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Abstract

Octadecylamine is a well-known organic inhibitor for carbon steel protection for
industrial boilers functioning at various temperatures in alkaline media. In the present study,
we focus on the analysis of electrochemical impedance spectroscopy (EIS) data to extract
physical parameters of the ODA thin film that forms on a P275 carbon steel surfaces. First,
surface observations and contact angle measurements showed clearly the modification of the
surface after treatment linked to the adsorption of an organic translucent and hydrophobic thin
film. X-ray photoelectron spectroscopy (XPS) confirmed the presence of a very thin covering
organic layer and shows the presence of iron oxide underlying the ODA film. The EIS data
analysis allows the determination of physical parameters considering an in-depth power-law
distribution of resistivity in the dielectric film. The values of the permittivity and thickness of
the film are extracted. Finally, the in-depth resistivity profile have been calculated. It

highlights a high resistivity value corresponding to the thickness of an ODA monolayer.
Keywords
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1. Introduction

During shutdown periods of pressurized water reactors (PWR) for maintenance
operation, corrosion phenomena can appear due to oxygen entrance. Use of environmentally
friendly corrosion inhibitors such as film-forming amines (FFA) is a promising approach to
reduce or to stop the corrosion of carbon steel, which constitute the major part of the PWR
secondary circuit [1,2]. A key benefit of film-forming amines is to improve the corrosion
protection during frequent startups and shutdowns of the PWR and, as a consequence, high
steam quality can be obtained quicker during startup, leading to significant economic
repercussions [1]. Even though FFA have been used successfully for decades to treat boiler
feed water in industrial power plants [3], its behaviour is not well understood as well as the
physical characteristics of the film formed on the carbon steel surface. Octadecylamine
(ODA), CH3(CH2)17NHa, is a well-known FFA that has been used as corrosion inhibitor for
steel in nuclear power plants and fossil fuel power plants for years [1,4-11,3,12]. The
molecule has both a hydrophilic head and a hydrophobic tail, which after film-formation
creates a physical barrier that impedes water, oxygen or other corrosive agents to reach the
metal surface and also probably impedes dissolution of iron from the material. The protective
film is often described as a monolayer formed on the steel surface [2,9,13,14] but no proof of
the film thickness has been provided. The determination of the film thickness would be of
great interest to better control the ODA addition in the circuit. However, in situ determination
of the thickness of organic ultra-thin films on non-ideal surfaces such as metallic substrates
remains quite challenging [15-17]. Mechanical and optical profilometry are not sensitive
enough to investigate the film thickness at a submicrometric scale. Other optical techniques,
such as ellipsometry, require the knowledge of physical quantities (refractive index, for
example) and the use of modeling to extract the film thickness from the experimental data.

Atomic force microscopy (AFM) can be used for measuring very thin film thickness but the



measurements are strongly sensitive to the substrate roughness. For an ODA film deposited
on mica, Patil et al. [18] have measured a thickness of about 20-30 nm by AFM in humid
conditions. On the other hand, spectroscopic techniques such as Xx-ray photoelectron
spectroscopy (XPS) and secondary ion-mass spectroscopy (SIMS) are powerful ex situ
techniques that allow surface characterization and thickness measurement at a nanometric
scale. However, the erosion rate, which depends on the material, must be known for an
accurate thickness determination.

Electrochemical impedance spectroscopy (EIS), is a widely use technique for the assessment
of corrosion protection by inhibitors or coatings. This technique allows in situ measurements
in controlled experimental conditions which can be representative of real environment
[19-23]. Recently, good agreement has been found between results obtained from EIS data
and XPS analysis for the determination of a thin passive oxide layer film thickness [24,25].
The aim of the present work was to determine the thickness of an ODA film formed on a
carbon steel surface at 80 °C in an alkaline solution representative of the PWR secondary
circuit. First, the film formed on a carbon steel electrode was characterized by ex situ
observations and XPS analysis. Then, the EIS diagrams obtained in the presence of ODA was
modelled to determine the film thickness and other physical parameter (e.g. permittivity).
From the impedance diagrams obtained at the corrosion potential with and without ODA, the

inhibitor efficiency for the corrosion protection of the carbon steel was determined.



2. Impedance diagrams analysis

The impedance results are usually analyzed by using electrical equivalent circuits (EEC).
However, it is observed that resistances and capacitances, which are associated with different
steps of the corrosion process, inhibitor or coating properties do not accurately describe the
experimental impedance data. In these cases, constant phase element (CPE) were used instead
of capacitance to take into account the non-ideal behaviour of the system. The CPE

impedance is expressed in terms of model parameters o and Q as:

1 .
Zcpg = (G0)Q (Ea- 1)

It is possible to graphically determine the o parameter by plotting the logarithm of the
imaginary part of the impedance with respect to the logarithm of the frequency (Eqg. 2) [26].

Then, Q is expressed as a function of a and impedance data with the following relationship :

_ dlog(~Z) (Eq.2)
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However, the CPE parameters have no physical meaning and, in the case of a 3D dielectric
layer at the surface of a conducting electrode, cannot be directly related to the physical
properties of the layer. In the case of oxide films or organic coatings, the complex capacitance
representation can exhibit the effective capacitance of the dielectric layer [24,27]. An ohmic
drop correction is necessary to properly study the dielectric properties of the system at high
frequency, that may be hidden by the electrolyte resistance contribution.

The latter is obtained by extrapolation at high frequency on the real axis on the Nyquist plot.
The complex capacitance plots corresponding to EIS data is obtained using the following

transformation (Eq. 4).



1 (Eq. 4)
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with C, the capacitance as a function of w = 2nf. Z, the impedance data and Re, the
electrolyte resistance. The thickness of the dielectric layer can then be calculated using the
following relationship :

Cy

& is the permittivity of the film, &y, the permittivity of vacuum, C¢, the effective capacitance

of the film determined from the extrapolation at high frequency and 4, its thickness.
Power-law model

Recently, different studies suggested that the origin of the CPE behaviour observed with
oxide films or organic coatings may be the consequence of a normal distribution of their

resistivity along the film thickness according the model developed by Hirschorn et al. [28,29].

The resistivity p(§), with & = %, is expressed (Eg. 6) as a function of the thickness of the

layer &, the depth x in the layer, the limit values of the resistivity po and ps at the interfaces

x =0 and x = § respectively and y which is derived from the CPE parameter a such as a =

r-1
o
-1 Eq. 6
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For a frequency f <2n; o the corresponding impedance can be determined using an integral
0
expression (Eq. 7).
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Regression of EIS data with the power-law model allows the extraction of physical
parameters related to the film such as the permittivity, the thickness and the resistivity at the

interfaces, which are not easily accessible by other techniques.

According to the power-law model, values of the CPE parameters are correlated to the

physical properties of the film [28] using Eq. 8.

_ (egp)” (Eq. 8)
 g6psm

With g a function depending on a given by Eqg. 9 and ps the resistivity at the interface

film/electrolyte as discussed above.

g=1+2.88(1—a)?375 (Eq. 9)

The resistivity at the metal/film interface p, can be calculated using Eg. 10 with the
characteristic frequency f, determined at the maximum of the imaginary part of the

impedance.

1 (Eq. 10)
 2megyf,

Po

In this paper, impedance results in the presence of ODA were analyzed in two successive
steps in order to estimate the film thickness. The first approach was based on the graphical
method, independent of any physical model [24,26,27]. The second approach was focused on
the use of the power-law resistivity model developed by Hirschorn et al. [28,29]. The
agreement between graphical estimated parameters and fitted parameters was verified in order

to validate the model.



3. Experimental

3.1. Materials

The P275 low carbon steel was supplied by EDF (France) as representative material of
PWR. It composition is reported in Table 1. The steel sample was machined to obtain a
cylindrical rod of 1.13 cm in diameter (surface area = 1 cm?). The lateral part of the rod was
covered with a heat-shrinkable insulating sheath, leaving only the tip of the carbon steel in
contact with the solution. Before the deposition step, the surface was wet ground with silicon
carbides (SiC) papers down to grade 4000, cleaned ultrasonically with ethanol, rinsed with

deionized water and dried.

The chosen FFA was octadecylamine (ODA) in the form of ODACON®, a commercial
emulsion (= 50 g/L FFA) supplied by REICON™ mainly constituted of ODA and

hexadecylamine (HDA) in smaller proportion.

The test solution was prepared from analytical grade Na,SO4 10° M and deionized water in
equilibrium with air ([O2]2s -c = 8 mg.kg™). pH was adjusted at 10 with ammonia. The choice
of this medium was based upon its low electrical conductivity, close to that encountered in
industrial water circuit, its low corrosiveness toward carbon steel and because it is an easily
reproducible baseline solution. The same solution was used for the deposition step and for

electrochemical analysis.
3.2. Deposition conditions and film formation

The deposition conditions were determined from a preliminary experiment. In the
present study, the ODA film was formed with the following parameters (Table 2). With these
parameters, a complete and protective ODA film was formed on the carbon steel surface in

less than 30 minutes.



3.3. Surface characterizations

Optical observations were performed with a binocular loupe and an Olympus PMG3
optical microscope. The contact angles were measured using a Digidrop Contact Angle Meter
from GBX Scientific Instruments. The protocol consisted in depositing a deionized water drop
of an accurate volume of 2 puL on the sample surface (bare metallic surface or treated surface
with ODA) and then measuring the static contact angle (0) 60 s after the deposition. The
contact angle value was obtained by calculating the slope of the tangent to the drop at the
liquid-solid interface thanks to the GBX software. To assess the homogeneity of the surface
properties, 20 measurements were performed on different locations on the samples surface
and the average contact angle was calculated with the standard deviation. All the experiments

were performed at room temperature.

The chemical composition of the film formed on the carbon steel surface was
determined using XPS analysis with a K alpha Thermo Scientific Spectrometer on two
different samples treated in the same conditions. The specimens were irradiated with a Al-Ka
radiation (hv =1486.6 eV) from a monochromatized source and the X-ray spot was
approximately 400 um in size. Angle-resolved measurements were made at a take-off angle
© = 90° (e.g. normal to the sample surface). The pass energy for the surveys was fixed at
160 eV and at 40 eV for high resolution spectra. The spectrometer energy calibration was
made using the Au 4f 7/2 (83.9 £ 0.1 eV) and Cu 2p 3/2 (932.8 = 0.1 eV) photoelectron lines.
XPS spectra were recorded in direct N(Ec). Background signal was removed using Shirley
method. The binding energy scale was established by referencing the C 1s value of

adventitious carbon (284.9 = 0.1 eV). The photoelectron peaks were analysed by



Gaussian/Lorentzian (G/L = 30) peak fitting. Flood gun was also applied for avoiding charge

effects.

3.3. Electrochemical measurements

The electrochemical cell used was a conventional three-electrode cell with a saturated
sulfate reference electrode and a platinum grid as counter electrode. The working electrode
consisted of the carbon steel. The rotation rate was fixed at 500 rpm. Electrochemical
impedance measurements were performed using a Solartron 1286 electrochemical interface
connected to a Solartron 1250 frequency response analyzer. Impedance diagrams were
obtained under potentiostatic regulation at the corrosion potential (Ecorr) in the frequency
range of 65 kHz to 10 mHz with 8 points per decade, using a 15 mVms sinusoidal voltage.
Impedance data beyond 6.5 kHz were not taking into account due to experimental artifacts,
which origin have been described by Tran et al. [30]. The validity of the EIS was checked
with Kramers-Kronig transform using the Lin-KK tool [31-33]. Data modeling was carried
out using a non-commercial software developed at the LISE CNRS (Paris), based on a

simplex method.
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4. Results and discussion

4.1. Morphology and hydrophobicity of the surface film

Fig. 1 shows the sample surface after the treatment at 80 °C with and without ODA.
Without ODA, corrosion products with the shape of hydrodynamic pattern are observed
(Fig. 1a). In the presence of ODA, the carbon steel surface is not attacked but covered with a
film (Fig. 1b). White clusters with dimensions between 0.1-5 um are clearly observed all over
the electrode surface (Fig.1b). Raman spectroscopy analysis (results not shown) have
revealed that the clusters are made of bulk ODA. The whole carbon steel surface is assumed

to be covered with a thin layer of ODA.

Contact angle measurements were performed on the bare carbon steel surface and on
the ODA treated sample. The results are shown in Fig. 2. For the bare steel, the surface
presented a hydrophilic character with a contact angle of 39° = 5° (Fig. 2a). After treatment
with ODA, the measured contact angle (Fig. 2b), is 93° £ 2° showing that the surface lost its
hydrophilic character, which is a well-known effect of ODA adsorption [1]. The contact
angles, are identical all over the surface, indicating that the hydrophobicity of the film was

constant whatever the form of ODA (thin film or aggregates).
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4.2. XPS analysis

Fig. 3 shows the surveys spectra for the carbon steel surface before (Fig. 3a) and after
the ODA treatment (Fig. 3b). They were obtained on four different locations on two samples.
On Fig. 3b, the Fe, O, C and N signals are observed and the spectra are superimposed
showing a homogeneous coverage of the film and a good reproducibility of the deposition
process. Nitrogen peak is not observed on Fig. 3a, and in contrast, the intense peaks of N and
C on Fig. 3b are associated to the presence of the ODA film. Fig. 4 displays the high
resolution spectra of C 1s, Fe 2p3/2, N 1s and O 1s. The binding energies for the different
signals are summarised in Table 2 as well as the chemical composition of the surface (in at.

%), calculated from the peak area.

The N 1s spectrum displayed two peaks at 399.5 eV and 401 eV which were identified
as NH; [34-37] and NH3* [17,38] respectively. The bonding energy difference between NH;
and NH3" (1.6 eV) is in agreement with previous studies [38]. The same value of binding
energies have been reported for NH: in the case of metallic Ag and Pd substrates:
CH3NH>/Pd[34], CH3CH2NH2/Ag [35], NH2(CsH4)O(CeH4)NH2/Ag [36] and graphene oxide
(GO) substrate: ODA/GO [37]. The C 1s spectrum displayed three peaks, the first one at
285 eV corresponds to the aliphatic bonding C-C of the ODA molecule [37]. The one at
286.1 eV is linked to a mixture of C-O and C-N bondings [39]. The peak at 288.3 eV is
characteristic of C-N bonds in amides and O=C-O bonds [37] which are probably originated
from surface pollution. The Fe 2p spectrum shows the presence of metallic iron (706.3 eV)
and oxidized iron (beyond 708.0 eV). An oxide film was assumed to be formed at the carbon
steel surface after the polishing step. Thus ODA adsorbed on a thin iron oxide/hydroxide
layer, probably Fe>Os or FeOOH formed in the aerated test solution, and not directly on the

bare carbon steel surface. Finally, the O 1s peak, located in a binding energy range from 529.7
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eV to 532.4 eV, is mainly attributed to O% in the form of iron oxides [39], iron hydroxides

OH [40] and surface pollution.

The % ratio, calculated from Table 3, after the deconvolution of the C 1s spectrum was

about 0.042 which was smaller than the expected theoretical value of 0.055. The presence of
carbonated pollution on the surface may influence the measured ratio by increasing the C-C

contribution.

From the XPS analysis, it can be seen that both the signal from the organic film and from the
substrate were observed. This indicates that the film thickness ranges between 2 nm
(thickness of an ODA monolayer) and about 10 nm. This thickness value is due to the short
inelastic mean free path, A, of electrons in condensed materials (about 3 nm). The major part
of the signal is contained in a depth of 3\ [41], and therefore cannot exceed 10 nm. However,
it is important to mention that a spontaneous height reduction, known as “ripening” occurs
when ODA self-assembled layers are in contact with air [18,38,39]. Besides, weakly adsorbed
multilayers that are stable when immersed in the electrolyte may be damaged during the

removal from the solution [16].
4.3. EIS measurements

4.3.1. Graphical method

Impedance spectra of the treated and untreated carbon steel electrodes are presented in
Fig. 5. The Nyquist diagram of the carbon steel after the ODA treatment (Fig. 5a) shows two
depressed capacitive loops. The first loop at high frequencies, between 10! and 10* Hz, can
be linked to the presence of the ODA film, as clearly seen on the phase angle (Fig. 5¢). The
second capacitive loop can be attributed to the processus occuring at the metal/film interface.

It was checked that the second loop was little dependent of the electrode rotation rate
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(diagrams not shown). First, the impedance data analysis focussed on the high frequency
time-constant obtained for the treated ODA sample in order to extract the ODA film

thickness.

Fig. 6 displays the impedance diagram in Bode coordinates corrected from the ohmic
drop of the carbon steel treated with ODA. It highlights a plateau at high frequency on the
phase diagram, characteristic of a pure CPE behaviour, at a phase angle of -68 degrees. The

calculated CPE parameter a, = 68/90 = 0.75.

In order to estimate the film thickness, the complex-capacitance plots were obtained from the
corrected impedance data using Eq. 4. Fig.7 presents the complex-capacitance plot
corresponding to the curves presented in Fig. 6. The extrapolation of the high-frequency data
to the real axis does not allow an accurate determination of the capacitance. However, it is
possible to estimate a capacitance value (Cr) between 0.1-0.2 pF cm™2. Once the film
capacitance is known, the film thickness can be obtained from Eq. 5. The permittivity of the
ODA film is not known. However, in the literature, permittivity values of self-assembled
surfactants were reported and the values were ranging from 2 to 3 [42-47]. A value of 2.7,
found for bulk ODA [47], was used in Eq. 4 to calculate the film thickness. Due to the
uncertainty on the film capacitance determination, the calculated ODA film thickness varied

from 12 to 22 nm.

The high frequency time constant highlight a non-ideal behaviour that can be
described using a CPE (Qf, af). The parameters ar and Q¢ were graphically determined
(Fig. 8). Fig. 8a shows that the absolute value of the dlog(-Zj)/dlog(f) slope, ay, is 0.75, in
agreement with the value determined with Fig. 6. Knowing a; value, it is possible to
determine the CPE coefficient value @y from Eg. 2. The horizontal asymptote provides the

value for the CPE coefficient Q; = 4.14 pF cm? s®% for the high frequency time constant
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(Fig. 8b). Values of af of about 0.75 are linked to normal distributions of time constants
which is expected in the case of the presence of a dielectric film at the surface [48]. Finally,
ps could be framed with the graphically determined values of §, Qf and as by using Eq. 7.
Finally, p, was calculated using Eq. 9 with the characteristic frequency visible at the
maximum of the imaginary part of the impedance visible Fig. 8a, results are presented in

Table 4.
4.3.2. Power-law resistivity of film impedance

The high-frequency part of the diagram (6.5 kHz to 65 Hz) was regressed to the model
(Eq. 7). The best fitted curves is shown as dotted line in Fig. 7. A good fitting is achieved with
a general sum of the deviations between experimental and calculated spectra y*> = 0.36. The
regression procedure provided numerical values of the adjustable parameters ay, po, ps, &
relevant to the ODA film. These values are reported in Table 3 and compared to the
graphically extracted parameters. A good agreement is obtained between the regressed
parameters and the values graphically determined. The film thickness obtained from the

model is equal to 16 nm and the permittivity value is close to the one found in literature.

The values of py, ps and ay obtained from the analysis of the high frequency part of
the impedance diagram were used to calculate the in-depth profile of the steel/film/electrolyte
system (Eq. 6). The result is shown in Fig. 9. A high resistivity area is observed
(po = 1 x 10 Q cm) close to the metal/film interface in the first 2 nm, that corresponds to the
thickness of a close-packed ODA monolayer considering a tilt angle of the ODA aliphatic
chains of roughly 15° [38]. Beyond about 2 nm, the resistivity decreases rapidly to reach a
minimum value of ps of 1.6 x 10° Q cm at the film/electrolyte interface. This result may
indicate a strong interaction between the first layer of ODA in contact with the carbon steel

surface. The additional layers would be less compact due to weaker interactions.
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The ODA film formed on the carbon steel surface is compact and insulating. However,
the low impedance values after treatment indicates the presence of porosity in the ODA film,
leading to charge transfer processes at the bottom of the pores, described by the second
capacitive loop. The CPE behaviour of the carbon steel electrode corresponds to surface
variation of time constant in accordance with a double-layer model. The electric double-layer
is located at the end of the through porosity of the ODA film, on the conductive accessible

electrode surface.
4.3.3. Low frequency behaviour

The CPEq parameters, Qa and aa, the electrolyte resistance Re and the charge transfer
resistance R; for the bare carbon steel sample were graphically determined. In the case of the
treated ODA sample, the CPEq parameters could not be graphically determined due to the
strongly depressed aspect of the second capacitive loop. The latter was fitted with a R//CPE
circuit allowing a proper determination of the low frequency CPE parameters. The parameters
Re, Rt, Qai, and a; are reported in Table 5. A value of a; = 0.44 is obtained for the treated
sample. From the CPE parameters, the effective capacitance can be calculated considering a
distribution of the charge transfer resistances on the electrode surface. The effective
capacitance of the electrical double-layer for the treated ODA sample and the bare carbon

steel were calculated using the following Brug formula :

(a—1)/a

171 1
Cerr = Qi (R_e + R_t)

with Qui the pseudo-capacitance of the electric double-layer, Re the electrolyte resistance and
R: the charge transfer resistance. The effective capacitances were 100 uF cm? and 12 pF cm™

for the bare carbon steel and the ODA treated carbon steel, respectively. The effective
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capacitance of the bare carbon steel electrode is in the order of magnitude of double-layer

capacitance (= 50 pF.cm™) [25].

The ratio of effective capacitances for the bare carbon steel and the treated sample, gives an
insight about the accessible surface at the bottom of the through-pores of ODA film. A value
of 12 % is obtained. R; values were used to calculate the inhibitive efficiency (IE) according

to the following equation :

RIM — R
IEY% = ————
Rénh

x 100

With R = 11720 Q cm?, the charge transfer resistance of the ODA treated sample and
R? = 1175 Q cm? the charge transfer resistance of the bare carbon steel. The efficiency was

90 %, in accordance with the effective capacitance ratio.

We have shown first that the high frequency CPE behaviour of the treated sample can be
successfully described by a power-law resistivity model linked to resistivity gradient due to
the distribution of non-through pores in the ODA layer. On the other hand, the low frequency
CPE was attributed to the electric double-layer at the bottom of the pores. The impedance of
the through-pores is usually represented by a resistance Rpore, associated to the electrolyte
resistance in the porosity. Finally, regarding the previous observations, the EEC commonly
used for organic coatings (Fig. 10), appears appropriate to describe the electrochemical
behaviour of the ODA treated carbon steel. The experimental diagram is in good accordance

with the fitted data (> = 0.32).
5. Conclusions

In this study, optical observations, drop angle measurements and XPS analysis were
performed to highlight the formation of a thin, hydrophobic, ODA film at the surface of
carbon steel electrode covered by a native, thin oxide layer, as shown from XPS analysis. The
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film was scattered with small ODA clusters of various sizes and its thickness in dry and

vacuum conditions was estimated from XPS analysis between 2 and 10 nm.

The analysis presented was based on the use of the power-law model to describe the non-ideal
behaviour of the system and to extract quantitative parameters such as the permittivity of the
film and its thickness. All the regressed parameters are in accordance with graphically
estimated values. The thickness of the film was 16 nm, in the same order of magnitude of the
thickness estimated by XPS analysis. From these results, an in-depth profile of resistivity was
calculated, it highlighted a narrow part of high resistivity corresponding to the thickness of the
first layer of ODA in contact with the carbon steel and an exponential decrease above. From
the low frequency part of the impedance diagrams, it was shown that approximately 10 % of
the carbon steel surface was accessible to the electrolyte, in agreement with 90 % of

efficiency calculated from the charge transfer resistance.

This work, based both on a graphical and a model study, gave new insights and
methodologies for the in situ analysis of organic thin films at conducting surfaces for the
determination of physical parameters of the film, namely the thickness and the permittivity,

that are usually difficult to access by other techniques.

The whole procedure of deposition and study by EIS have been performed with
another carbon steel grade (100C6). The same aspect of impedance diagrams was obtained
showing that ODA covers also other grades of carbon steel thus protecting the surface against
corrosion. Similar regression procedure with the power-law model in the high frequency
domain have shown very close results in term of thickness of the ODA film, permittivity, and
resistivity at interfaces meaning that this procedure is reproducible for analysing ODA thin

films on carbon steel electrodes.
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Table 1: Chemical composition of the P275 carbon steel (EN10028-3).

Element (wt%)

C Si Mn

Cr Mo

Ni

Cu

Fe

P275 NL1

0.16 | 0.4 | 0.5-15

0.3 | 0.08

0.5

0.3

Bal.

Table 2: Deposition parameters for the formation of the ODA film.

ODA concentration 100 mg.kg*
Temperature 80 °C
Rotation rate 500 rpm

PH25 ¢ 10
Time 30 min

Tableau 3: Chemical composition of the treated ODA carbon steel surface obtained by XPS analysis.

Components Binding Energy (eV) FWHM? At. %
C1lsC-C,C-H 285 [37] 1.1 47
C 1sC-N/C-O 286.1 [39] 1.6 3.7

C1s0O-C=0 288.3 [37] 1.5 1.6

O 1s (Fe oxides, OH) |  529.7 - 532.4 [39,40] 1.2 325
N 1s NH: 399.5 [34-37] 1.6 1.6
N 1s NH3* 401.1[17,38,39] 2 0.4
Fe 2p3/2 Oxides 708.0 [49] - 7.6
Fe 2p3/2 Metal 706.3 [40] 1.8 5.6
Total 100
N/C ratio 0.042

& - Full Width at Half Maximum
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Table 4: Estimated parameters and regressed parameters obtained with the power-law model.

€ Po Ps ar s Re

(Q cm) (Q cm) (nm) | (Qcm?)

Graphically | Literature
extracted 2.7[48] | 1x10% | [1.5x10°;2.4x107] | 0.75 | [12;22] | 1080

parameters

Power-law

parameters 2.8 1 x 10% 1.6 x 10° 0.78 16 1080

Table 5: Extracted parameters related from the low frequency capacitive loop of the bare carbon

steel and the ODA treated sample.

Re Rt Qui adl Cesr IE%
(Qcm?) | (Qcm?) | (F.em2s@b) (uF.cm@)
Bare carbon 1157 1178 2.48 x 10 0.7 100
steel
90%
Treated ODA 1080 11720 1.3x10* 0.44 12
sample
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