-toluenesulfonic acid
(PTSA) solutions were investigated by cyclic volatammetry and potentiostatic polariza-
tion. The Fe/PTSA system is a new electrochemical oscillator and shows some interest-
ing phenomena. The oscillations are ascribed to the alternate buildup and breakdown of
Fe(OH), and Fe;0y4 films.
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INTRODUCTION

p-Toluenesulfonic acid (PTSA) is used in many fields as a kind of strong organic
acid,!# but current oscillations of the Fe/p-toluenesulfonic acid system has not been re-
ported until now. Otherwise, the periodic oscillatory behavior at the transition region from
the active state to the passive state of certain metals has always been an area of research in-
terest,>-8 not only because of its potential important implications in corrosion and protec-
tion,” but also because of its role in the attempt to understand oscillation phenomena occur-
ring in interfacial processes.> 11 Some models of oscillators have been made to explain
metal corrosion, diffusion and passivation.!%11 However, since metal electrodisolu-
tion-passivation is a very complicated process, these models are not fully in accord with the
experimental results. For example, the potentiostatic current oscillations in the Fe/sulfuric
acid system during the transition from the prepassive to the passive region have been exten-
sively studied and many mechanisms have been presented, but no satisfactory description
of the periodic phenomenon has yet been produced, especially the composition of the
prepassivating film.5>-1! Some investigators supported the suggestion that the film is ferrous
sulfate,”-8 while others favored the idea that it is ferrous hydroxide.!0:!11

The purpose of this paper is to summarize the results of a recent experimental in-
vestigation of the anodic dissolution of Fe in p-toluenesulfonic acid. It is hoped thereby
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to gain a better understanding of the dependence of the oscillatory behavior on the elec-
trode potential, the electrolyte concentration and the hydrodynamic conditions.

EXPERIMENTAL

The electrochemical experiments were carried out in a three-compartment cell. The electrode
potential was controlled by a PAR M173 potentiostat and a PAR M175 function generator. The re-
sponse current was monitored by a YEW 3086 X-Y recorder. The working electrode, 2.5 mm in di-
ameter, was prepared from an iron rod 0f 99.99 % purity (Johnson Mattey Chemicals). The electrode
was carefully sealed with epoxy resin in a glass tube, leaving only the working surface exposed to the
solution. The counter electrode was a Pt sheet, and a Hg/Hg,SO4 electrode was used as a reference
electrode, with its Luggin capillary probe located 2 mm below the working electrode. All the elec-
trode potentials reported in this paper are referenced to the Hg/HgrSO4 electrode in 0.5 M H,SO4.
The electrolytes were prepared from analytical grade reagents and triply distilled water. The working
electrode was polished by 600 and 1200 grade emery paper and washed with triply distilled water
prior to each experiment. The temperature was controlled by a superthermostat. All the experiment
were performed at a temperature of 25 + 1 °C.

RESULTS

The characteristics of i—E curves of the Fe/PTSA oscillatory system

Figure 1 shows the effect of the PTSA concentration on the cyclic voltammetry
curves of the Fe/PTSA oscillatory system. The potential scan rate was 2 mV/s. The scan-
ning potential region was from the corrosion potential to + 0.4 V. The thin dotted line repre-
sent the forward potential scan and the solid line represent the backward potential scan.

No oscillations were observed in any of the curves of the forward potential scan. In
0.1 M PTSA (Fig. 1a), from E=—1.06 V to E=-0.4 V the current first increased continu-
ously until a maximum value appeared and then decrease gradually until a very low value
was attained at £ =—0.24 V meaning that the Fe electrode was passivated. In higher con-
centrations of PTSA (Fig. 1b—d), the phenomenon was different to that in 0.1 M PTSA as
two oxidation peaks were visible in each case. For example, in 0.5 M PTSA (Fig. 1d) the
first peak appeared at — 0.80 V and the second one at—0.20 V. The first one represents the
oxidation of Fe to Fe(Il) and the second one the oxidation of Fe(II) to Fe(IlI).

In the curve of the backward potential scan of 0.1 M PTSA (Fig. 1a), no current
oscillations were found. From £ =+ 0.4 V the current initially kept a low value but in-
creased abruptly to a large value at—0.23 V. Then current decreased continuously (from
E=-0.23 Vto E=-1.06 V). With increasing PTSA concentration (0.2 M and 0.4 M),
the obvious current oscillations appeared in a certain potential region. The amplitude of
the current oscillations decrease gradually until the oscillations disappeared. Then the
current maintained a certain value for a long time and then finally became small. In
0.5 M PTSA, the i—E curve showed similar phenomena as itin 0.2 M and 0.4 M PTSA,
except that no oscillations were observed.

The potentiostatic i—t curves of the Fe/PTSA system

Figure 2 shows the effect of the PTSA concentration on the i—# curves of Fe/PTSA
system. In this experiment, the applied potential was stepped from the corrosion poten-
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Fig. 1. Effect of the p-toluenesulfonic acid (PTSA) concentration on the polarization behavior of
the Fe/PTSA system. (a) 0.1 M; (b) 0.2 M; (c) 0.4 M; (d) 0.5 M.

tial of the electrode to—220 mV. For 0.5 M PTSA (Fig. 2a), no current oscillations were
observed. The electrode was active. With decreasing PTSA concentration, current os-
cillations appeared (Fig. 2b—d). For 0.4 M PTSA (Fig. 2b), the electrode was in an ac-
tive state for 14 s before the current oscillations appeared. When the concentration of
PTSA was 0.3 M (Fig. 2¢), the active state time of the electrode became 10 s. However,
for 0.2 M PTSA (Fig. 2d), after polarization of the electrode the current oscillations be-
gan immediately, but only lasted 10 s before the oscillations ceased and the current
maintained a very low value. For 0.1 M PTSA (Fig. 2e), there were no current oscilla-
tions and the electrode surface was passivated.

Figure 3 shows the effect of the polarization potential on the resulting i— curves
of the Fe/0.2 M PTSA system. The oscillation wave forms varied with potential re-
gions. For £=—200 mV, the current was very low meaning that the surface of electrode
was passivated. No current oscillations were observed. In the current oscillation region
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Fig. 2. i~ curves of the Fe/PTSA system as a Fig. 3. i~ curves of the Fe/PTSA system as a
function of the PTSA concentration. (a) 0.5 M; function of the potential. (a) — 200 mV; (b) — 220

(b) 0.4 M; (¢) 0.3 M; (d) 0.2 M; (e) 0.1 M. mV; (¢) — 260 mV; (d) — 280 mV; (e) — 300 mV.

from £=-220mV to—280 mV, the variation of the electrode potential affected the am-
plitude and the period of the oscillations. With decreasing potential, the current oscilla-
tion amplitude decreased and the period shortened. Especially when £=-280 mV (Fig.
3d), the current oscillation was not as regular as those when £=—-220mV or—260 mV.
The current oscillation period is longer when 7 < 20 s than when ¢ > 20 s. The oscillation
amplitude became smaller and smaller and then the oscillation disappeared at 1 =72 s.
For E=—300mV, no current oscillations appeared, the electrode was in an active state.

DISCUSSION

The chemical composition of surface of mild steel after passivationin 1 M PTSA
solution was studied by Camalet with XPS.! No sulfur signals were observed on the
samples and analysis of the oxygen signal confirmed the presence of metallic oxide, hy-
droxide and oxyhydroxide. So, it is impossible to form a salt film on the electrode sur-
face in the Fe/PTSA system. In Fig. 1b the plateau current density is the diffusion limit-
ing current density (i1 ), which can be given as:

ir, =zFDc/d (1)

where D is the diffusion coefficient, d is the thickness of diffusion layer, z is the
charge involved in the reaction, F'is the Faraday constant and c is the concentration
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of the diffusing ions. Under stationary condition (in this study), d = 0.05 cm and for
the majority of ions, D = 10 cm?/s at 25 °C, so that Eq. (1) can be simplified:12

iL=20zc (2)
assuming Fe dissolves as
Fe — Fe2* + 2¢- 3)

The solubility of Fe(OH), is 1.5x10-¢ g/ml at 18 °C.!3 The ferrous ion concentra-
tion was calculated from (2) as 7.5x10~* mol/cm3 in 0.2 M PTSA near the electrode su-
face. This concentration is high enough for ferrous hydroxide to be precipitated, al-
though this is only an estimate.

In the cases of oscillation, when the potential is first applied, Fe is electrochemi-
cally oxidized to Fe2*. Its concentration at the Fe/solution interface rapidly increases. The
formation of Fe2* results in the electromigration of H* away from the vicinity of the elec-
trode. Hence, near the electrode surface the pH increases gradually. Under this condition,
itisto be expected that Fe(OH), will precipitate as the initial surface blocking species. It is
not compact and dissolves easily in acidic solution. As long as the rate of film formation is
greater than the rate ofits dissolution, the film thickens. When the current attains its maxi-
mum value, it is possible that an Fe304 film forms on the substrate of the iron electrode. 10
The current begins to decrease sharply and the electrode is passive. Thus, the dissolution
rate of the electrode becomes low, the backward diffusion of H' from the bulk solution to
the electrode will enable the Fe(OH); to be dissolved quickly. The Fe3Oy4 film is also un-
stable in acidic solution and will dissolve after Fe(OH),. Thus, the iron electrode is acti-
vated again and the cycle of the same steps repeats.

In low concentrations of PTSA, the oxide film formed on the electrode surface is
stable and the dissolution of Fe is slow (Fig. 2¢). With increasing concentration of
PTSA (Fig. 2d — b), the formation of a thick Fe(OH), film becomes difficult. On the other
hand, after the formation of Fe304, the backward diffusion of H" will result in a more rapid
dissolution of the Fe(OH), and Fe304 film. This causes the appearance of current oscilla-
tions. The time of passivation is accordingly shortened. If the concentration of PTSA is suf-
ficiently high, the film dissoulution rate is increased to the point where there is only a very
thin film, or no film at all, so that current oscillations do not commence (Fig. 2a).

At low potentials, the rate of formation of the Fe(OH), film is relatively slow
compared to the rate of film dissolution and so any film dissolves as soon as it is formed
(Fig. 3e). Hence the electrode remains active and current oscillations does not appear.
As the potential increases, the rate of film formation increases until it exceeds the disso-
lution rate and an Fe(OH), film begins to build up on the Fe surface (Fig. 3d —b). The
fraction of the anodic current which is consumed to oxidize Fe(II) to Fe(IIl) becomes
larger with increasing potential. This probably results in the formation of a compact
Fe304 film on the surface of the electrode; thus the time of passivation is increased. At
the same time, the diffusion of H' results in the dissolution the Fe(OH), and Fe304 film
so that current oscillations appear. At potentials more than the Flade potential, the
Fe304 will transform into y—Fe,O3, and the electrode is passivated (Fig. 3a).10
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CONCLUSIONS

A new current oscillations phenomenon was observed in the Fe/PTSA system.
The oscillations have been ascribed to the cyclic formation and breakdown of an
Fe(OH), and Fe3Oy4 film. The experimental results show that the pH of the solution
plays an important role in the current oscillations in the Fe/PTSA system.
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CTPYJHE OCHWIALMIE HA TBOXEBY Y p-TONYEHCYJIT®OHCKOJ KMUCEJIMHN
HAITAO CUIL' SHENHAO CHEN,'? SHIYONG ZHAO' u CHAO WANG'?
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HcnutuBaHe cy cTpyjHE OCLUIALje HA €JICKTPOJU Ofi 'BOXKba y pacTBOpHMa p-TOJye-
Heyngoncke kucennHe (PTSA) IUKINTHOM BOITAMETPHjOM M MOJAPU3ALHjoM (MTOTEHINO-
cratckoM). Cuctem Fe/PTSA je HOBH elIEeKTPOXEMHUjCKH OCHHIATOP KOjU MOKa3dyje HeKe
uHTepecaHTHe (peHomeHne. Ocuunanyje cy NpUNKCaHEe HAU3MEHHMYHOM CTBapamy U pas-
naramwy Fe(OH); u Fe304.

(Ipumiseno 10. maja 2001)
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