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The potential±time dependence of magnetite under varying conditions of pH and Fe2+ concentration
and of magnetite layers on carbon steel with initially exposed small bare metal areas have been
studied. The experiments simulate the case of magnetite scales partially removed from surfaces in the
course of chemical cleaning when coupling conditions occur with area ratios variable with time. The
interpretation is based on an equivalent electric circuit composed of internal current generators of
faradaic origin and capacitors simulating the electric double layer at the metal/solution and oxide/
solution interfaces.

1. Introduction

Magnetite is the principal corrosion component of
sludge, deposits and thick oxide build up on carbon
steel components of boilers, heat exchangers and
steam generators and on the primary side of heavy
water reactors. Acid removal of iron oxide deposits
enhances the service life of steel industrial equipment,
improves heat transfer, minimizes local corrosion and
reduces the radiation ®eld around nuclear power
plants. For this reason, many laboratory investiga-
tions have been conducted to provide understanding
of magnetite and iron dissolution reactions [1±57]. A
large amount of work has been focused on the dis-
solution of free magnetite and the in¯uence of the
potential [9, 12, 20, 25, 26, 48], pH [20, 25, 26], redox
couples in solution [1, 54, 55], mineral acids [16±18],
complexing anions [16±18, 25, 26, 28, 29], tempera-
ture [25, 26] and hydrodynamics [25, 26] have been
established. However, whether the electron transfer
[8, 9], the passage of the reaction products
(Fe2�; Fe3�; OH)) [1, 12, 19, 56] or reactants (H�;
anions) [12, 25, 26, 56] across the double layer, all
potential dependent, or the removal of the dissolution
products from the reaction site by mass transport,
depending on electrode potential, temperature and
local hydrodynamic conditions, is the rate determin-
ing step for the magnetite dissolution is still a matter
of debate [11]. Also, it is far from clear as to the
nature of the intermediates formed as a result of the
stepwise electron transfer and of the conversion of the
oxide lattice in water [12, 49].

Much information is available on the dissolution
of oxides from steel surfaces, the manner in which the
magnetite dissolution reaction is modi®ed by the
presence of the metal substrate and the mutual in-
¯uence of the oxide on the iron corrosion [2±7, 10±15,
21±24, 27, 31, 32, 35, 38±40, 45, 51±57]. Major con-
tributions are the in¯uence of the oxide layer evolu-
tion during dissolution at the open circuit potential of

magnetite [8, 9] and the reduction of magnetite sup-
plied by electron source iron dissolution [45].

Operational iron oxide scales contain numerous
pores and microcracks [15]. Moreover, concomitantly
with chemical and electrochemical dissolution, me-
chanical detachment of the oxide layer due to the un-
dermining of the base metal occurs [8, 9]. As soon as the
solution reaches the metal substrate the iron is oxidized
releasing electrons that reduce Fe(IIIIII) in the scale [45,
46]; H� cross the double layer to react with the oxide
ions initially forming OHÿ; then H2O [19].

To simulate some particular situations encountered
in the course of actual cleaning, galvanic coupling
experiments were performed using spatially separated
magnetite and carbon steel coupons. Short-circuited
potentials and currents were measured in time, for
Fe3O4 to Fe area ratios ranging between 0.2 and 7.
This is low enough for the resulting galvanic coupling
to enter the active region of iron dissolution [8, 9, 12,
45, 53]. An enhanced dissolution of active steel and
magnetite, as a result of the galvanic coupling was
reported [8, 9]. A similar study, using large Fe3O4 to
Fe area ratios has been brie¯y treated [40].

There are similarities and distinctions between a
classical external short circuit of two spatially located
electrodes and a magnetite on carbon steel single
electrode exposing metal surfaces, as is the actual case
during oxide removal. Three are mentioned below:

(i) During magnetite dissolution and its mechanical
detachment from the metal, an increasing num-
ber of alternative Fe and Fe3O4 surfaces char-
acterizes this kind of single electrode. The oxide
and the metal are initially short circuited; the
external galvanic current is zero, but there are
local galvanic currents which determine the
electrode potential.

(ii) The chemical nature of the so-called electron
sink and electron source surface is not always
stable with time; under particular conditions
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during chemical cleaning, initially or accidentally
produced bare metal is recovered by an oxide.

(iii) The potential drop in the solution is much
greater when the electrodes are spatially sepa-
rated and cannot be neglected in such a case.

This paper reports on the behaviour of the pseudo-
galvanic, heterogeneous, electrode obtained by a
controlled scratching of the magnetite layer in order
that a de®nite small area in comparision with the
oxide areas is exposed at immersion time. Additional
experiments on pure magnetite and carbon steel were
performed, thus covering the real situations en-
countered during chemical cleaning, thus helping to
de®ne oxide on carbon steel dissolution chemistry.

2. Experimental details

2.1. Materials

2.1.1. Carbon steel working electrode (CS). Small
cylinders of 11 mm diameter, 5 mm height and
173 mm2 lateral area were cut from a rod of carbon
steel OL 45 (C 0.42...0.50, Mn 0.50...0.90, Si
0.17...0.37, P max 0.04, S max 0.05 all in wt %),
Romanian Technical Standard STAS 880±08 equiva-
lent to AISI 1045. The samples were mechanically
polished, chemically etched with boiling 10% HCl for
3 min, washed with distilled water, then ®nally rinsed
and boiled for 15 min in acetone.

2.1.2. Magnetite on carbon steel electrode (CS/Fe3O4).
Cylinders of OL 45 carbon steel, prepared as above,
were oxidized for 21 days in LiOH aqueous solution,
pH 10.5, in a passivated stainless steel autoclave,
thermostated to 333 � 3 °C, pressurized with D2 to
96 � 2 atm. The thickness and composition of the
oxide layer were established from X-ray di�ractome-
try data. The morphology of the ®lm was determined
by scanning electron microscopy (SEM). After
autoclaving for 48 h, the only phase that could be
detected was magnetite. The resulting duplex layer, of
2.0 � 0.2 mm thickness, consisted of an outer layer of
spherical monocrystals and crystallites, and a porous
base layer.

2.1.3. Solid magnetite electrode (MG). This was
2.3 mm thick, 11 mm wide, 81 mm long and obtained
by high temperature acidic corrosion of 1 mm thick
carbon steel coupons. Oxidation throughout the
whole sample thickness was achieved within 408 h at
320 °C in 1 g dm)3 Cl) as NaCl adjusted initially to
room temperature and pH 2 by HCl addition [8, 9].

2.1.4. Composite samples simulating pseudo-galvanic
coupling. Composite samples between carbon steel
and magnetite were obtained by mechanical removal
of the oxide layer in order to expose four metal areas
of roughly (mm2): 0.02, 0.1, 0.2 and 1. To obtain
these bare metal surfaces, one to four scratches of
various width were made at equal distances. The area

of these metal strips was determined using a magni-
fying glass.

2.2. Solutions

Complex bu�er solutions of 0.1 MM HCl and 0.1 MM

disodium citrate (Na2HCit) were mixed to obtain pH
of 2.3 and 4.1. Complexing bu�er solutions of 0.1 MM

citric acid (H3Cit) and 0.1 MM disodium citrate were
mixed to obtain pH of 1.9, 3.8 and 4.8.

Complexing bu�er solutions of 0.1 MM citric acid
and 0.1 MM disodium citrate pH 3.8 and 0.1 MM ferrous
citrate (FeHCit) were mixed to obtain total iron
concentration between 4.8 ´ 10)6 and 4.1 ´ 10)4

MM.

2.3. Facilities and experimental setup

The experiments were performed in a 250 ml ther-
mostated cell. The carbon steel and magnetite on
carbon steel specimens were mounted in an electrode
holder between two area limiting PTFE gaskets so
that only the lateral area of the cylinder was in con-
tact with the solution. Magnetite plaquettes were
placed in a vertical position.

The experiments were conducted at 35 °C. Two
hours before electrode immersion and during the
measurements, the solution was purged and stirred by
nitrogen or hydrogen bubbling. No notable e�ect of
the nature of the inert gas on the rest potential value
was observed. Some experiments were performed
under static conditions.

The potential di�erence between the working and
SCE reference electrodes was measured at open cir-
cuit using a digital millivoltmeter (input impedance
1012 W) starting 5 s after immersion.

3. Results and discussions

3.1. Carbon steel, pure magnetite and magnetite
on carbon steel electrodes

Figure 1 shows the potential±time curves for carbon
steel (CS), magnetite (MG) and magnetite on carbon
steel (CS=Fe3O4) at 35 °C, as function of pH [35].

A typical curve for Fe3O4 on Fe in EDTA pH 3.3
at 21 °C, reported by Shoesmith [50] is superimposed.
In the absence of a metallic support (i.e. on pure
magnetite) the electrode potential has very positive
values randomly distributed between 570 and 700 mV
vs NHE, irrespective of the pH in the range between
2.2 and 4.8. Such a positive value can be attributed to
the solid system of high reversibility Fe3O4=cFe2O3

arising from the super®cial oxidation of magnetite
prior to immersion [10, 30, 52]. Hickling and Ives [20]
reported a static potential of all iron oxides contain-
ing Fe(IIIIII) in 0.5 MM H2SO4 between 600 and 700 mV vs
NHE. The in¯uence of pH on magnetite solubiliza-
tion in EDTA based solutions has been assessed by
electrochemical measures after completion of 3 or 4 h
test and veri®ed by Fe3O4 weight losses by Brunet
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et al. [8, 9]. The authors found that the maximum
solubilization rates measured by c.d. plateaux are
insensitive to pH. Also, no pH in¯uence on the open
circuit potential of compact magnetite on carbon steel
in acid complexing electrolytes has been observed by
Shoesmith et al. as long as the EOC

Fe3O4=Fe ÿ t system
did not enter the region of sharp decrease [50, 51].

The in¯uence of total iron in solution, that is, Fe2�

and Fe(IIII) (citrate complexes) on the pure magnetite
potential is depicted in Fig. 2. A shift towards nega-
tive values with increase in the bivalent iron con-
centration corroborates qualitatively the observa-
tions of Engell [12] and emphasizes the participation
of this ion in the potential determining reactions [1].

Figure 1 also shows that when the metal substrate
is present, the initial open circuit potential is always
more negative than that of the free magnetite; this
supports the Frenier and Growcock [15] idea that all

magnetite layers grown on ferrous alloy surfaces
contain a number of microcracks at the bottom of
which additional anodic reactions take place. Ra-
tionally, this leads to the conclusion that the initial
potential of the magnetite layer depends in a complex
way on the metallic surface area, free or in a low
oxidation state.

Thus, the typical sigmoid shaped curve of Shoe-
smith [50], obtained with partially protective mag-
netite grown on iron support by oxidation in 0.5 MM

NaOH at 280 °C, displays a potential value between
100 and 200 mV vs NHE stabilized over at least 1 h.
In our experiments performed with CS=Fe3O4 sam-
ples, prepared by oxidation in 10)4

MM LiOH (a less
aggressive pH), no plateau occurs. The potential
immediately enters the region of sharp decrease,
which lasts about 1 min, then moves slowly toward a
value corresponding to carbon steel free corrosion.
The initial value obtained by extrapolation of the E ¤t
curves to t! 0 approaches the plateau of Fe=Fe3O4;
but the potential measured 5 s after immersion is
situated at more negative values and depends on pH.
This characterizes a nonprotective oxide layer
exhibiting, from the beginning, a large number of
microcracks, pores, scratches, or other kinds of
defects communicating with the metal surface.

All E/t curves have a negative slope dE/dt. An
electrode at open circuit charges with negative char-
ges only as a result of the predominance of the local
electron source reactions over the electron sink ones.

In the region of the sharp decrease of open po-
tential at potentials more positive than the equili-
brium potential of the hydrogen electrode, the greater
the pH the more positive the potential, that is, dE/
d pH > 0. This behaviour has been qualitatively con-
®rmed with a good reproducibility using four pH
values within the range 2.2 to 4.8 and two magnetite
on CS samples per condition. This is explained by the
fact that the potential value in this region termed the
`transition range of active iron dissolution' [23], is
indirectly controlled by the large increase in metal to
oxide area ratio via chemical and electrochemical
oxide dissolution, both favoured by decreasing pH.
The anodic process prevailing on the metal surface is
oxide species formation [44], for instance

Fe�H2O! FeO� 2eÿ � 2H� �1�
and

3Fe� 4H2O! Fe3O4 � 8eÿ � 8H� �2�
occurring concomitantly with cathodic magnetite re-
duction according with the global reaction

Fe3O4 � 2eÿ � 8H� ! Fe2� � 4H2O �3�
which undoubtedly proceeds stepwise.

Reaction 1 is followed by chemical oxide dissolu-
tion

FeO� 2H� ! Fe2� �H2O �4�
and / or further oxidation

Fig. 1. Time-dependence of open-circuit potential of carbon steel
(CS), magnetite (MG) and magnetite on carbon steel (CS/Fe3O4) as
function of pH, at 35 °C, under nitrogen atmosphere. Typical curve
for Fe3O4 on Fe in EDTA pH 3.3 at 21 °C reported in [50], and
open circuit potentials for magnetite in some mineral and com-
plexing acid solutions of di�erent pH, taken from the literature, are
superimposed.
Curves 1, 1¢, 2, 2¢, 4: 0.1 MM HCl + 0.1 MM NaHCit.
CS=Fe3O4: (1) pH 2.36; (2) pH 4.11, [35].
CS: (1¢) pH 2.36; (2¢) pH 4.11, [35].
(3) Fe=Fe3O4/EDTA pH 3.3 [50].
(4) Hatched region: MG, pH 2.8, 4.1, 4.9, (this paper).
(5) MG=H2SO4 pH 0.5, [20].
(6) MG=H3Cit pH 3.5, [32].
(7) Fe3O4/HClO4 pH 2.8, [26].
(8) Fe3O4=H3Cit + EDTA pH 3.5, [32].
(9) Fe3O4/EDTA pH 3.0, [26].
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FeO�H2O! FeOOH� eÿ �H� �5�

3FeO�H2O! Fe3O4 � 2eÿ � 2H� �6�
In the region of slow potential decrease, at po-

tentials more negative than the equilibrium potential
of the hydrogen electrode, that is, in the `active range
of active iron dissolution' [23], the slope dE/d pH is
negative, therefore characteristic of active iron
corrosion in acid media. In this case, the pre-
dominant reactions on the metal surface are iron
dissolution

Fe! Fe2� � 2eÿ �7�
and hydrogen evolution, described by the overall re-
action

2H� � 2eÿ ! H2 �8�
In this region the potential is more negative and the
ratio AFe=AFe3O4

increases slowly so that the free
metal area is large enough for the current associated
with Reactions 6 and 7 to prevail over the current due
to Reactions 1, 2 and 3.

3.2. Pseudogalvanic coupling between carbon steel and
magnetite to carbon steel

In Fig. 3, the time evolution of the open circuit po-
tential in a solution with pH 4.1 is plotted for various
initial metal-to-magnetite surface area ratios. On the
same graph, the potential±time dependence for
CS=Fe3O4 (curve 1) and CS (curve 6) electrodes, as
well as for compact nonporous (curve 1¢) and porous
base magnetite layer (curve 2¢) taken from [51] are
superimposed. The equilibrium potentials, EO, for the
thermodynamically possible reactions at aFe2� � 106

MM

and pH2
� 1 atm [44] are written on the right hand

side of the Figure.
From these curves following observations may be
made:

(i) Five seconds after the immersion moment, the
electrode potential and the slope dE/dt are more
negative the greater the bare metal area.

(ii) For a small initial free metal area, when the in-
itial potential is more positive than the equili-
brium potential of the hydrogen evolution
reaction (curves 2, 3 and 4), the potential de-
creases to a minimum whose value is always
above the equilibrium potential of the Fe=Fe3O4

or Fe/FeO systems, then increases to a maximum
whose value is approximately equal to the po-
tential value which the CS=Fe3O4 electrode
would have in the absence of the initial free
metal (curve 1). The potential then decreases
towards the CS electrode potential.

The minima and maxima in potential are
more negative and delayed the greater the initial
free metal area. The smaller the ratio Ai

Fe=Ai
Fe3O4

the smaller the di�erence Emax)Emin. Removal of
the electrode from the solution when the poten-
tial reaches its maximum value showed that the
initial bare metal surface was again covered by a
black oxide.

(iii) If the initial bare metal area is su�ciently large
(curve 5) so that the potential has an initial value
more negative than the equilibrium potential of
the H+/H2 electrode, the E ¤t wave develops a
plateau which lasts until curve 1 is reached.
Thereafter, the two curves proceed roughly in
parallel. This may be due to the fact that as soon
as the hydrogen ions are discharged on the me-
tal, the resulting atomic and molecular hydrogen
blocks the iron surface [34, 36, 37, 41, 42], pro-
tecting it against reoxidation through Reactions 1
and 2. Concomitantly, the atomic and molecular
hydrogen di�uses toward the oxide increasing its
dissolution through a reductive mechanism.

(iv) Extrapolation of the remark (ii) to the limit
Ai

Fe=Ai
Fe3O4

leads to the conclusion that when the
initial bare metal surface is small, the wave turns

Fig. 2. E�ect of total iron concentration in the range 4.8 ´ 10)6
MM through 4.1 ´ 10)4

MM as Fe(IIII) citrate on the open circuit potential of
magnetite in 0.1 MM citric acid + 0.1 MM disodium citrate, pH 3.8, at 36 °C, under hydrogen bubbling.
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into a monotonically decreasing E/t curve su-
perimposed on curve 1, when a porous, pene-
trable layer is present, and into a sigmoid curve
for more compact layers. The extrapolation of
the remark (iii) for very high values of the ratio
Ai

Fe=Ai
Fe3O4

again leads to the conclusion that the
E/t wave becomes a monotonically decreasing
E /t curve, approaching curve 6.

(v) When Fe3O4-on-CS enters in the region of sharp
potential decrease, the time taken to complete
oxide dissolution is little altered by the sudden
presence of the bare metal. This statement is
based on the fact that the ®nal parts of all E/t
curves practically coincide. It appears that the
existence of the bare metal and the reactions
occurring on it have no detectable in¯uence on
the opening of the pores and generally on the
oxide dissolution from the covered surface.

4. Theoretical treatment

4.1. Fundamentals

The transient regime of the open circuit potential of a
composite, heterogeneous electrode from the moment

of immersion in the solution until the steady state is
reached can be approached through the equivalent
circuit shown in Fig. 4 where (a) CMe and COx are
electric capacitors simulating metal/solution and
magnetite/solution double layers, characterized by
the di�erential capacity CFe and CFe3O4

and by the
area of the capacitor plates AFe and AFe3O4

; re-
spectivley, and (b) the capacitors are charged by the
time-dependent internal sources of faradaic origin
G INT

ox and GINT
Me which supply the electrode system

with the net currents resulted from the electro-
chemical reactions occurring at the magnetite surface,
IOx

F �t�, and at the metal surface, IMe
F (t). The galvanic

coupling potential, EGC, is measured against a re-
ference electrode situated in solution at a distance
equivalent to the resistance r1. The currents charging
the capacitors COx and CMe are IOx

DL and IMe
DL, re-

spectively. According to Kircho�'s law

IOx
DL � IOx

F �t� ÿ I1�t�; IMe
DL � IMe

F �t� ÿ I2�t� �9�
and

EMe=Sol � EMe=Sol ÿ I2r0 �10�

At the steady state, IOx
DL = IMe

DL=0, the galvanic cou-
pling current is IGC � IOx

F � IMe
F .

Fig. 3. Time-dependence of the open-circuit potential of carbon steel (curve 1), magnetite on carbon steel (curve 6) and of pseudo-
galvanic coupling between magnetite and carbon steel in 0.1 MM HCl + 0.1 MM disodium citrate, pH 4.1, at 35 °C, under nitrogen
atmosphere and static condition, for various ratios between geometrical initial free metal and oxide layer areas AFe�mm2�=AFe3O4

�mm2� :
curve (2) 0.02/173; curve (3) 0.1/173; curve (4) 0.2/173; curve (5) 1/172; (1¢) porous, (2¢) nonporous magnetite layer [51].
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To underline the di�erence between the internal
and the external current sources, the dotted-dashed
lines designs the interrupted external polarization
circuit where GEXT is current source and r2 is the
resistor equivalent to the solution resistance between
the auxiliary electrode, AUXAUX, and the tip of the Haber±
Luggin capillary. (As usual, the exceedingly minuscule
leakage current across the high impedence voltmeter,
V, and the reference electrode can be neglected).

For comparison, Fig. 5. shows the equivalent cir-
cuit of a metal/metal ions electrode system under
open circuit conditions; E(t) is the transient of the
open circuit potential against a reference electrode.
The equivalent capacitor of the double layer, CDL, is
charged by the time-dependent faradaic internal
sources, G INT

A (associated to Me !Mez� � zeÿ) and
G INT

C (associated to Mez� � zeÿ !Me) which supply
the net charging current IDL = IC)IA. At the equili-
brium, IDL = 0 and IC = IA = IO so that the ex-
change current, IO, ¯ows in both directions through
the resistors RA and RC equivalent to the internal
resistances of the two equivalent generators GINT

A and
GINT

C , respectively.
If in Fig. 4 r0 is zero, the reactions at oxide/solu-

tion and metal/solution interfaces evolve at the same
potential and the kinetic equations can be treated
analogously with those established for reactions oc-
curring at the mixed potential under open circuit
conditions, EOC, that is, EGC = EOC. This is the case

where the hydrogen evolution reaction replaces the
magnetite reduction reaction.

Whether the potential drop across r0 is or is not
negligible depends on the galvanic couple geometry,
that is, the distance between the electron sink and
source surfaces and their areas, the electrolyte re-
sistance and the magnitude of the time-dependent
galvanic current, IGC. Obviously, the assumption
EGC = EOC, that is, the potential di�erence across the
metal±electrolyte interface at the electron source
metal surface of the internal short-circuited equiva-
lent cell is virtually equal to that at the electron sink
oxide surface, requires that the intermetal-oxide sur-
faces be small, that the electrolyte be high conduct-
ing, the di�erence between the stationary open circuit
potential of the isolated oxide and iron be small, and
the galvanic current be small. (To make a compar-
ison, one passes from the local cell to the mixed po-
tential corrosion theory.)

The relationship between the areas of the metal and
oxide is very important. On one hand, the corrosion
rate of an active metal is dependent upon the current
density; this is higher if the area of the active metal is
small compared to that of the oxide and can lead to
local pitting corrosion. On the other hand, the steady
state mixed potential establishes at a value depending
on the equality between the current intensities asso-
ciated with the electron source and electron sink re-
actions. For example, for the global reactions of iron

Fig. 4. Equivalent electric circuit simulating the charging of the magnetite/solution/metal interfaces: CMe = free metal/solution capacitor;
Cox = oxide/solution capacitor; GINT

Me and GINT
Ox = internal sources generating the net current resulted from electrochemical reactions

occurring on the metal, IMe
F , and magnetite surface, IOx

F , respectively. r0 = the solution resistance between the magnetite and iron; IOx
DL =

IOx
F �t�ÿI1�t�; IMe

DL = IMe
F (t)- I2(t), and EMe/Sol = EMe/Sol - I2r0. At the steady state the charging currents IOx

DL = IMe
DL = 0, and the galvanic

coupling current, IGC = IOx
F = IMe

F . Key: (ÐÐ) internally short circuit metal/oxide under open circuit; (- - - -) potential measurement;
(Ð.Ð.Ð) polarization circuit; (S) switch; (Aux) auxiliary electrode; (A) ammeter; (V) voltmeter.
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dissolution and magnetite reduction, the open circuit
mixed potential results from the equality

2FAFeka;Fe exp�2aEOC�
� 2FAFe3O4

kc;Fe3O4
�aH��8 exp�ÿ2aEOC� �11�

where AFe and AFe3O4
are the metal and magnetite

surface areas, respectively, ka;Fe and kc;Fe3O4
are elec-

trochemical rate constants, and a � F =2RT : The re-
sult is

4a EOC � �AFe3O4
kc;Fe3O4

�aH��8� : �AFeka;Fe� �12�
from which it can be seen that the mixed potential (or
the corresponding galvanic coupling potential) is the
more positive the smaller the metal area in compar-
ison with the exposed oxide area. This can lead the
metal to leave the active region and enter the pre-
passive or passive region. Consequently, the metal
corrosion rate decreases under coupled conditions
compared to non-coupled conditions.

4.2. Kinetics

For simplicity, in the derivation below it is assumed
that the potential di�erence owing to Fe=Fe3O4

contact, the resistance of the oxide ®lm and r0 are
negligible. In this case, the di�erential equivalent ca-
pacity of the composite electrode CDL is given by

CDL � �AFeCFe � AFe3O4
CFe3O4

� : �AFe � AFe3O4
� �13�

where the metal and the oxide area, AFe and AFe3O4
;

respectively, are time-dependent. Consequently, the
kinetic equation describing the charging of the double
layer capacity concomitantly with establishing the
electrode potential, E, against the reference potential,
Eref, can be written as

�AFe � AFe3O4
�CDL

d�E ÿ Eref�
dt

� AFe

X
IFe � AFe3O4

X
IFe3O4

�14�

where
P

IFe and
P

IFe3O4
represent the sum of the

faradaic currents associated with the electrochemical
reactions occurring on the metal and on the oxide
surface, respectively, and t is the time.

Here the characteristic points at minimum and
maximum of the �E ÿ Eref�=t curve are considered for
which

d�E ÿ Eref�
dt

� 0 �15�

This discussion will be con®ned to electrodes dis-
playing a minimum above the equilibrium potential
of hydrogen reaction so that this last process can be
neglected.

Therefore, for the composite electrode, the fol-
lowing processes are taken into account in the po-
tential region under discussion: iron dissolution and
oxide formation according to Reaction 7 and 1, re-
spectively, on the bare metal surface and the ®rst
stage of magnetite reduction (Reaction 3)

Fe3O4 � eÿ �H� ! Fe3O4H �16�
hypothetically assumed as the rate determining step,
occurring on the oxide surface.

During this treatment, the following notation will
be used:
Ai

Fe;A
min
Fe ;A

max
Fe = bare metal area at immersion

time, at minimum and maximum, respectively,
Ai

Fe3O4
= initial oxide surface area

kFe2� ; kFe=FeO; kFe3O4=Fe2� = the electrochemical rate
constant of Reaction 7, 1 and 3, respectively, and

Fig. 5. Equivalent circuit of a metal/metal ions electrode system under open circuit conditions; E(t): transient of open circuit potential
against a reference electrode; CDL: equivalent capacitor of double layer charged by time-dependent faradaic internal sources, GINT

A
(associated to Me!Mez+ +ze±) and GC

INT (associated to Mez+ + ze± ! Me) which supply the net charging current IDL = IC-IA. At
equilibrium, IDL = 0 and IC = IA = IO so that the exchange current, IO, ¯ows in both directions through resistors RA and RC equivalent to
internal resistances of the two equivalent generators GINT

A and GINT
C , respectively.
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a � F =2RT , where F, R and T have the usual
meaning.

Because, from Fig. 3, the curves which have
minima at potentials more positive than the equili-
brium potential of the hydrogen electrode have
maxima at times shorter than 3 min, we estimate that
the free metal surface area changes abruptly but the
oxide surface area varies slowly enough to be con-
sidered approximately constant.

Thus, the faradaic current intensity associated
with the above mentioned reactions is given by

IF � 2FAmin
Fe �kFe2� � kFe=FeO� exp�2aEmin�

ÿ Ai
Fe3O4

kFe3O4=Fe2� � aH� exp�ÿaEmin� �17�
for E � Emin, and by

IF � 2FAmax
Fe �kFe2� � kFe=FeO� exp�2aEmax�

ÿ Ai
Fe3O4

kFe3O4=Fe2� � aH� exp�ÿaEmax� �18�
for E � Emax:

Combining Equations 14, 15, 17 and 18 gives

Emin � ln��Ai
Fe3O4

kFe3O4=Fe2� � aH��
� �2Amin

Fe �kFe2� � kFe=FeO��=3a �19�
and

Emax � ln��Ai
Fe3O4

kFe3O4=Fe2� � aH��
� �2Amax

Fe �kFe2� � kFe=FeO��=3a �20�
By subtracting Equation 19 from Equation 16 and

recalling the expression for a, the ratio between the
bare metal area at minima and maxima of the po-
tential±time curve becomes

Amin
Fe =Amax

Fe � exp�3F �Emax ÿ Emin�=2RT � �21�

By substituting the experimental di�erence
�Emax ÿ Emin� taken from curve 2, Fig. 3, in Equation
21, a value Amin

Fe =Amax
Fe of about 104 is obtained, which

means that the free metal area is orders of magnitude
lower at the maximum than at the minimum of the
E/t curve. This result is in agreement with the ex-
perimental observation that in this region of potential
the initial free metal surface is recovered by an oxide,
a phenomenon by which the bare metal area con-
tinuously decreases.

5. Conclusions

The following points can now be made:

(i) Magnetite layers built up on ferrous metal sup-
port in aqueous solutions are always hetero-
geneous electrodes initially exposing a large
surface area of compact, coherent, magnetite
and a small surface area of rapidly soluble thin
oxide, most probably in a low oxidation state,
covering the metal surface at the base of pores,
cracks and other faults.

(ii) The initial value of the open circuit potential of
this heterogeneous electrode is more negative

with respect to the pure magnetite potential the
greater the initial ratio between the base of the
faults and the compact oxide layer surface areas.

(iii) When the compact magnetite layer is damaged
to such an extent that, before the system enters
the region of potential sharp decrease, some su-
per®cially oxidized or free metal is exposed to
solution attack, the initial value of the potential,
as well as the trend of the potential±time curve,
depends on the ratio between the metal and the
compact oxide surface areas.

(iv) If the initial open circuit potential is more posi-
tive than the equilibrium potential of the hy-
drogen electrode, the anodic iron oxide
formation runs in parallel with iron dissolution
in supplying electrons for magnetite reduction.
The initial bare metal is recovered by black oxide
and the potential±time curve is wave-shaped.
After the maximum of the wave, the potential
declines similarly to the usual undamaged mag-
netite on carbon steel. From the practical
standpoint, this means that there is no real
condition for local corrosion in this case.

(v) If the initial open circuit potential of this com-
posite electrode is more negative with respect to
the equilibrium potential of the hydrogen elec-
trode, the oxide dissolution and the increase in
bare metal surface prevail, and the po-
tentialÐtime curve decreases monotonically si-
milarly to the case of carbon steel electrodes.

(vi) When, during chemical cleaning, galvanic cou-
pling is used to enhance the oxide removal, the
metal to oxide surface area must be large enough
to cause the system to enter the potential region
of monotonically potential decrease.
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