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Abstract

This work is aimed at providing a better understanding of the biocompatibility of stainless steel in the human body,
where various biomolecules are able to bind metal ions and convey them from the surface of an orthopaedic implant
to various parts of the body. The passivation behaviour of orthopaedic stainless steel was studied by
potentiodynamic and potentiostatic electrochemical methods in physiological solution as a function of type and
concentration of complexing agents added. The latter were used to simulate the complexing effect of biomolecules in
vitro. Two complexing agents, EDTA and citrate, were investigated in the concentration range from 0.1 to 100 mM.
Their addition induces a pronounced effect on the passivation characteristics of stainless steel. The results were
discussed in the context of the formation of soluble complexes of metal ions, which induces an increase in metal
dissolution and disturbs the formation of the passive layer. The degree of increased dissolution appears to be related
to the stability constants of the complex formed.

1. Introduction

The passivation behaviour of stainless steels, the most
important group of technological materials [1], has been
investigated extensively [2–10]. It is now generally ac-
cepted that in neutral or slightly alkaline solutions a
duplex passive film is formed, with an inner chromium
oxide layer and an outer iron oxide layer [2–10]. The
duplex nature of the passive film is reflected in its
electronic structure, which can be represented by a
heterojunction of p–n type [2]. The stoichiometry of the
inner layer is approximately constant and corresponds to
Cr2O3 [2–10]. The stoichiometry of iron oxide is a
function of electrode potential and corresponds to
different iron compounds: Fe3O4(FeO �Fe2O3) and
Fe(OH)2, at low potentials, and Fe2O3 and FeOOH at
high potentials [2–10]. Nickel and molybdenum oxides
also contribute to the passive film. The content of nickel
in the form of NiO is generally found to be lower
compared to that in the bulk alloy [5, 8, 10]. Some authors
reported that Mo is enriched in the layer [8, 10], whereas
others found the passive layer depleted in Mo [2, 11].
Among the numerous technological applications,

stainless steels are used for medical applications. Type
316L stainless steel (ASTM F138 – 1986) contains 17–
19% Cr, 13–15% Ni and 2–3 wt % Mo balanced with
Fe and minor elements like Mn, C, P, S and Si [12]. This
alloy is used for the manufacture of various orthopaedic
devices, long-term implants such as hip and knee joint
replacements, or short-term implants such as fixing

plates for bone, screws and intramedullary rods. The
biocompatibility of both permanent and temporary
implants has always been a concern due the known
adverse biological effects of individual metal compo-
nents of stainless steel. Cr(VI) is toxic and carcinogenic,
nickel is presumed to be carcinogenic and provokes
contact dermatitis, whereas molybdenum induces anae-
mia [21]. In vitro studies on stainless steel have usually
been performed in saline environment aimed at simu-
lating physiological conditions [11, 13–15]. There have
been few in vitro studies in serum solution [16–20]. The
human body is a complex environment, containing not
only passivating and aggressive species, but also species
which act as complexing agents. For example, various
proteins are able to bind metal ions and distribute them
round the body [22]. The behaviour of stainless steel in
the presence of complexing agents has not been inves-
tigated extensively.
There is thus a clear need for careful characterization

of particular biocompatible metals under experimental
conditions which closely simulate in vivo physiological
conditions. In our previous paper the formation of the
passive film on type 316L orthopaedic stainless steel in
the presence of citrate as the complexing agent was
studied by means of in situ X-ray photoelectron spec-
troscopy (XPS) [10]. Citrate affected the composition
and thickness of the passive film. The present paper
presents an electrochemical study of stainless steel and its
metal components in simulated physiological solution
(SPS) as a function of type and concentration of
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complexing agents EDTA and citrate, which are used as
model agents simulating the role of biomolecules in vitro.

2. Experimental details

Test specimens of orthopaedic stainless steel were cut
from an original endoprosthesis (Protema-42, Protek,
Sulzer, Switzerland). Their composition was confirmed
by energy dispersive X-ray analysis (EDA) as follows:
61.4 at % Fe, 21.5 at % Cr, 14.7 at % Ni and 2.4 at %
Mo. The following pure metals were used: Fe (99.5%),
Cr (99.9%) by Johnson Matthey, and Ni (99%) and Mo
(99.9%) by Goodfellow. Samples, 15 mm in diameter
and 2 mm thick, were abraded down to 1000 SiC emery
paper and rinsed with distilled water and acetone.
Prepared samples were embedded in a Teflon holder,

so that an area of 0.785 cm2 was exposed to the solution.
Carbon rods and a saturated calomel electrode (SCE)
served as counterelectrode and reference electrode,
respectively. Potentials in the text refer to the SCE scale.
Measurements were performed at 37 �C in simulated
physiological solution (SPS): 8 g l)1 NaCl, 0.4 g l)1 KCl,
0.35 g l)1 NaHCO3, 0.25 g l)1 NaH2PO4 � 2H2O, 0.06
g l)1 Na2HPO4 � 2H2O, 0.19 g l)1 CaCl2 · 2H2O, 0.19
g l)1 MgCl2, 0.06 g l)1 MgSO4 · 7H2O, 1 g l)1 glucose,
pH 7.8 (Hank’s). The electrochemical cell had a capacity
of 250 ml and was equipped with a water jacket.
The addition of EDTA (ethylendiaminetetraacetic

acid disodium salt dihydrate) and citrate (tri-sodium
citrate dihydrate) to SPS was studied at the following
concentrations: 0.1, 1, 5, 10, 20, 50 and 100 mM. The
addition of citrate did not change the pH value of the
physiological solution. The addition of EDTA decreased
the pH to 4.5, which was then adjusted back by the
addition of NaOH.
Electrochemical measurements were carried out by

means of a PAR&EGG (model 263) potentiostat/
galvanostat controlled by M270 and M250 electrochem-
ical software. Before starting the measurement, the
samples were allowed to rest at the corrosion potential,
Ecorr, for one hour. Potentiodynamic polarization curves
were started at )0.25 V with respect to the corrosion
potential, Ecorr, and progressed in the anodic direction
with a potential scan rate of 1 mV s�1. Cyclic voltam-
mograms were recorded using potential scan rates
between 5 and 100 mV s)1. Potentiostatic transients
were recorded for 200 s at each step of 0.1 V from )0.4
to 1.3 V. Integration of current density vs. time curves
yielded the charge density.

3. Results

3.1. Polarization curves for stainless steel and metal
components

Anodic polarization curves were recorded for stainless
steel and its metal components in SPS with and without
the addition of complexing agents EDTA and citrate

over a concentration range from 0.1 to 100 mM. An
example is given in Figure 1 for SPS with and without
the addition of 50 mM EDTA. In SPS alone, iron is the
most electronegative component with a corrosion po-
tential, Ecorr, of )0.7 V. It shows no tendency to
passivation. Following the Ecorr, the current density in
the Tafel region increases exponentially with the poten-
tial and at )0.4 V reaches high values of limiting current
density. The surface was covered by a black layer of
Fe3O4 [23]. The Ecorr of molybdenum at )0.35 V is
followed by the Tafel region up to )0.2 V, where a
narrow region of passivity at current density of
10)4 A cm)2 is established as a consequence of the
formation of MoO2 [23]. Nickel exhibits a somewhat
broader passive range, from )0.35 V to )0.05 V, with
lower current densities of 10�6 A cm�2 due to the
formation of NiO [23]. The formation of a Cr2O3 layer
on chromium is responsible for a broad passive range
extending from )0.4 to 0.45 V, where it is interrupted by
the process of transpassive oxidation [23]. Compared to
its metal components, stainless steel exhibits the lowest
values of current density and the broadest passivation
range extending from )0.3 to 1.0 V.
The addition of EDTA induces significant changes in

the polarization characteristics (Figure 1). A typical
consequence is an increase in the current density and a
shift of Ecorr towards more negative values. The largest
increase in current density is observed for iron, followed
by that for nickel, molybdenum, chromium and stainless
steel. Figure 2 shows the shift of the corrosion potential
as a function of cEDTA and ccitrate. In the case of iron,
chromium, stainless steel and nickel, the corrosion
potential shifts linearly towards more negative values,
the slope decreasing in the same order, that is, from iron

Fig. 1. Anodic polarisation curves recorded for stainless steel and its

component metals in SPS with (–––) and without (- - -) the addition of

50 mM EDTA. Scan rate 1 mV s)1.
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to nickel. In the case of molybdenum the values of Ecorr

are almost independent of cEDTA.

3.2. Influence of the anodic potential scan limit

Cyclic voltammograms (CVs) recorded with increasing
anodic potential scan limit, Ean, for stainless steel in SPS
with and without 50 mM EDTA and 50 mM citrate are
presented in Figure 3. The CV of stainless steel in SPS
(Figure 3(a)) exhibits features which are in good agree-
ment with those published under similar experimental
conditions [11, 13–17]. The initial surface of stainless
steel is not oxide-free due to the immediate formation of
a thin layer of Cr2O3 in contact with air [10]. Three
regions, passivating, passive and transpassive, are ob-
served in the anodic cycle. Peak A1 at )0.3 V denotes
the first region which can be ascribed mainly to the
oxidation of iron to iron(II) oxide [10]. At higher
potentials the stainless steel is passive, which may be
ascribed to progressive formation of iron(III) oxide [10].

In the range from 0.7 to 1.1 V plateau A2 forms. At
more positive potentials transpassive oxidation starts
related mainly to the formation of Cr(VI) species [10]. In
the cathodic cycle no peak is observed until Ean exceeds
0.5 V. For more positive Ean, the peak C1 starts to form
at )0.6 V. This peak can be ascribed to the reduction of
Fe(III) to Fe(II) species [24]. For Ean > 0.9 V, the peak
C2 appears at 0 V, suggesting that peak C2 is related to
the reduction of a product, primarily Cr(VI) species,
generated during the transpassive oxidation at poten-
tials exceeding that corresponding to peak A2. As Ean

becomes more positive, the current density of cathodic
peaks increases and their potentials shift slightly in the
negative direction.
On addition of EDTA, the current density in the

anodic cycle increases by the factor of ten (Figure 3(b)).
The potential of peak A1 is shifted from )0.3 to )0.5 V.
Its height increases markedly with increasing number of
successive cycles. The plateau A2 is now transformed in-
to a peak at 0.9 V. The appearance of peak C1 is delayed
to Ean > 0.9 V, and that of peak C2 to Ean > 1.0 V.

Fig. 2. Values of corrosion potential measured 1 h after immersion as

a function of the concentration of (a) EDTA and (b) citrate added to

SPS.

Fig. 3. Cyclic voltammograms recorded for stainless steel with in-

creasing anodic potential scan limit, Ean, in (a) SPS alone and SPS

containing (b) 50 mM EDTA and (c) 50 mM citrate. Scan rate

20 mV s)1.
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The potentials of the cathodic peaks are shifted in the
positive direction; peak C1 now appears at 0 V, and
peak C2 at 0.3 V. In contrast to the anodic peaks, the
current density related to the cathodic peaks is approx-
imately half the values measured in physiological
solution.
In citrate containing solution the heights and poten-

tials of the peaks A1, C1 and C2 are similar to those in
SPS (Figure 3(c)). The current density of peak A1
increases with cycling, but not so intensively as in the
case of EDTA. Peak A2 forms at 0.7 V. The potentials
of cathodic peaks are somewhat more negative: peak C1
appears at )0.6 V for Ean > 0.7 V, and, for
Ean > 0.8 V, a smaller hump C10 appears at )0.3 V.
For Ean > 0.9 V, peak C2 forms at 0.1 V.
Table 1 presents the dependence of the ratio of the

total anodic and cathodic charges, Qa/Qc, as a function
of anodic potential scan limit in SPS with and without
addition of 50 mM EDTA and citrate. In SPS the value
of Qa/Qc is close to 1, indicating almost quantitative
reduction in the cathodic cycle. In SPS containing citrate
the value of Qa/Qc increases to 2.4. The increase in
charge ratio is more pronounced in the EDTA contain-
ing solution, where it increases dramatically and at
0.8 V reaches a value of 17.1 (compared to 1.4 and 2.4 in
SPS and SPS containing citrate, respectively). This fact
indicates that, in the presence of EDTA, a large amount
of soluble species is formed in the anodic cycle. For
Ean > 0.8 V the charge ratio decreases, which can be
related to more pronounced cathodic reactions.

3.3. Potentiostatic anodic transients

Generally, in SPS the current density drops to low
values at the beginning of the transient and then remains
approximately constant, indicating passivation of the
surface. For E > 0.9 V the current density starts to
increase with time due to transpassive oxidation and
oxygen evolution (Figure 3). With the addition of the
complexing agent, and with the increase in its concen-
tration, the current density, and consequently the
deduced charge density, increases. For the same con-

centration of the two complexing agents, the increase in
charge density is more pronounced for EDTA.

3.4. Effect of the potential scan rate

The effect of potential scan rate was investigated for all
the concentrations of EDTA and citrate used. An
example is given in Figure 4 for SPS and SPS containing
20 mM of EDTA and citrate. In SPS, current hysteresis
is observed after potential reversal for the first two scan
rates used, that is, 5 and 10 mV s)1 (Figure 4(a)). The
current density continues to increase until it finally
drops to zero at approximately )0.25 V. Consequently,
the peak C2 is not observed in these two cycles. In
subsequent scans the hysteresis disappears, indicating
that a complete passivation of the surface is needed to
prevent dissolution after the scan reversal. With increas-
ing scan rate, the current density of the related peaks
increases. The potential of peak A1 remains essentially
unchanged, whereas the potentials of other peaks move
only slightly, by 50 mV, towards more negative poten-
tials. In the presence of EDTA, however, the potential

Fig. 4. Cyclic voltammograms recorded for stainless steel with in-

creasing potential scan rate, dE/dt: 5, 10, 20, 50 and 100 mV s)1 in (a)

SPS alone and SPS containing (b) 20 mM EDTA and (c) 20 mM

citrate.

Table 1. Ratio of total anodic charge to cathodic charge, Qa/Qc,

deduced from cyclic voltammograms recorded for SPS with and

without addition of 50 mM EDTA and citrate (Figure 3)

Ean/V Charge ratio

SPS SPS + citrate SPS + EDTA

�0.3 0.3 1.1 3.6

�0.1 1.1 2.2 4.9

0.1 1.4 2.2 7.4

0.3 1.8 2.0 9.4

0.5 1.4 2.3 12.8

0.7 1.4 1.8 15.7

0.8 1.4 2.4 17.1

0.9 1.3 1.9 13.8

1.1 1.4 1.9 8.3

1.3 1.4 2.3 8.8
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of peak A1 is shifted to )0.7 V and with increasing scan
rate moves significantly, by up to 500 mV, towards more
positive values (Figure 4(b)). The shift of the potential
of the peak A2 by up to 200 mV is not so pronounced.
Cathodic peaks C1 and C2 move to about 100 mV more
negative values with increasing scan rate. In contrast to
the EDTA containing solution, the potential and current

density of peak A1 are only slightly affected by the
presence of citrate (Figure 4(c)). The shifts of other
peaks are similar to those in EDTA containing solution.
The plot of the current density of peak A1 measured

in EDTA containing solution against the square root of
the scan rate, is linear and the slope increases with
increasing concentration of EDTA (Figure 5). Accord-
ing to the Randles–Ševc̆ik equation [25], the slope is
given by 2.687 · 105 n3/2 c10 D1/2, where n is the number
of electrons, and D is the diffusion coefficient (cm2 s)1)
and c10 is the concentration of electroactive species in
the bulk solution (mol cm)3). Since it can be assumed
that n and D are independent of the concentration of the
complexing agent, the increase in slope is the conse-
quence of an increase in the concentration of electroac-
tive species in the solution.

3.5. Effect of EDTA concentration on stainless steel and
its metal components

The addition of complexing agent was investigated in
the concentration range from 0.1 to 100 mM. Figure 6
presents the CVs recorded for various concentrations of
EDTA, with a scan rate of 20 mV s)1. The heights
of peaks A1 and A2 increase linearly with the logarithm
of cEDTA. In contrast to the anodic peaks, the heights of
the cathodic peaks change only slightly with increasing
cEDTA. The shift of the peak potential as a function of

Fig. 5. The current density of the peak A1 as a function of the square

root of the scan rate and cEDTA.

Fig. 6. Cyclic voltammograms recorded for stainless steel in SPS containing various concentrations of EDTA: 0 mM (–––), 1 mM (- - - -), 5 mM

(-ÆÆ-ÆÆ-), 10 mM (-Æ-Æ-) and 50 mM (� � �). Scan rate 20 mV s)1. Insert shows shift of the peak potential as a function of the log cEDTA.
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the complexant concentration is shown in the insert.
With increasing cEDTA the potential of peak A1 shifts
from )0.2 to )0.6 V. The potentials of peaks A2 and C2
are only slightly affected by cEDTA. In SPS and SPS
containing cEDTA <5 mM peak C1 is located at )0.5 V
and is rather broad. For cEDTA P5 mM, it becomes well
defined and shifts to )0.2 V.
The origin of particular peaks in CVs of stainless steel

may be partially identified from those recorded for
constituent metals (Figure 7). The current density of
iron in SPS is low up to )0.5 V, where it starts to
increase steeply (Figure 7(a)). On the addition of EDTA
the increase in current density occurs at more negative
potentials and a peak forms progressively at )0.62 V. Its
height increases with cEDTA and is clearly related to the
origin of peak A1 in the CV of stainless steel (Figure 6).
In SPS molybdenum shows a very small peak at )0.6 V
(insert in Figure 7(b)). The passive range is due to the
formation of MoO2 and/or MoO3 and extends up to
0.1 V (Figure 7(b)) [23]. In the transpassive region,
higher valency Mo(VI) species may be produced. On the
addition of EDTA the anodic peak at )0.6 V becomes
somewhat broader but does not change appreciably.
Significant changes are observed at higher potentials,
where the potential at which the transpassive region
starts becomes progressively more negative (Fig-
ure 7(b)). The transpassive peak at 0.2 V is formed for
cEDTA > 10 mM. In physiological solution nickel ex-

hibits a peak at )0.45 V followed by the low current
density up to 0.15 V (Figure 7(c)). The passivation is
based on the formation of a NiO layer [23]. The addition
of EDTA increases the current density in the peak and
in the passive range. At intermediate concentrations of
EDTA (i.e., between 5 and 10 mM), a hump appears
within the passive range around 0 V. The passivity of
chromium is based on the formation of Cr2O3 [24]. Its
stability is limited by the transpassive oxidation at 0.5 V
(Figure 7(d)) and the accompanying formation of Cr(VI)
species. For Ean > 0.6 V, a small cathodic peak appears
at 0.4 V. This is related to reduction of the Cr(VI) species
remaining incorporated in the layer [24]. The reduction
peak at 0.4 V is clearly related to peak C2 of stainless
steel (Figure 6), since it appears at similar potentials and
is associated with the product generated during trans-
passive oxidation. The addition of EDTA does not
appreciably affect the shape of the curve of chromium.

3.6. Effect of citrate concentration on stainless steel and
its metal components

The effect of citrate on the passivation of stainless steel
is less pronounced than that of EDTA (Figure 8). The
height of peak A1 is similar to that in SPS and, in
contrast to EDTA (Figure 6), is not affected significant-
ly by ccitrate. The height of peak A2 is somewhat smaller
than in EDTA containing solution and its potential is

Fig. 7. Cyclic voltammograms recorded for pure metals: (a) iron, (b) molybdenum, (c) nickel and (d) chromium in SPS containing various EDTA

concentrations: 0 mM (–––), 1 mM (- - - -), 10 mM (ÆÆÆÆÆ), 20 mM (-�-�-) and 50 mM (-��-��-). Scan rate 20 mV s)1.
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slightly more negative. Its height increases linearly with
ccitrate. The heights of cathodic peaks C1 and C2 are not
significantly different from those in EDTA containing
solution, but they form at somewhat more negative
potentials. Their height is not appreciably affected by
the citrate concentration. In contrast to EDTA, where
peak C1 is shifted to )0.2 V for cEDTA > 5 mM, in SPS
containing citrate it remains unchanged for ccitrate <
50 mM.
The cyclic voltammograms of individual pure metals

in SPS containing various citrate concentrations are
presented in Figure 9. The current density of iron
increases with citrate concentration, but no anodic peak
was observed as in the case of EDTA containing
solution (Figure 9(a)). The addition of citrate shortens
the passive region of molybdenum (Figure 9(b)) and no
transpassive peak is observed. Nickel exhibits an anodic
peak at )0.4 V, which changes only slightly with citrate
concentration (Figure 9(c)). The behaviour of chromi-
um is not significantly affected (Figure 9(d)).

4. Discussion

The contribution of individual metal components to the
passivating film formed on stainless steel is not propor-
tional to their content in the bulk alloy. Therefore, the
behaviour of the alloy cannot be directly predicted from
the behaviour of the individual metals. Iron oxides and

chromium oxide are major constituents of the passive
film and are responsible for the CV features of stainless
steel. Nickel and molybdenum oxides are important, but
minor, constituents of the film and their presence cannot
be directly shown by CV of stainless steel. Comparison
of the CVs of iron and stainless steel (Figures 6 and 7(a))
leads to the conclusion that peak A1 for stainless steel in
SPS relates to iron oxidation. The rising slope of peak
A1 is ascribed to the formation of Fe(II) species
(Reaction 1, Table 2) [26–29], which may be further
oxidized to Fe3O4 at slightly more positive potentials
(Reaction 2). Iron in the alloy may also be oxidized
directly (Reactions 3 and 4). In this lower potential
region, where E < 0 V, Reactions 1 to 4 are the major
ones occurring for iron in stainless steel in complexant-
free SPS. The soluble corrosion product is in the form of
Fe2þ, as proved by a rotating ring-disc study [24, 29]. By
approaching the peak A2 the formation of higher-
valency oxide Fe2O3 prevails [10, 26–31]. Since both
have the structure of spinel, Fe3O4 can be easily
transformed to c-Fe2O3 (Reaction 5), or the latter can
be formed directly from metal (Reaction 6). In this
potential range, soluble corrosion products in the form
of Fe3þ have been detected by a rotating ring-disc
electrode [24, 29]. The contribution of nickel and
molybdenum to the passive film on stainless steel should
be taken into account [2, 4–10, 28]. Nickel in stainless
steel enters the passive film as NiO at E > 0.2 V
(Reaction 7) [10]. It is accumulated primarily at the

Fig. 8. Cyclic voltammograms recorded for stainless steel in SPS containing various concentrations of citrate: 0 mM (–––), 1 mM (- - - -), 5 mM

(-��-��-), 10 mM (-�-�-) and 50 mM (ÆÆÆÆÆ). Scan rate 20 mV s)1. Insert shows shift of the peak potential as a function of the log ccitrate.
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metal surface and its content in the oxide layer is less
than that in the bulk. As for nickel, no particular feature
in the CV of stainless steel can be ascribed directly to the
oxidation of Mo. Analysis of the surface [10] has proved
that Mo enters the passive film at E > 0 V (Reaction 8).
It is enriched compared to its content in the bulk. The
reactions occurring at potentials exceeding peak A2
(E > 0.8 V) are related to transpassive processes. The
inner layer of Cr2O3 undergoes oxidation, resulting in
the formation of Cr(VI) species (Reaction 9). Further-
more, transpassive oxidation of Ni and Mo may also
occur (Reactions 10 and 11) [28]. In the reverse cycle,

Cr(VI) species which remain incorporated in the oxide
layer are reduced to Cr(III) in the region of peak C2
(Reaction 12) [2–10, 27, 28]. The reduction peak C1
corresponds to the reduction of Fe2O3 to Fe(II) species,
which then dissolves into solution (Reaction 13) [3, 24,
26–29].
In the presence of the complexing agent, complexation

reactions also have to be taken into consideration. It is
known that EDTA (H4Y) forms complexes with both
Fe(II) and Fe(III) species (Table 3) [32]. A soluble
corrosion product in the form of Fe2þ released in the
lower potential range [24, 29] may be complexed by

Fig. 9. Cyclic voltammograms recorded for pure metals: (a) iron, (b) molybdenum, (c) nickel and (d) chromium in SPS containing various citrate

concentrations: 0 mM (–––), 1 mM (- - - -), 10 mM (� � � �), 20 mM (-�-�-) and 50 mM (-��-��-). Scan rate 20 mV s)1.

Table 2. Possible reactions occurring at particular peaks in cyclic voltammograms of stainless steel [23]

Peak No. Reaction Equilibrium potential

E < A1 1 Fe « Fe2+ + 2e) Eo = )0.440 + 0.0295 log (Fe2+)

2 3Fe2+ + 4H2O « Fe3O4 + 8H+ + 2e) Eo = )0.980 ) 0.236 pH ) 0.089 log (Fe2+)

3 Fe + H2O « FeO + 2H+ + 2e) Eo = )0.047 ) 0.059 pH

4 3Fe + 4H2O « Fe3O4 + 8H+ + 8e) Eo = )0.085 ) 0.059 pH

A1 < E < A2 5 2Fe3O4 + H2O « 3Fe2O3 + 2H+ + 2e) Eo = 0.221 ) 0.059 pH

6 2Fe + 3H2O « Fe2O3 + 6H+ + 6e) Eo = )0.051 ) 0.059 pH

7 Ni + H2O « NiO + 2H+ + 2e) Eo = 0.116 ) 0.059 pH

8 Mo + 2H2O « MoO2 + 4H+ + 4e) Eo = )0.072 ) 0.059 pH

E > A2 9 Cr2O3 + 5H2O « 2CrO4
2� + 10H+ + 6e) Eo = 1.311 ) 0.098 pH + 0.019 log (CrO4

2�)
10 Ni(II) + 2H2O « NiO2 + 4H+ + 2e) Eo = 1.593 ) 0.118 pH ) 0.029 log (Ni2+)

11 MoO2 + 2H2O « MoO4
2� + 4H+ + 2e) Eo = 0.606 ) 0.118 pH + 0.029 log (MoO4

2�)
C2 12 Cr2O3 + 5H2O « 2CrO4

2� + 10H+ + 6e) Eo = 1.311 ) 0.098 pH + 0.019 log (CrO4
2�)

C1 13 2Fe(II) + 3H2O « Fe2O3 + 6H+ + 2e) Eo = 0.728 ) 0.177 pH ) 0.059 log (Fe2+)
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EDTA. The formation of relatively strong complexes,
possibly of the type FeY2�, with a logarithm of stability
constant, log Kst, of 14.32 may be expected (Table 3).
Due to the rapid formation of complexes with high
stability constant, the equilibrium of Reaction 1 from
Table 2 is shifted to the right, thus promoting the
dissolution of iron. The formation of a large amount of
dissolved iron species in this potential range is supported
by the increase in the current density of peak A1 with
increasing cEDTA (Figures 3 and 6) and by a marked
increase in the ratio of total anodic to cathodic charges,
Qa/Qc (Table 1). Figure 5 demonstrates the increase in
the concentration of electroactive species in the solution
due to increasing cEDTA. Moreover, the increased
concentration of soluble corrosion product in the
presence of EDTA has been demonstrated by differen-
tial pulse polarography [20]. As the consequence of the
increased dissolution into solution, the formation of
solid oxide layer is delayed and its composition is
changed. In situ XPS measurements have confirmed
that, in the lower potential range (i.e., E < 0 V), the
oxide layer is thinner and markedly depleted in iron [10].
With increasing concentration of EDTA, the current

density in the potential range approaching the peak A2
increases strongly (Figure 6) due to the formation of
very strong complexes with Fe3þ (Table 3). Fe3þ is the
dissolution product formed in this potential range from
the main oxide layer Fe2O3 [24, 29]. EDTA also forms
strong complexes with Ni2þ, which may additionally
contribute to the increase in current density. Ni2þ is the
dissolution product formed in this potential range from
minor oxide constituent NiO [28].
The addition of EDTA does not appreciably affect the

shape of the curve of chromium. EDTA forms strong
complexes with Cr3þ ions in free solution with the log
Kst of 23.4 [32]. However, the amount of dissolved
Cr(III) species available for complexation is extremely
small [20] presumably due to very slow dissolution of a
strongly protective Cr2O3 layer. Furthermore, Cr(III)
ions are known for their extremely slow rate of exchange
with ligands in the first coordination shell [33, 34]. The
small effect of EDTA on the behaviour of chromium is
in accordance with experimentally observed indepen-
dence of the height and the potential of peak C2 of the
cEDTA.
Besides an increase in current density, the second

typical characteristic related to the addition of com-
plexing agent is the shift of the peak potential. The

addition of EDTA induces a strong shift of the anodic
peak A1 towards more negative values (Figures 3 and 6).
This fact can be explained by the dependence of the
equilibrium potential, Eo, of Reaction 1 (Table 2) on the
concentration of Fe2þ species. The latter will be depen-
dent on the concentration of the complexing agent and
on the stability constant of the complex. Therefore, the
concentration of ligand would be expected to affect the
value of equilibrium potential by changing the concen-
tration of dissolved species.
Sakakibara et al. have studied iron in anhydrous

methanol solution containing various basic and acidic
complexing agents [35]. The stimulation of the anodic
process was closely related to the stability constant of
the complex. The results presented here agree well with
literature data [35, 36]. Both EDTA and citrate affect the
passivation behaviour of stainless steel, but to different
extents. This may be explained by the different stability
constants of complexes of the metal ions with EDTA
and citrate [32]. Citrate is a far less strong complexant
for Fe(II) (Table 3). This may be reflected in the smaller
current density of peak A1, which denotes the dissolu-
tion and formation of Fe(II) species (Figures 6 and 8).
The shift in the corrosion potential is smaller than in the
case of EDTA (Figure 2). On the other hand, peak A2
increases in the presence of citrate, as observed for
EDTA. Compared to Fe(II), Fe(III) forms stronger
complexes with citrate (Table 3) and since in this
potential range the soluble species are in the form of
Fe(III), it may be assumed that their complexation with
citrate becomes significant.

5. Conclusions

The behaviour of stainless steel and individual metal
components was studied in simulated physiological
solution by potentiodynamic and potentiostatic electro-
chemical methods with and without the addition of
complexing agents EDTA and citrate. Generally, the
passivation of stainless steel in physiological solution is
based on the formation of a layer containing two major
oxides: chromium and iron oxide. The oxides of nickel
and molybdenum may also be included in the passive
film as minor constituents. The complexing agents have
a profound effect on the behaviour of stainless steel. The
anodic process is stimulated by dissolution at the surface
caused by the formation of soluble complexes. This
process is demonstrated by the increased current density
of the anodic peaks, and the shift of the peak potential.
The formation of a large amount of soluble metal
species in solution is supported by the strong increase in
ratio of anodic to cathodic charges.
The degree of stimulation of anodic dissolution is a

function of the type of complexing agent, and its
concentration. Fe(II), Fe(III) and Ni(II) form relatively
strong complexes with EDTA, whereas citrate forms the
strongest complexes with Fe(III). The observed electro-
chemical results demonstrate that the stability constants

Table 3. Logarithm of stability constants, log Kst, of complexes of

EDTA and citrate with metal cations for the reaction Mþ L $ ML,

where M is the metal cation and L is the ligand [32]

Ligand log Kst

Fe2+ Fe3+ Ni2+

EDTA 14.3 25.1 18.5

Citrate 4.4 11.5 5.3
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of the particular complexes formed affect the degree of
stimulation of the anodic dissolution.
The knowledge of the effect of complexing agents on

the corrosion resistance would provide a better under-
standing of processes occurring in vivo on the surface of
stainless steel. This paper presents a model study for the
investigation of the stainless steel in the presence of
biomolecules which in vivo act as complexing agents.
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