Post-print of: Cysewska K., Femandez L., Jasinski P., Hubin A.: Tailoring the electrochemical degradation of iron protected with polypyrole films for
biodegradable cardiovascular stents. ELECTROCHIMICA ACTA. Vol. 245, (2017), p. 327-336. DOI: 10.1016/.electacta.2017.05.172

Tailoring the electrochemical degradation of iron protected with
polypyrrole films for biodegradable cardiovascular stents

Karolina Cysewska®"

Lucia Fernandez Macia®, Piotr Jasi nski?, Annick Hubin®

@ Faculty of Electronics, Telecommunications and Informatics, Gdansk University of Technology, ul. Narutowicza 11/12, 80-233 Gdansk, Poland
® Research group Electrochemical and Surface Engineering, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium

ABSTRACT

The degradation of polypyrrole (PPy) coated iron is studied in phosphate buffer saline solution at 370C by odd random phase multisine electrochemical
impedance spectroscopy (ORP-EIS). PPy is electro-polymerized with anti-inflammatory salicylates incorporated in the film, as a drug release system. The
modelling of EIS over time provides the quantitative description of the corrosion behaviour of the material. Thus, the reliable analysis of the degradation
stages of PPy coated iron is attained. The outcome of the present study shows that the degradation of iron can be tailored by tuning the properties of the PPy

coating for possible medical applications.
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1. Introduction

Nowadays permanent metallic cardiovascular stents are long-
term implants [1,2]. The presence of such an implant for long time
in human body can cause overgrowth of tissue within the treated
portion of the vessel, blockage of the circulatory system and many
other clinical complications, such as thrombosis, prolonged
physical irritations or chronic inflammation [2,3]. Therefore, in
recent years, there is an interest to create biodegradable metallic
cardiovascular stents [1-3]. Iron and its alloys are promising
materials for this application and have attracted the attention of
many researchers [1-6]. Iron possesses very good mechanical
properties, similarly to 316L stainless steel (used in permanent
cardiovascular stents); it also has favourable biological properties
and high biocompatibility [1,2]. However, bare iron degrades too
slow on the long term, yet too fast in the initial stages in a
physiological media, making it difficult to use in clinical
applications [6]. In order to enhance the corrosion rate of iron,
the current technology is focused on modifying the iron structure,
for example by alloying [6]. Nevertheless, it is also desirable to
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inhibit its degradation at the initial stages after the implantation.
This inhibition will provide a good biocompatibility and an
appropriate cell proliferation, which are very crucial during the
first days after the implantation [1-3,6].

One promising solution is to modify the surface of the metal
with conducting polymer films [7-12].The principal property of
these polymers is their metallic-like conductivity due to the
conjugated double bond in their backbone [13]. One of the most
interesting among the conducting polymers is polypyrrole (PPy)
[14-17]. It exhibits high biocompatibility [14], very good stability
in different environments [9,15], good adhesion to the substrate
[16], excellent electrical, mechanical and thermal properties and
high conductivity compared to other conducting polymers [15].
Because of such distinctive properties, PPy has been used in
different applications including anti-corrosive coatings [7,8,18,19]
and drug release systems [20]. One of the common methods of
synthesis on metallic substrates is electrochemical polymerization
[21]. This method allows controlling the film properties and
provides stronger bonding of the polymer to the substrate
compared to a chemical approach [22]. Depending on the
polymerization conditions, different morphology, electrical and
corrosion properties of the conducting polymer film can be
obtained [23]. However, when deposited on an oxidizable metal,
an inappropriate selection of the synthesis conditions leads to the
dissolution of the substrate, since the potential at which the metal
dissolves is much lower than the oxidation potential of the
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monomer. Thus the deposition of the polypyrrole becomes
hindered [22,24].Therefore, the choice of the electropolymeriza-
tion conditions, including the type of electrolyte, is very critical to
obtain stable and protective conducting polymer coatings on such
kind of metals [7,25].

Polypyrrole has been electropolymerized on several types of
oxidizable metals such as magnesium [26], aluminium alloy [27],
copper [28], zinc [29], steel and iron [8,19,30-32]. In contrast to the
noble metals, such as platinum, where direct deposition of pyrrole
occurs [33], non-noble metals seem to require the formation of a
stable interface prior to the polymerization. It was shown that in
the presence of certain electrolytes, such as oxalic acid [22] or
sodium salicylate [8,28], just before the polymer deposition, a
passivation layer is formed on the surface of the active metals. This
layer blocks the dissolution of the iron substrate and thus provides
a stable deposition. It also enhances the adhesion of the polymeric
film in the further stages of the electropolymerization [22].

In addition, PPy can be also used to load and release drugs with
therapeutic activity, like salicylates [8,9,34], which can be
incorporated during the electropolymerization as dopants. Sodium
salicylate belongs to the family of non-steroidal, anti-inflammato-
ry agents that reduce pain and fever. During the implant
degradation, it could be released into the body, decreasing a
possible inflammation caused by the implantation process [9].

The corrosion properties of PPy coatings on different metals
have been intensively studied in recent years, for various
applications and by utilizing several methods [22,28,34-39]. It
was reported that conducting polymers synthesized under certain
conditions can prevent the corrosion of certain metals. Bazzaoui
et al. studied PPy coated iron in 0.1 M HCl at room temperature
using potentiodynamic polarization; they observed the inhibition
of the corrosion process by the polypyrrole, synthesized from a
solution of saccharin and pyrrole [37]. An improved corrosion
protection of steel was also achieved by polypyrrole deposited
from a salicylate solution [34]. The protection, assessed by
electrochemical impedance spectroscopy in sodium chloride,
remained stable up to 20 days.

The mechanism of corrosion protection of iron or steel by a
conducting polymer depends on the polymer/metal electrochem-
ical system [28]. In many cases corrosion protection involves a
redox reaction (probably catalytic) that forms passivating layer at
the metal/polymer interface [28,32,40-42]. In other words,
conducting polymer films help to stabilize this layer as a result
of galvanic coupling between the coating and the metal [34]. Such
mechanism was reported in the case of PPy-salicylates deposited
on steel [28], PPy-oxalates on iron [32] or polyaniline (PANI)
deposited on steel [41].

In most of the studied cases it is desirable to achieve a stable
polymer/metal system with a high corrosion protection of the
metal [22,28,34-39]. Yet, for biodegradable metallic stents, the
system needs to evolve over time. Besides, it is important to
investigate the corrosion and degradation processes of such system
under conditions that simulate the human body environment.

In this work, the corrosion performance of differently prepared
PPy coatings on iron has been studied at 37 °C in phosphate buffer
saline solution (pH 7.4) for the first time. Polypyrrole is
electrochemically synthesized in the presence of sodium salicylate,
which is incorporated in the coating. The degradation study is
performed by odd random phase electrochemical impedance
spectroscopy (ORP-EIS) [43-45]. The ORP-EIS data are fitted to the
proposed electrical equivalent circuit that represents the electro-
chemical processes. The parameters that describe the electro-
chemical system are estimated using a statistically founded
method. Besides, the quality of the modelled data is statistically
evaluated by confronting the modelling errors against the noise
levels. The evolution of the parameters describing the degradation

of the PPy/Fe system is obtained. This way, a reliable, quantitative
analysis of the behaviour of PPy coated iron in a simulated human
body environment is attained. To the best of our knowledge, this
subject has not been investigated with this approach before.

2. Experimental
2.1. Chemicals and materials

The following chemicals are used: pyrrole monomer (>99%,
Acros Organics), sodium salicylate (>99.5%, EMSURE), phosphate
buffer saline pH 7.4 (PBS, PanReac AppliChem) containing 2.7 mM
KCl, 140mM NaCl and 10mM phosphate. The electrolyte for
electropolymerization consists of a solution of 0.1 M pyrrole and
0.1 M sodium salicylate. All solutions are made with Mili-Q water.

The substrate is a pure iron plate (>99.8%, Chempur Feinche-
mikalien und Forschungsbedarf GmbH).

2.2. Sample treatment

The iron plate is embedded in an epoxy resin. The iron electrode
is mechanically grinded with abrasive papers 220, 500 and 1200
SiC grade (Struers), rinsed with ethanol and dried. After the
polymerization experiments, the sample is rinsed with Mili-Q
water and dried in an N, stream.

2.3. PPy film synthesis

The electropolymerization measurements are performed in a
one-compartment, three-electrode cell controlled by a Bio-Logic
SP-200 potentiostat. The working electrode is the iron with an
exposed area of 3.39cm? A Ag/AgCls, is used as reference
electrode and a platinum grid, as counter electrode

The polymer films are electrochemically synthesized on iron in
a one step process at 1.2V vs. Ag/AgCls,. from solution of 0.1 M
pyrrole and 0.1 M sodium salicylate, at room temperature. Two
coatings, named here PPy, and PPy,, are deposited with the
electropolymerization time limited by a specific charge: 6.37C
cm 2 for PPy, and 2.11 Ccm 2 for PPy,.

A preliminary characterization of the corrosion protection of
the freshly prepared polymeric films is carried out by potentiody-
namic polarization in PBS solution (pH 7.4) at 37 °C from —300 mV
to 1V (vs. OCP) with a 3mV s~! scan rate. The temperature during
the measurements is controlled by a JULABO F12 thermostat.

The film thickness is measured from cross-sectional scanning
electron microscope (SEM) images, using JEOL J[SM-IT300LV with a
tungsten filament source. The thickness of the PPy; and PPy,
coatings is determined to be ~20 wm and ~10 pm, respectively
(see Supplementary contents, Figure A).

2.4. ORP-EIS measurements

The degradation measurements of PPy;/Fe and PPy,/Fe are
performed by ORP-EIS during 2 weeks and 1 week, respectively.

The ORP-EIS technique uses an odd random phase multisine as
excitation signal. Such signal consists of the sum of harmonically
related sine waves with random phases. Only odd harmonics are
excited and, per group of 3 consecutive harmonics, one is randomly
omitted [43,44]. This allows for the determination of the non-
stationarities and non-linearities of the studied system. Every ORP-
EIS measurement and its noise distortions are obtained from the
calculations of 4 multisine periods. Besides, due to the multisine
excitation signal, the measurement time is reduced. The detailed
description and explanation of the technique can be found in
previous works [44,45].
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The measurements are acquired in the 3-electrode cell, water-
jacketed at 37 °C, in the PBS solution (pH 7.4). The iron electrode
has an exposed area of 0.785 cm?. The measuring setup consists of
a Wenking potentiostat POS 2 (Bank Elektronik) and a National
Instrument PCI-4461 DAQ-card with a built-in anti-aliasing filter.
The applied multisine signal is digitally composed with MATLAB
R2010a software (MathWorks Inc.) MATLAB is also used for
processing the collected data and controlling the DAQ-card. The
perturbation signal applied is a 3 mV RMS variation around the
open circuit potential. The impedance spectrum is acquired in the
frequency range of 0.01 Hz-10 kHz.

2.5. Analysis of ORP-EIS data

The data analysis provided by the ORP-EIS technique enable to
check whether the impedance data have a good signal-to-noise
ratio and fulfil the conditions of stationarity and linearity,
necessary for correct experimental impedance data [46].

Equivalent electrical circuits (EEC) are used for modelling the
experimental data. The complex modelling residual, which is the
difference between the best model and the experiment, is
considered to assess the quality of the fit. The EEC modelling is
validated based on the following criteria: (1) the model is
physically plausible; (2) the modelling residual is low with regard
to the noise level; (3) the estimated parameters are physically
explicable and have a low standard deviation.

3. Results
3.1. Preliminary electrochemical characterization of PPy/Fe

Prior to the degradation study, the corrosion properties of the
PPy, and PPy, coatings are evaluated by potentiodynamic
polarization of the freshly prepared PPy/Fe materials in aqueous
solution of PBS (pH 7.4) at 37 °C (Supplementary contents, Figure
B). Polarization is commonly used to assess the initial electro-
chemical properties of metals coated with conducting polymers
[32,35]. The corrosion potential and current of both PPy;/Fe and
PPy,/Fe and bare iron are presented in Table 1. A more noble
corrosion potential and a lower corrosion current for the coated
iron than for the bare iron indicate that PPy can lower the corrosion
rate of iron. Depending on the type of coating, such protection
differs; PPy; exhibits better corrosion properties compared to the
thinner PPy, coating. The different corrosion properties observed
initially with the polarization measurements anticipate the
diverging corrosion behaviour of both coatings. The long term
impedance study will enable understanding the electrochemical
processes involved.

During the EIS study, the evolution of the open-circuit potential
(OCP) is also analysed. The OCP is recorded before each EIS
measurement of PPy; and PPy, coated iron (Fig. 1). For bare iron
the evaluation of the OCP is also done for comparison. A sudden
drop of the potential can be seen just after the immersion of the
electrodes in the PBS solution. Such behaviour can be associated
with the ingress of the solution through the polymer pores to the
iron surface [39,47,48]. The OCP evolution differs depending on the
studied material. In the case of bare iron, after the initial drop, the
potential slightly decreases and approximately after 14 h it starts to

Table 1
Corrosion properties of PPy, [Fe, PPy,/Fe and bare Fe, evaluated by potentiodynamic
polarization.

PPy,/Fe PPy,/Fe Bare Fe
EcorrVs Ag/AgClsae [V] -0.029 -0.25 -0.71
icorr [WACmM™2] 2.46 12.25 14.41

0.0 a PPyJFe
i -— PPy,/Fe
0.1 . —— bare Fe

-0.24
-0.34

-0.4

OCP vs Ag/AgCI/ V

-0.54

-0.6 4

L S DL A SN R N NELE NLAN NULEN R N NN N N B
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
immersion time / h

Fig.1. Evolution of the OCP with time for PPy, and PPy, coated iron and bare iron in
PBS solution (pH 7.4) at 37 °C. Inset: initial increase of the OCP for the PPy, coated
iron.

increase. This is related to the iron passivation process and the
formation of different kinds of iron oxides and salts on its surface
[32,49]. These inhibit the active corrosion of iron up to
approximately 150 h.

The coated iron presents a different behaviour, which, in turn,
depends on the characteristics of the coating. The OCP for PPy, /Fe
decreases until approximately 72 h. After this time, it starts to
increase and then remains stable up to 2 weeks of immersion
(=0.55V). In the case of the PPy, film, the potential after the
sudden drop starts to increase up to approximately 7 h (see inset in
Fig. 1) and then it decreases with the immersion time. After 144 h
of immersion, it reaches a stable value (—0.6V). The increase of
OCP for both types of coatings, suggests that PPy films have certain
ability to self-repair [22]. It can be seen that both PPy coatings can
provide the protection of the iron until approximately 72 h. Later
on, the PPy/Fe materials are more prone to corrode compared to
bare iron, which is indicated by a decrease of the OCP. That might
imply that PPy coatings are able to enhance the Fe degradation, as
it was noted by Rammelt et al. [13]. Based on the OCP analysis, the
thinner coating PPy,, with the worse initial corrosion parameters
(Ecorn icorr)» Seems to make the iron more likely to degrade.

3.2. Degradation of PPy/Fe analysed by ORP-EIS

ORP-EIS measurements are performed in order to evaluate the
electrochemical degradation of both types of coatings. Figs. 2 and 3
present the ORP-EIS spectra of PPy; and PPy, coated iron,
respectively.

The impedance data clearly show the evolution over time of the
PPy/Fe material. Moreover, the EIS behaviour between the PPy, and
PPy, coatings differs. In the case of the PPy, coating, the impedance
modulus |Z| decreases during the first 50 h, then it evolves steadily
until 125 h; after this time the system becomes relatively stable
(Fig. 2). For the PPy, coating, |Z| decreases from 6 h to 140 h; then a
continuous increase of |Z| is seen, particularly at the low
frequencies (Fig. 3). The EIS curves suggest that the system may
be characterized by three time constants.

3.3. Reliability of the experimental EIS data

The modelling of the experimental EIS data can only be
performed if the conditions of linearity and stationarity are met
[46]. The quality of the measurements is assessed by the analysis of
the levels of noise. In Fig. 4, the experimental curve and noise level
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Fig. 2. Bode modulus (a, c) and Bode phase angle (b, d), as a function of immersion time for the PPy; coated iron in the PBS solution (pH 7.4) at 37°C.

are presented together with the modelled curve and modelled
residual for selected EIS spectra of the PPy;/Fe and PPy, /Fe
systems.

It can be seen that all curves related to the noise level, non-
stationarities and non-linearities coincide for both systems.
Similar characteristics are obtained for the whole dataset recorded.
It proves that the EIS data are measured preserving the conditions
of linearity and stationarity, which confirms the reliability of the
EIS data.
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3.4. Modelling of the impedance data: fitting and estimation of the EEC
parameters

Once the quality of the experimental data is confirmed, the
modelling can be performed. Impedance experiments of PPy, and
PPy, coated iron are modelled using the equivalent electrical
circuit in Fig. 5. It is shown together with a scheme of the PPy/Fe
system to display the correspondence between the circuit
elements and the different layers of the material.
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Fig. 3. Bode modulus (a, ¢) and Bode phase angle (b, d), as a function of immersion time for the PPy, coated iron in the PBS solution (pH 7.4) at 37°C.
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Fig. 4. Experimental and modelled impedance and noise levels of the degradation of the PPy/Fe materials: PPy, /Fe (a); PPy,/Fe (b); PPy,/Fe with diffusion contribution (c).

In the proposed equivalent circuit, R, corresponds to the sum of
the solution and polymer film resistances [39,50]. The time
constant CPE.-R;, corresponds to the polymer/solution interface. It
is characterized by Rp,, which is the pore resistance, and CPE., which
represents the constant phase element of the coating. The CPEg ;.-
Rre/i. component is related to the Fe/IL interface between iron and
iron interlayer. The passivation layer, called here interlayer (IL), is
formed on the metallic surface prior to the electrodeposition of the
PPy on the iron [8,22,28]. It is described by the charge transfer
resistance of the dissolution of the passivation layer, Rge., and the
constant phase element of the corresponding interface, CPEge/
[24,40]. The CPEppy re-Rppy re cOrresponds to the reactions between
PPy/Fe; Rppy/re and CPEppyr are related to the charge transfer of the
reaction between the polymer and the metal.

In the case of the PPy, coating, for the measurements after 117 h
the proposed EEC insufficiently reflects the measurements. An
alternative model is used, where a Warburg element is added in
series with the resistance in the CPEppyre-Rppy/re Subcircuit. The
Warburg element accounts for the diffusion of the doped salicylate
anions or species formed during the material degradation and its
impedance is described by
2o o

(o)
where A,, is the Warburg coefficient, w is the angular frequency
andj is the imaginary number. This modification is not necessary to
model the PPy, coating behaviour.

A CPE is commonly employed instead of a pure capacitor to
compensate the inhomogeneities and non-ideal capacitive behav-
iour of conducting polymer modified electrodes [22,25,28,51]. The

impedance of a constant phase element Zqpg is formulated with

1
Zcpe QG 2)

When the exponent « approaches 1, the CPE represents an ideal
capacitor and Q corresponds to the capacitance. Here, the « value
for CPE., CPEppy re and CPEge. do not approach 1, which excludes
the use of a pure capacitor.

In Fig. 4 it can be seen that the modelled impedance curves
match adequately the experimental data for both PPy coatings.
Similar results are obtained for all experiments. In order to
properly asses the quality of the modelling, the complex residual is
compared to the noise level. It can be observed that for both type of
coatings, the residual overlaps the noise level almost in the whole
frequency range. The model proposed for the last impedance
spectra of the PPy,/Fe system also matches the experiment
(Fig. 4c).

The circuit parameters and their standard deviations are
determined for every experiment. The relative standard deviations
for all parameters are, in general, below 3% and never exceed the
15%. The evolution of the resistive and capacitive parameters over
time is presented in Figs. 6-8 with the errors bars representing the
parameter standard deviations. The parameter values are given
with regard to the geometrical area of the electrode.

Generally all resistances, except Rppy/r, decrease during the first
hours after immersion for both coatings. It is due to the fact that
the sample starts to interact with the solution, which penetrates
the coating through the pores towards the iron surface [40,45]. This
initiates the corrosion processes on the metal. Further on, all
resistances evolve differently. The film and solution resistance (R,),
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Fig. 5. Equivalent electrical circuit of schematically represented PPy coated iron used to model the EIS data.

for both types of PPy coatings, increase with immersion time model proposed by Beck et al. [52]. They observed that, just after
(Fig. 6a), indicating that the PPy film is gradually reduced from the the immersion, the polymer starts to reduce (dedoping process),
electroactive oxidized conducting form to the electro-inactive with a simultaneous release of the anions incorporated into its
insulating form [9]. Such behaviour confirms the auto-dedoping structure during the electropolymerization. This process was also

100
(@) o PPy,Fe (5] o PPy/Fe
901 O PPy,/Fe 10004 O PPy,Fe
80+ R
. 704 . .
5 60 £ 100{ .
o] a L
~, 50 > LS
o o 88, "280aa
404 @ PP engneaaaaraauaag
. oanocEERAtELggaassRenaEOssn 104 * o
R
0 48 96 144 192 240 288 336 0 48 96 144 192 240 288 336
immersion time / h immersion time / h
2500(c) o PPy,/Fe 25004 (d) : %
O PPy/Fe 10z %1
2000{ =, & 2000 %HHT%T%HHH Mot
o 57
o 8
S 1500 § 15004 I a
© a T o
= s =, 1000+ &P%u
L 10004 ¢ ¢ o FTETE
o b . © 500{ ° )
5004 €, . O PPy /Fe
P osngron .2 g
N R 0] O PPy/Fe
0 48 96 144 192 240 288 336 0 48 96 144 192 240 288 336
immersion time / h immersion time / h

Fig. 6. Evolution of the resistive parameters over time for PPy; and PPy, coated iron.
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noticed by other authors [25,34,39,47]. It also has to be noted that
R, is higher for PPy, /Fe than for PPy,/Fe over the whole study, as a
consequence of the thicker film.

The rapid decrease of the pore resistance R, is related to the
penetration of the solution into the micropores of the coating
[24,39]. Later on, the values of this resistance become constant,
reaching a plateau and pseudo-plateau for PPy; and PPy,,
respectively. For the PPy, coating, this occurs earlier due to the
faster ingress of electrolyte, caused by the lower thickness of the
film (Fig. 6b). From approximately 96h the decrease and then
increase in R, for PPy, can be observed. These can be due to the
diffusion of salicylate anions within the polymeric film, which
change the conductivity of the solution in the pores. The coating
capacitance Q. rises regularly with time (Fig. 7a). This is related to
the slow and progressive electrolyte uptake by the polymeric film.
It can be noticed that the increase is virtually the same for both
coatings, which might indicate a similar rate of the solution uptake
processes.

As for the Reei-CPEge . component, in Fig. 6¢ it can be seen that
Rreyi for the PPy; and PPy, coatings diminishes until 72 h and then
remains constant. From 144h, the Rgy for the PPy, starts to
increase. The decrease of Rre is associated with the progressive
dissolution of the passivation layer by the electrolyte moving
towards the Fe surface [24,25]. After certain time, Rr. reaches a
stable value (Fig. 6¢), likewise Qg for PPy,/Fe (Fig. 7b). On the
contrary, the Qg value for PPy,/Fe is nearly constant until
approximately 96h of immersion (Fig. 7b). After this time, an
increase is observed, which might be related to the larger active
surface due to the breakage of the film. From 144 h a decrease of
Qre/n for PPy, /Fe is observed. The latter and the coincident increase
of Rre/i could be related to the repassivation of iron.

Regarding the elements that represent the PPy/Fe reactions, the
charge transfer resistance Rppy/r. for the PPy, coating rises from the
start and, it stabilizes approximately after 144 h. The increase of
the charge transfer resistance Rppyre is due to the hindered reaction
between the polymer and the metal. For the PPy, coating, the
resistance slightly increases at the beginning and it quickly reaches

a plateau, with a significantly lower value than the steady value of
the thicker PPy; coating. After 96h, this resistance starts to
decrease.

Qppy/re for PPy /Fe increases at the beginning after immersion.
Further on, it decreases and remains constant. In the case of the
PPy, coating, the time to reach the steady value is shorter. Yet, after
60h Qppyre rises steeply; this is caused by the swelling of the
polymer, which, in turn, enlarges the exposed surface area.

For the PPy, coating, from 117 h a Warburg element is added to
the EEC to model the diffusion of the doped salicylate anions or
corrosion species, such as different kinds of iron oxides and
hydroxides. As displayed in Fig. 7d, the Warburg coefficient A,
augments until 150 h. Its increase indicates that the diffusion of the
species is inhibited [24]. Further on, the Warburg coefficient drops,
as a consequence of the easier diffusion due to the dissolved
corrosion products.

For conducting polymers, the use of CPE can be linked to a
surface distribution of properties, related to the material
roughness and the porosity of the films [22,28,48]. Fig. 8a-c
present the « values of CPE, CPEge)i. and CPEppyre, respectively. In
general, the « values correlate with the observed behavior of the
corresponding Q parameters (Fig. 7a—c). For the CPE of the coating,
o fluctuates between 0.7 and 0.8 for PPy/Fe,. Higher values of « are
found for the thinner PPy,, yet their values are more scattered.
Similarly, Zalewska et al. observed lower values of «. for thicker
PPy films [53]. In the case of the Fe/IL interface, o varies between
0.65 and 0.9 for PPy/Fe; and starts to stabilize after 48 h with values
around 0.75. Similar values are seen for PPy/Fe, until 117 h, when o
diminishes to 0.5-0.55, in parallel to the high increase of QL
(Fig. 7b). appyre shows the largest variations for PPy/Fe,,
particularly before 96 h, as it is also seen for Q (Fig. 7c), and it
finally reaches a steady value around 0.82. Values around 0.9 are
obtained for PPy/Fe, until 96 h, when appy/r. decreases down to
0.65. The decrease of o may indicate an increase of the film
microporosity. At the beginning the ingress of solution causes the
degradation of the polymeric film, which is seen as a diminution of
«. The subsequent increase of this parameter is due to a lower
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Fig. 8. Evolution of the o parameter over time for PPy; and PPy, coated iron.

microporosity caused by the expected shrinking of the reduced
PPy. A steady value of « is reached due to the deposition of
degradation products in the polymer pores.

4. Discussion

The study of two types of PPy coatings with a priori different
corrosion properties provides a better understanding of the
phenomena and mechanism of electrochemical degradation of
iron protected with polypyrrole films. The evaluation of the
parameters that describe the impedance experiments indicates
that the degradation mechanism occurs in several stages:

e At the beginning, the redox processes occur between PPy and the
solution, as it was also reported by other authors [24,25,39].
Because of its electroactive nature, PPy gradually reduces in
contact with the solution and salicylate anions are released,
according to the following reaction:

[Ppnyr (C7H5037)y]n + nye’ A (Ppy)n + 1—1yC7HSO:’yi (l )

This can be seen as an increase of R,, since it includes the film
resistance.

e Then the solution penetrates the coating through the pores and
the passivation layer formed during the polymerization is
progressively dissolved. Subsequently, the electrolyte reaches
the iron surface, where active corrosion is initiated; thus Rpe
and Rppy/re decrease. This process is promoted by the polymer
reduction. The degradation of the passivation layer results in the
enhancement of the iron degradation, which can be seen in the
OCP evolution (Fig. 1). Without the stable passivation layer, the
degradation of iron is accelerated. Since the PPy film is porous,
less noble Fe substrate corrodes much faster. It is related to the
fact that iron exposed at the pores becomes anodic while a vaster
area of the PPy film becomes cathodic, leading to localized
corrosion [13].

Coinciding with the time when Rg.; reaches a constant value, a
sudden drop of the OCP occurs. From that moment on, the
decomposition of the protective layer results in a lower potential of
the coated iron compared to the OCP of bare iron.

e The corrosion process is then inhibited by the formation of
corrosion products on the bottom of the film pores. Those are
different kinds of iron oxides and hydroxides, which isolate
partially the substrate from the corrosive medium [28,32,41,42]
(see Supplementary contents, Figure C). Therefore, although the
PPy/Fe degradation is first accelerated, it evolves in a steady
manner. This effect is confirmed by the stable values of the OCP
(Fig.1) and, in the case of PPy, /Fe, the « parameters (Fig. 8a-c) as
well. Moreover, the deposited iron oxides hinder the electron
transfer between the metal and the polymer, with a consequent
increase of Rppyre (Fig. 6d).

Therefore, after certain immersion time, the stable degradation
is attained for the PPy, /Fe, which is proved by the evolution of the
OCP (Fig. 1) and the circuit parameters (Figs. 6 b-d, 7 b-c, 8 a-c).
On the contrary, the stabilization of the PPy, /Fe system due to the
deposition of the corrosion products at the PPy/Fe interface occurs
only until a certain immersion time. The charge transfer reaction
between the polymer and the iron is inhibited initially; yet, longer
immersion causes the anodic dissolution of the newly formed iron
oxides, making the corrosion of PPy/Fe proceed [24]. This is seen on
the behaviour of Rppyr (Fig. 6d), which is in agreement with the
evolution of the OCP (Fig. 1) and the capacitive parameters of the
PPy,/Fe (Figs. 7c and 8c). Later on, the diffusion starts to dominate
the electrochemical phenomena at the PPy,/Fe interface. The mass
transport could be related to either the movement of the corrosion
products from the iron through the coating [24] or the salicylate
ion transport across the PPy film [53]. A diffusion process was
observed for poly(o-ethylaniline) coatings on copper after a certain
immersion time [24]. Zalewska et al. also reported that only for
films thin enough the diffusion processes can be observed [53]. The
further immersion leads either to increase of the Rg (Fig. 6¢) or
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decrease of Qg and Ay, (Fig. 7b and d), which could be associated
with the repassivation of the iron.

The differences observed in the electrochemical behaviour
between the PPy, and PPy, coatings are due to the film properties,
which determine their corrosion performance. The polymer
properties can be designed by the electrosynthesis procedure.

The trends in the evolution of the parameters, which are
established from the quantitative analysis of the impedance data,
describe the stages of the PPy/Fe material. The assessment of the
different phases of the material’s degradation is based on the
reliable EIS modelling. Thus, the current approach provides a solid
interpretation of the electrochemistry of PPy coated iron.

From the present study, it can be concluded that a dedicated
selection of the polymerization conditions enables engineering the
material to have a desired biodegradation rate. Therefore, the
degradation of the PPy/Fe material system can be tailored for a
possible medical application. PPy is a promising candidate as
coating that could first inhibit the corrosion of the metal and then
enhance it, with the simultaneous and continuous release of anti-
inflammatory salicylates.

5. Conclusions

The degradation of electropolymerized PPy coatings on iron in
PBS at 37 °C has been studied by odd random phase electrochemi-
cal impedance spectroscopy. It is shown that PPy synthesized from
a solution of pyrrole and sodium salicylate can provide the
corrosion protection of iron. The modelling with electrical
equivalent circuits provides the quantitative description of the
electrochemical behaviour. The reliable estimation of the param-
eters over long term experiments is obtained for the first time. In
this way, a solid description of the degradation performance of the
PPy/Fe material is attained. It can be concluded that depending on
the electropolymerization conditions, and, therefore, on the
coating properties, the deterioration of the coated iron evolves
differently. Therefore, the degradation of the PPy/Fe material can
be tailored by a dedicated design of the electropolymerization
procedure. Here, it is found that PPy coatings synthesized under
certain conditions inhibit the corrosion of iron at the beginning of
the immersion; but later on, they enhance the degradation of the
material in a steady manner. This characteristic is very desirable in
the case of medical applications, such as biodegradable metallic
cardiovascular stents.

Future work will include the study of the salicylate release
during the degradation of iron coated with polypyrrole. Also, in-
situ ORP-EIS will be conducted during the electropolymerization in
order to study the role of the passivation layer in the PPy synthesis
on Fe. In the view of a possible medical application, longer
degradation study should be also carried out in order to assess how
the remaining PPy and its degradation products behave in the long
term.
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