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Abstract

Cyclic voltammetric studies were carried out on pure iron in alkaline borate and
phosphate buffer solutions at pH 10.8. At higher potentials, on anodic polarization, iron
forms FeB4O7; and FeOOH in borate buffer, and FeHPO, in phosphate buffer which got
converted to higher valency phosphates.

In phosphate solutions, in presence of halides, the interfacial diffusion layer turned to be
cation selective outer sublayer and an anion selective inner sublayer, and in borate
solutions a precipitate layer of metal oxyhydroxide was formed, which was anion
selective, and anions adsorb on this.

Keywords: iron, cyclic voltammetry, passivity, alkaline corrosion, interfaces, anodic
films.

Introduction

Over a long period it was supposed that the electrons are the only particles taking
part in metal dissolution [1]. When metal dissolves anions and solvent molecules
participate in complex formation, the adsorbed water forms surface charge
transfer complexes (SCTC) with surface atoms of the transition metals. Studies
on iron dissolution in acetonitrile solutions with small amounts of water
confirmed this [2]. The formation of adsorbed complexes [M-H,O].4 is
accompanied by a partial charge transfer from the water molecules to the metal.
In presence of various anions, iron dissolution was explained invoking the
participation of SCTC and mechanistic schemes.

Many studies about active dissolution and passivation were carried in alkaline
solution [3-12] and many electrochemical studies have been investigating the
behaviour of iron in aqueous solution. Several mechanisms have been suggested
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[3-9] but no consensus has yet been found by different authors. However, the
majority of authors propose the existence of an intermediate transient species,
Fe(I), generally designated as FeOH,q, although there is little, if any, direct
evidence for its existence [4,13-14]. In the presence of a sufficient quantity of
OH and / or an aggressive anion, A’, competitive adsorption between water
molecules and anions may occur, which means that surface attack occurs by
forming Fe [H,O] or Fe(A") groups [4]. If A" forms an iron soluble salt, the
corrosion is not uniform. If the salt is insoluble, A" may assist passivation
depending on its capacity for homogeneously covering the metallic surface
increasing the ionic charge transfer resistance [4]. The species Fe[H,O] or
Fe(OH)) initiate the oxidation process by electrochemical deprotonation reactions
[4, 5, 14]. Under potentiodynamic conditions, the first anodic peak is specifically
related to Fe(OH), formation and the second peak to Fe(OH), with three
dimensional oxide film, and the third peak to FeOOH formation [15-18]. From
the variation of the peak height as a function of sweep rate and hydroxide
concentration [19], the film growth on the surface was assigned to low field
migration of ions through an oxide/hydroxide lattice. Again, the three anodic
peaks observed [20, 21] had been assigned to the ionization of adsorbed
hydrogen, Fe(OH), and Fe;0O,4 formation.

The present investigation deals with the participation of halide ions in the
passivation of iron in alkaline borate and phosphate buffer solutions. Cyclic
voltammetric studies were carried out to understand the influence of halides on
the iron dissolution and passivation.

Materials and methods

The working electrode was made of pure iron rod (99.9999% purity, Johnson
Matthey Chemicals Ltd., U.K) with a circular area of 0.2 cm®>. The rod was
embedded in Teflon gaskets and electrical connections were provided by screw
and thread arrangement. The surface of the electrode was polished successively
with finest grade emery papers and with 0.05 um alumina, degreased with
trichloroethylene and washed with running double distilled water. The counter
electrode was a platinum sheet of 4 cm’ area and a Hg/HgO/OH' ion electrode
was used as reference. A potentiostat /galvanostat Model IM6 was used for
obtaining cyclic voltammograms (CVs). The experiments were carried out in
borate and phosphate buffer solutions kept at pH 10.8 in presence and absence of
different concentrations of halide ions (Cl, Br and I'). All solutions were
deoxygenated with purified N,. Each experiment was performed with freshly
prepared solutions and on freshly prepared surface. All measurements were
performed at 30 = 1 °C. The potentiodynamic polarization curves were recorded
by changing the potential automatically at the desired sweep rate.

In order to start with a clean surface, the electrode was kept at -1.5 Vor-1.2 'V,
depending on the buffer solution, for half an hour, disconnected shaken free of
adsorbed hydrogen and then subjected to triangular potential scan at various
sweep rates. The potential range -1.3 V (E;,) to +1.2 V (E,,) was fixed at a sweep
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rate of 100 mVs™ after several experiments to get reproducible potential versus
current.

Results and discussion

The results of the experiments carried out are presented in Figs. 1 to 5 and Table
1. Oxidation and reduction processes occurring on an iron electrode in alkali
solutions were reviewed and reported [16, 17]. The first anodic peak in cyclic
voltammograms is specially due to Fe(OH), formation, the second anodic peak
to Fe(OH), with three dimensional oxide films, and the third peak to FeOOH
formation [17,18]. Oxidation of iron occurs as

Fe + OH™ S FeOH,4s + €~ (1)
FeOH,4 5 FeOH?, + ¢~ (2)

FeOH!, + OH™ S Fe(OH), (3)
Fe(OH), + OH™ — FeOOH + H,0+ ¢ 4)
2FeOOH S Fe,03.H,0 (5)

X-ray diffraction studies on oxide of iron [22] revealed that Fe,O; to be present
in all passive films independent of pH. Ellipsometric responses of iron electrode
in alkali showed [23] a composite structure of the passivating layer involving an
inner layer, which is difficult to electro-reduce probably related to Fe;O,, and an
outer gelatinous iron hydroxide layer which is reducible. One is a compact
barrier film adjacent to the metal, and another is an outer strongly hydrated film
[24].

Electrochemical behaviour in phosphate buffer solutions

When polarized from —1200 mV to +100 mV, the forward scan exhibited a peak
at =395 mV. On reversing the scan, zero current crossing potential (ZCCP)
appeared at —404 mV. A cathodic peak appeared at -590 mV (Fig. 1).
Appearance of an anodic peak at -395 mV suggests that iron was oxidized to
divalent state and the oxidation proceeds in pH 10.8 as

Fe + OH™ S FeOH,qy + € (6)
FeOH,q, S FeOH!, +e” (7)
FeOH, + HPO,;*> — FeHPO, + OH™ &)

The phosphate layer thickened with increase in anodic potentials. While
reversing the scan the appearance of a cathodic peak was due to
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FeHPO, + ¢~ + H,0 —— FeOH,y + H" + HPO }? 9

which underwent reduction to iron at extreme cathodic potentials along with H,.
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Figure 1. Cyclic voltammograms for iron in phosphate buffer solution of pH 10.8.

Fig. 2a presents the electrochemical spectrum obtained in presence of various
concentrations of chloride ions. An anodic peak appeared at -410 mV whose
peak potentials and peak currents did not vary with chloride concentration. On
reversing the scan, a cathodic peak appeared at -450 mV. Cathodic peak
potentials became noble while peak currents decreased with chloride
concentration.

When polarized from -1200 mV to +100 mV, the forward scan in different
concentrations of bromide ions (Fig. 2b) exhibited an anodic peak at -400 mV
whose peak potentials and peak currents did not vary with concentration.
Cathodic peak appeared in the reverse scan at -625 mV. Cathodic peak potentials
became active while the peak currents were invariant.

Fig. 2c presents the electrochemical behaviour in different concentrations of
iodide ions. An anodic peak appeared at -400 mV. Anodic peak currents and
potentials were invariant with iodide concentration. On reversing the scan a
cathodic peak appeared at -600 mV. Cathodic peak potentials did not vary with
1odide ion concentrations while the peak currents decreased.

Role of anions on the dissolution, passivation and pitting was reviewed recently
[25]. In phosphate solutions, iron phosphate along with iron hydroxyl polymers
may be formed in the interfacial diffusion layer. These metal complexes are
immobile and may provide a positively charged layer similar to ion selective
membranes. In presence of halides, the interfacial layer gets modified. On
anodic polarization, adsorption of phosphate ions on the surface takes place with
oxygen atoms of the phosphate group pointing towards the metal. The outer
layer surface being positively charged facilitates the adsorption of halides,
consequently the interfacial diffusion layer turns to be cation selective outer sub
layer originally present and an anion selective inner sublayer. Such a bipolar
layer is resistive to ferrous ion transport, the reverse bipolarity to anodic current.
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The observed invariance of anodic and cathodic peak currents in presence of

halide ion concentration confirms this.
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Figure 2. Cyclic voltammograms for iron in phosphate buffer solutions of pH 10.8
containing different concentrations of a) CI ions, b) Br ions and ¢) I ions.
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Electrochemical behaviour in borate buffer solutions

Fig.3 presents the electrochemical spectrum obtained in borate buffer solutions,
when polarized from -1500 mV to +500 mV the forward scan exhibited an
anodic peak at -883 mV (I) followed by a broad peak in the range of -300 mV
(I). On reversing the scan a cathodic peak appeared at -592 mV (III) followed
by a peak (IV) at -1330 mV.
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Figure 3. Cyclic voltammograms for iron in borate buffer solutions of pH 10.8.

In the presence of chloride ions the electrochemical spectrum was modified (Fig.
4a). During the forward scan in 0.005 M CI solutions, an anodic peak (I)
appeared at -140 mV, whose peak potentials became active with increase in CI'
ion concentration; current crossing appeared at +150 mV. While reversing the
scan, two cathodic peaks appeared at -700 mV (II) and at -1200 mV (III).
Cathodic peak potentials became nobler with chloride ion concentration.

Fig. 4b presents the cyclic voltammograms obtained in various concentrations of
bromide ions. Broad anodic peak (I) appeared at -310 mV in 0.005 M solutions
which became active with increase in concentration. While reversing the scan
around +150 mV, current crossing appeared. Cathodic peaks appeared at -670
mV (II) and at -1100 mV (III). Cathodic peak potentials became nobler with
bromide ion concentration.

When polarized from -1500 mV to +500 mV, the forward scan exhibited a
shoulder (I) at -850 mV followed by a peak at -350 mV (II) (Fig. 4c). Anodic
peak potentials (II) became active with increase in iodide ion concentrations.
While reversing the scan, a cathodic peak appeared at -650 mV (III) followed by
a peak at -1350 mV (IV). Cathodic peak potentials became nobler with iodide ion
concentration.

In borate buffer solutions, the interfacial layer consists of ferrous hydroxo
complexes and their polymers. These metal complex ions and polymer ions are
less mobile than simply hydrated ions. With progress in polymerization of metal
hydroxo complexes, a precipitate layer of metal oxyhydroxide may be formed
which is anion selective. Anions get adsorbed on the surface.
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Figure 4. Cyclic voltammograms for iron in borate buffer solutions of pH 10.8
containing different concentrations of a) CI ions, b) Br ions and ¢) I ions.
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Fig.5 presents the variation of anodic peak potential with log (halide ion
concentration) in borate buffer solutions. The variation of E,, with log [X]
suggests the participation of halide ions

Fe + OH™ S FeOH,ys + € (10)
FeOH,q, S FeOH !, + e~ (11)

FeOH?, + B4O> — FeB,0; + OH™ (12)
FeX, + 2H,O — FeOOH +2X +3H" + ¢~ (13)

where X  is a halide ion. Increase of halide ion concentration enhanced the anodic
peak currents confirming the participation of halide ions (Table 1).

Table 1. Variation of anodic peak currents with halide concentration.

Concentration I, (UA)
M Cr Br’ I
0.005 471 290 257
0.01 499 364 277
0.05 800 730 666

Conclusions
Iron underwent passivation in alkaline buffered phosphate and borate solutions.

On anodic polarization iron formed FeHPO, which got converted to higher valent
phosphates at higher potentials in phosphate solutions. In borate buffer solutions,
iron forms FeB,0; and FeOOH on higher potentials.

In phosphate solutions in presence of halides, the interfacial layer got modified.
The interfacial diffusion layer turned to be cation selective outer sublayer
originally present and an anion selective inner sublayer. In borate solutions a
precipitate layer of metal oxyhydroxide was formed, which was anion selective
and anions adsorb on this.
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