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This work evaluated a corrosion inhibitor that consists of a mixture of a long chain silanol

and  cerium(III) salt, to protect carbon steel in 0.1 mol L–1 NaCl solution. The inhibitor solu-

tion  was obtained after hydrolysis of the silane in the presence of the cerium salt. The silane

concentration was kept constant at 400 ppm, while the cerium ions variated in 25, 50, and

100  ppm. The electrochemical measurements showed inhibition efficiency (% I.E.) above 96%

for  carbon steel in NaCl 0.1 mol L–1, in the best condition of the mixture of silanol and Ce (III)

ions. The Raman spectroscopy confirmed the presence of inhibitors in the carbon steel sur-

face  even out of the solution containing the inhibitors as a persistent adsorbed film. Contact

angle measurements showed the surface hydrophobicity imparted by the adsorbed corro-

sion inhibitor layer. SVET measurements confirmed that the corrosion inhibitors mixture
ctylsilanol

VET

can  block both anodic and cathodic reactions. The studied inhibitors showed to be more

efficient and/or cheaper than traditional corrosion inhibitors for neutral media.

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

Y-NC
CC  B

.  Introduction

he corrosion on metals can be mitigated with corrosion
nhibitors. Corrosion inhibitors can adsorb on the metallic

urface and blocking the anodic reactions, minimizing the
eduction of the oxidant species or blocking the cathodic
eactions. Usually, the inhibitor excess in the electrolyte
ccelerates the metal dissolution, due to their irregular and
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E-mail: fernando@deq.ufmg.br (F. Cotting).
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238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is a
reativecommons.org/licenses/by-nc-nd/4.0/).
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

disordered adsorption on the metallic surface [1–4]. There are
many  papers in which corrosion inhibitors have been evalu-
ated in acidic media [5–8]. Nevertheless, there is a deficiency
in studies with corrosion inhibitors for neutral media, which
is very important, once this electrolyte represents most envi-
ronments away from the sea.

The studies for more  effective corrosion inhibitors – in
the past decades – led to the development of more  complex
substances, which are very harmful, for example chromium

compounds and arsenic salts. Therefore, new less harmful
and green corrosion inhibitors have been developed [1,2].
The green chemistry, using corrosion inhibitors extracted
from vegetables, is a good strategy to keep away from harm-

n open access article under the CC BY-NC-ND license (http://
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ful substances; nevertheless, this route can be limited, once
the vegetables are consumed in humans’ diet. In this direc-
tion, silanes are substances of low toxicity [9], which after
suffering hydrolysis reaction incorporate in their chain OH
groups, resulting in the so-called silanols. When a substrate
has hydroxyls groups on its surface, the silanol is capable of
adsorbing on this substrate by interacting by hydrogen bonds
with these –OH groups creating a protective adsorbed barrier
layer against corrosion and subsequent formation of siloxane
bonds during the curing process of the final film [9–20], when
it is the case of pre-treatments. There are few studies using
silanes as corrosion inhibitors [21] since the vast majority of
studies employ silanes as a pretreatment to form thin films
on a metallic surface.

The rare earth salts (RES), especially of lanthanum and
cerium, are also an alternative against corrosion for metallic
surfaces, like silanes, they present low toxicity and a good per-
formance in inhibiting corrosion of different metals, mainly
in neutral solutions [22–28]. These salts show good efficiency
when their metallic ions are used alone and above the concen-
tration of 250 ppm [27,28], which can render the use of these
salts very expensive.

In neutral solutions, the metal’s corrosion is controlled
by the oxygen reduction Eq. (1) leading to the formation of
hydroxyl ions. In the presence of hydroxyls, the released
metallic ions or added RES precipitate in the form of hydrox-
ides Eq. (2) on the cathodic sites, blocking the advance of the
cathodic reactions [24].

O2+ 2H2O + 4e→ 4OH– (1)

Ce3+ + 3OH– → Ce(OH)3 (2)

The doping of silanes with RES – in the thin films formation
– imparts to different types of substrates good corrosion pro-
tection, as stated by different research groups [2,3,9,29] owing
to a kind of synergism.

This work aims to evaluate the performance of a long chain
silanol (octyltriethoxysilanol) doped with Ce (III) chloride as
corrosion inhibitors for 1020 carbon steel in 0.1 mol  L–1 NaCl
by electrochemical techniques, contact angle measurements
and Raman spectroscopy.

2.  Experimental

All reagents were used as received. Octyltriethoxysilane –
Silquest A137 silane – was donated by Momentive Perfor-
mance. Cerium (III) chloride heptahydrate – CeCl3·7H2O was
purchased from Vetec.

Carbon steel samples of 3 cm × 4 cm × 0.1 cm dimensions
were ground with 320, 400 and 600 emery papers, in this
sequence, de-greased in an acetone ultrasonic bath for 5 min
and immersed in a 2.5% NaOH solution for 10 min  to acti-

vate the formation of hydroxyl groups in the metallic surface.
After alkaline treatment, the samples were washed in distilled
water and dried in a hot air stream.
2 0 2 0;9(4):8723–8734

2.1.  Hydrolysis  of  the  silane

In a solvent solution ethanol/water 50/50% (v/v), acidified to
pH 5.0 with acetic acid, were added different concentrations of
the Ce (III) ions from CeCl3·7H2O. This solution ethanol/water
with pH adjusted and containing cerium salt was submitted
to sonification for 5 min. This procedure induces the forma-
tion of radicals such as OH [19] that can promote addiction
polymerization reactions reticulating the adsorbed molecules
what makes the layer more  protective. Then, 4% (w/w) of octyl-
triethoxysilane was added. This solution was stirred for 24 h
at room temperature to allow for hydrolysis.

For EIS measurements and polarization curves, the elec-
trolyte used was 0.1 mol  L–1 NaCl solution. In this solution
400 ppm octylsilanol was added containing different concen-
trations of Ce (III) ions.

The neutral saline solution was employed due to the fact
that in chemical process plants, their devices are frequently
exposed to this electrolyte such as heat exchangers, cooling
towers systems, and oil and gas production and refinery units.

The SVET measurements were performed in 0.01 mol  L–1

NaCl solution in order to not provoke an intense corrosion
process making possible to follow the action of the added
inhibitors.

2.2.  Electrochemical  measurements

A three-electrode electrochemical cell was used, consisting of
the working electrode (WE) with 1.0 cm2 of the exposed area,
Ag/AgCl/KCl(sat.) electrode as reference (RE) and a platinum
foil as a counter electrode (CE). The electrochemical tests were
performed after 3 h of immersion in the electrolyte solution till
a stationary open circuit potential, Eoc was achieved.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at room temperature in a Faraday cage.
The measuring frequency ranged from 50 kHz down  to 5 mHz.
The voltage disturbance around the open circuit potential was
10 mV r.m.s.

In linear polarization resistance measurements, the WE
has polarized in the range ±20 mV versus Eoc at a scan rate of
0.167 mV s–1. The potentiodynamic polarization curves were
obtained in the range from –250 to +250 mV versus Eoc at a
scan rate of 0.5 mV s–1.

The scanning vibrating electrode technique (SVET) mea-
surements were performed using an Applicable Electronics
apparatus, controlled by the ASET program (Sciencewares).
Insulated Pt–Ir probes (Microprobe, Inc.) with black platinum
deposited on a spherical tip of 10 �m diameter were used as a
vibrating electrode (probe) for the SVET system. The probe was
placed 100 �m above the surface. The only vertical component
of the current was used.

2.3.  Contact  angle  measurements
The contact angle measurements were performed in the Dat-
aphysics OCA20 device, coupled to the SCA20 software. The
method used was the water sessile drop method.



j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):8723–8734 8725

Table 1 – Ecorr values obtained for carbon steel after 3 h
of immersion in NaCl 0.1 mol  L−1 containing 400 ppm of
pure octylsilanol and with different Ce (III) ions
concentrations.

Inhibitors concentration Ecorr (mV/Ag/AgCl/KClsat)

Blank (without inhibitor) −672 ± 22
400 ppm octylsilanol −514 ± 8
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Table 3 – Price, toxicity and degradability of some
corrosion inhibitors for neutral solutions.

Compound Price
(USD/kg)

Toxicity Degradability

2-Mercaptobenzimidazole 228.00 Very high Poor
Cerium (III) chloride 818.00 Low Fair
Zinc chromate 6,600.00 Very high Poor
Sodium benzoate 41.0 Low Excellent
400 ppm octylsilanol + 25 ppm Ce (III) −489 ± 12

400 ppm octylsilanol + 50 ppm Ce (III) −470  ± 10
400 ppm octylsilanol + 100 ppm Ce (III) −526  ± 25

.4.  Raman  spectroscopy

he Raman spectroscopy results were obtained with a con-
ocal Raman spectrophotometer Horiba Jobin Yvon, model
abram HR. The assays were carried in the wavenumber range
rom 100 cm–1 to 1200 cm–1, at room temperature on previ-
usly immersed for 24 h carbon steel samples on the 0.1 mol
–1 NaCl with 400 ppm of octylsilanol + 50 ppm of Ce(III) ions
nd subsequently withdrawn from the inhibited aggressive
olution, washed with water and dried in a hot air stream. So,
aman spectra were obtained on the remaining adsorbed film
till present on carbon steel samples. The analyses were per-
ormed at the Corrosion and Protection Laboratory, University
f Antioquia, Medellin, Colombia.

All experiments were conducted in triplicate.

.  Results  and  discussion

.1.  Corrosion  potential

able 1 shows the Eoc values for carbon steel that coincide with
orrosion potential, Ecorr, for different conditions, after 3 h of
mmersion. The presence of Ce (III) ions, as well as the octylsi-
anol, shifted the Ecorr to more  positive values, indicating that
he corrosion inhibitor has a pronounced action as an anodic
nhibitor.

.2.  Linear  polarization  resistance  (Rp)  measurements

he Rp values are shown in Table 2. The corrosion inhibition
fficiency (% I.E.) was determined as noted in Eq. (3):

%I.E.  = Rpinib − Rpblank × 100 (3)

Rpinib

here the Rpinhib and Rpblank are the polarization resistance
or inhibited and uninhibited aggressive medium, respec-
ively, determined by Stern & Geary method.

Table 2 – Values of Ecorr, Rp, coverage degree (�) and % I.E. obtai
400 ppm octylsilanol and different Ce (III) ions concentrations.

Inhibitors concentration (ppm) Ecorr (mV/Ag/AgCl/KClsat)

Blank (without inhibitor) −672  

400 ppm octylsilanol −514 

400 ppm octylsilanol+ 25 ppm Ce (III) −489 

400 ppm octylsilanol+ 50 ppm Ce (III) −470 

400 ppm octylsilanol+ 100 ppm Ce (III) −526 
Sodium molybdate 513.00 Moderate Fair
Octyltriethoxysilane 100.00 Low Fair
Zinc chloride 100.00 High Poor

The hydrolyzed octylsilane molecule without the addition
of Ce (III) ions did not offer good corrosion inhibition for car-
bon steel. Nonetheless, in the presence of Ce (III) ions the % I.E.
was far higher effective. This improved performance occurs
due to the pH decrease in the cerium chloride presence dur-
ing the hydrolysis, which is more  pronounced for higher Ce
(III) concentrations. Therefore, for lower Ce (III) concentra-
tion, about 50 ppm, the precipitation of cerium hydroxides is
also assisted. The results obtained show that the addition of
Ce (III) ions at different concentrations – along with 400 ppm
octylsilanol – provides corrosion protection for carbon steel.
The Rp increases with the increase of Ce (III) concentration
until reaching 50 ppm, where a maximum value of 97.8 % I.E.
is reached. However, at 100 ppm addition, the inhibiting effi-
ciency decreases to 88.1%. These results reveal an excellent
synergism between the two corrosion inhibitors, because the
corrosion rate for carbon steel, in chloride neutral solutions
only with Ce (III) ions, decrease in concentrations higher than
200 ppm [24]. Nevertheless, when these ions are in combina-
tion with 400 ppm of octylsilanol, 50 ppm of Ce (III) ions are
enough.

Table 3 shows the price, toxicity, and degradability for some
of the traditional corrosion inhibitors – for neutral saline solu-
tions – and for the studied compounds in this study. The
presented information was obtained from Safety Data Sheets
(SDS) and from the main chemicals sellers.

From Table 3 it is clear to verify that the studied compounds
present advantages when compared with traditional corro-
sion inhibitors. The main advantage is in their low toxicity,
once that majority of those reputable inhibitors substances
are very harmful. Besides, when compared with the inhibitors
presented in Table 3, the low cost of the studied compounds
is very encouraging, because it enables the use of these sub-

stances on an industrial scale/practice.

Table 4 presents the usual concentration and the obtained
inhibition efficiency by these well-known corrosion inhibitors
for carbon steel in neutral solutions. Comparing these values

ned for carbon steel in NaCl 0.1 mol  L−1 containing

 Rp (k� cm2) Coverage degree, � %I.E.

1.7 ± 0.8 – –
3.2 ± 0.3 0.469 46.9
56.9 ± 2.0 0.970 97.0
77.3 ± 0.9 0.978 97.8
14.3 ± 1.2 0.881 88.1
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Table 4 – Usual concentration and efficiency of
well-known corrosion inhibitors for neutral solutions.

Compound Concentration
(ppm)

Efficiency
(%)

Reference

2-Mercaptobenzimidazole 3,000 85.3 [30]
Chromate 572 99.0 [31]

Sodium benzoate 57,600 53.2 [32]
Sodium molybdate 200 61.0 [33]
Zinc salt 200 77.0 [34]

with Table 2 data, it is evident that the mixture octylsilanol and
Ce (III) presented promising results, even when compared with
sodium benzoate, because approximately one hundred and
twenty times more  inhibitor is needed to present a little more
than half of the protection offered by the studied compounds
in this paper.

3.3.  Electrochemical  impedance  spectroscopy  (EIS)
Analyzing the impedance diagrams shown in Fig. 1 Fig. 1,
an increase in the impedance modulus at low frequencies
can be observed in the presence of cerium ions, where the
concentration of 50 ppm of Ce (III) ions resulted in bet-

Fig. 1 – Impedance diagrams. (A) Nyquist, (B) Bode � × log f and (
NaCl 0.1 mol  L−1, with 400 ppm of octylsilanol in the absence an
2 0 2 0;9(4):8723–8734

ter performance expressed by higher impedance modulus,
confirming the results obtained by Rp measurements. In
the Nyquist diagrams, the same behavior can be observed;
the presence of cerium ions increases the protection of
steel concerning the system that contains only the octyl-
silanol, increasing the diameter of the capacitive arcs. At
Bode diagrams, � × log f, the presence of a new time con-
stant is observed at high frequencies in the presence of
cerium ions, resulting in high values of phase angle, indi-
cating the presence of a protective film on the substrate
[24–26].

3.4.  Potentiodynamic  polarization  curves

Polarization curves in Fig. 2 shows that the presence of Ce
(III) ions along with 400 ppm of octylsilanol decreased the cor-
rosion rate of carbon steel in NaCl 0.1 mol  L–1. The lowest
corrosion rate was obtained for 50 ppm of Ce (III) ions. These
results corroborate the results obtained by other electrochem-

ical techniques. The polarization curves show a large shift in
both, anodic and cathodic branches, as a consequence of the
adsorption of the octylsilanol molecule and precipitation of
cerium hydroxides, respectively.

C) Bode IZI × log f for carbon steel after 3 h of immersion in
d presence of the Ce (III) ions at different concentrations.
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Fig. 2 – Polarization curves for carbon steel after 3 h of
immersion in NaCl 0.1 mol  L−1, with 400 ppm of
octylsilanol in the absence and presence of the Ce (III) ions
i
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Fig. 4 – Optical image obtained at the surface of carbon
steel coated with corrosion inhibitors, during Raman
spectroscopy; (A) region with interference colors; (B) white
precipitates region; and (C) a uniform region.

To perform contact angle measurements, carbon steel was

F
2
±

n different concentrations.

The corrosion inhibition efficiency (% I.E.) was determined
s shown in Eq. (4).

IE = icorrblank − icorrinib
icorrblank

× 100 (4)

here icorrinib and icorrblank are the inhibited and unin-
ibited condition corrosion current densities, respectively,
etermined by extrapolation of the cathodic Tafel slope till Eoc.
orresponding electrochemical parameters are summarized

n Table 5. Both anodic and cathodic branches of polariza-
ion curves are more  polarized in the presence of Ce (III) ions,

hich allow classifying the inhibitors as mixed-type with a
ore pronounced anodic behavior.

ig. 3 – Images obtained during contact angle measurements. (A
.3◦). (B) Steel after 3 h immersion in the aggressive solution con

 1.1◦).
Fig. 5 – Raman spectra of the corrosion inhibitors on the
carbon steel and in solution.

3.5.  Contact  angle
immersed for 3 h in NaCl 0.1 mol  L–1 containing 400 ppm octyl-
silanol + 50 ppm of Ce (III) ions. The sample was rinsed with

) Steel with alkaline treatment without inhibitor (� = 58.1◦ ±
taining corrosion inhibitors in the best condition (� = 111.9◦
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Table 5 – Values of Ecorr, icorr, degree of coverage and % I.E. from polarization curves for mild steel in NaCl 0.1 mol L−1

containing 400 ppm octylsilanol and different ion concentrations of Ce (III).

Inhibitors concentration (ppm) Ecorr (mV/Ag/AgCl) icorr (A/cm2) Coverage degree, � %I.E.

Blank (without inhibitor) −672 2.0 × 10−6 ± 0.2 × 10−6 – –
400 ppm octylsilanol −514 2.3 × 10−6 ± 1.1 × 10−6 0.13 13

400 ppm octylsilanol+ 25 ppm Ce (III) −489 

400 ppm octylsilanol+ 50 ppm Ce (III) −470 

400 ppm octylsilanol+ 100 ppm Ce (III) −526 

distilled water and dried in a hot air stream. It was observed
that the persistent adsorbed film is hydrophobic providing val-
ues of contact angle greater than 90o, as shown in Fig. 3.

3.6.  Raman  spectroscopy

The Raman spectroscopy analyses were conducted using
400 ppm octylsilanol + 50 ppm Ce (III) ions since it was the
best condition previously evaluated. Spectra were obtained for
the corrosion inhibitors in solution – after the hydrolysis reac-
tion – and also for corrosion inhibitors adsorbed on carbon
steel after immersion for 24 h in the electrolyte, in the pres-
ence of inhibitors. The images, obtained and presented in Fig. 4

for carbon steel in the optical microscope associated with the
Raman spectrometer, show three different regions: a region
with interference colors in Fig. 4A, a white precipitates region
in Fig. 4B, and a uniform region in Fig. 4C.

Fig. 6 – Schematic diagram of the inhibition mechanism: (a) only 
1.4 × 10−7 ± 0.7 × 10−7 0.94 94
9 × 10−8 ± 2 × 10−8 0.96 96
3.4 × 10−7 ± 0.3 × 10−7 0.85 85

Fig. 5 shows the Raman spectra obtained for the corro-
sion inhibitors in solution, along with the spectra of the three
regions observed on the previously immersed carbon steel
in the solution with inhibitors for the best condition. Some
peaks are important and characteristic in the analysis of the
octylsilanol hydrolysis, such as the peak at 1125–1180 cm−1

attributed to the Si O stretching of Si O C bond [19]. In this
peak, an increase in the intensity indicates silanol conden-
sation in the adsorbed film [35]. The peak at 840–900 cm−1

attributed to Si–OH stretching, indicates the amount of silanol
formed during the hydrolysis reaction; thus, an increase
in this peak indicates a larger amount of silanol formed,
as a consequence of a more  effective hydrolysis [36] and
finally, the peak in the 400–600 cm−1 region, which corre-

sponds to the presence of cerium ions on the sample surface
[19,37].

octylsilanol and (b) 400 ppm of octylsilanol + 50 ppm Ce (III).



 . 2 0 2

3

T
d
c
b
T
s
i
t
s
w

i
f
r
u

o
p
a
i
a

reduction Eq. (7) on the cathodic sites, reducing or blocking the

F
o

j m a t e r r e s t e c h n o l

.7.  Comparing  the  Raman  spectra

he Raman spectra for inhibitors on the steel showed a
ecrease in the Si OH stretching vibration at ∼877 cm−1

ompared with inhibitors in solution. This observation is
ecause of the octylsilanol adsorption on the steel [35,36].
he peak at ∼1000 cm−1 attributed to the condensation of the
ilanol [35,38] was observed in all conditions, however, for the
nhibitors solution this peak is more  intense than inhibitors on
he steel; this behavior occurs due to the adsorbed layers on
teel are very thin, consequently a low intensity in this peak
ill be observed for this condition.

The band at ∼450 cm−1 attributed to the presence of Ce (III)
ons [19,37], was observed for the inhibitors on the steel – inter-
erence colour region – and for the inhibitors in solution. This
esult shows that the cerium hydroxides did not precipitate
niformly all over the whole surface.

Raman spectroscopy supported the interpretation of
btained electrochemical measurements, confirming that the
rotection of carbon steel in NaCl 0.1 mol  L–1 occurs both by the

dsorption of silanols and the precipitation of cerium hydrox-
des on the substrate, hindering the contact of aggressive
gents with the carbon steel. The presence of siloxane bonds

ig. 7 – Impedance diagrams. (A) Nyquist, (B) Bode � × log f and (
ctylsilanol hydrolyzed at pH 5.0 in the presence of 50 ppm Ce (II
 0;9(4):8723–8734 8729

Si O Si indicates a chemical interaction between neighbor
silanol molecules on carbon steel.

3.8.  Inhibition  mechanism  of  proposed  corrosion
inhibitors

When in contact with the electrolyte, the oxidation process of
the steel is initiated by the oxygen reduction – Eq. (5) and Eq.
(6). The octylsilanol when adsorbed on the substrate, reduce
the surface area exposed, as a consequence decreases the steel
corrosion rate. However, the adsorbed octylsilanol film is not
uniform; hence the corrosive process persists at a consider-
able speed. Thus, the hydroxyls released during the oxygen
reduction leads to local pH increase. At higher pHs – above 9
– and in the potential range between ∼−2.2 VEH and +1.4 VEH,
the thermodynamic stability of the cerium occurs in the form
of cerium hydroxide Ce(OH)3 [29]. At Eoc values measured in
this work, the same is true. Then, the Ce (III) ions present in
the electrolyte react with the hydroxyls released in the oxygen
cathodic reactions. This effect ensures additional protection
afforded by the octylsilanol anodic protection, resulting in a
synergism between both corrosion inhibitors.

C) Bode IZI × log f for carbon steel treated with 400 ppm of
I) for different immersion times.
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Fig. 8 – Modulus of impedance at 30 mHz  with increasing
immersion time for carbon steel in the solution of

Table 6 – Impedance modulus at 30 mHz  for carbon steel
treated with 400 ppm of octylsilanol hydrolyzed at pH
5.0 in the presence of 50 ppm Ce (III) for increasing
immersion time.

Time (h) |Z| at 30 mHz (� cm2)

0 0
3 48,820 ± 600
4 55,195 ± 1769
5 54,171 ± 299
8 52,539 ± 1482
octylsilanol hydrolyzed at pH 5.0 in the presence of 50 ppm
Ce (III).

Fe2++ 2e ← Fe (5)

O2+ 2H2O + 4e → 4OH− (6)

Ce3++ 3OH− → Ce(OH)3 (7)

Fig. 6a shows a schematic diagram of the inhibition mech-
anism with octylsilanol, where the coverage degree is low
and the inhibition efficiency consequently is low. Fig. 6b also
presents the inhibition mechanism with the mixture octyl-
silanol + Ce (III) ions, where the metallic surface is almost
completely covered and the inhibition efficiency is very high.

3.9.  EIS  with  exposure  time

Assuming that the best condition obtained in this study was
400 ppm octylsilanol + 50 ppm Ce (III) ions, EIS measurements

were performed along the immersion period to evaluate the
evolution of the system. The impedance diagrams shown in
Fig. 7 present this behavior. Capacitive arcs with increasing
diameter represented in the Nyquist plots confirm a first step

Fig. 9 – Carbon steel samples after 48 h of immersion in (a) 0.1 m
octylsilanol + 50 ppm Ce(III).
24 72,384 ± 981
48 74267 ± 1232

of the adsorption process where assembling of molecules
occurs with time increasing the diameter of the capacitive
arcs. Impedance modulus values, at low frequencies, in Bode
plots, reveal the formation of an increasingly protective film
on carbon steel, resulting in higher impedance modulus for
longer immersion time. Bode plots for phase angle � × log
f show higher phase angle values for high frequencies and
also for longer immersion times. There is a shift of this time
constant for even higher frequencies, which indicates the
presence of a protective film on the substrate. The time con-
stant at low frequencies in the Bode plot � × log f, is due to
a charge transfer phenomena occurring at the interface sub-
strate/electrolyte, there is a slight shift of this time constant
to higher values of frequency and also an enlargement of it,
during the first hours of immersion. This behavior occurs due
to increased resistance to charge transfer, which is due to the
precipitation of cerium hydroxides in this region [24–26,39].

EIS measurements with immersion time in terms of
impedance modulus, at 30 mHz, were determined for obtain-
ing the kinetics of adsorption of the inhibitor molecule –
octylsilanol – on the substrate and the protection provided
by the Ce (III) ions through the hydroxides precipitates. The
impedance modulus values at 30 mHz  are summarized in
Table 6. Fig. 8 shows the obtained kinetics curves of adsorption
of the inhibitor molecule octylsilanol on carbon steel in 0.1 mol
−1
L NaCl. Generally, the self-assembly process of adsorbed

molecules like long-chain alkane thiols can be described by
two steps [16,23]. The first step consists in rapid adsorption of
the molecule on the substrate, almost reaching its maximum

ol  L−1 NaCl and (b) 0.1 mol  L−1 NaCl containing 400 ppm of
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ig. 10 – SVET maps and samples aspect after 30 and 180 m
aCl solution containing 400 ppm of octylsilanol + 50 ppm C

evel of coverage, about 80–90% of its final value, followed by
 slower process of organization which takes about 10–20 h
f immersion, leading long periods of time, until total cover-
ge of the surface is reached [16,17]. In this second stage, it is
sual to see the breakdown of the film formed, followed by a
ubsequent and quick build-up process ending with the final

ccommodation of the molecules on the substrate [16,40]. The
ctylsilanol molecule showed a similar behavior reported by
ome researchers for different silanes on aluminum and iron
urfaces [23,24]. During the first hours of immersion (from 0
 immersion in 0.01 mol  L−1 NaCl solution and 0.01 mol  L−1

).

to 4 h), a rapid growth of the protective adsorbed silane layer
on the substrate takes place while the precipitation of the Ce
(III) ions occurs in the cathodic sites, which could be observed
by the great increase in the impedance modulus (first stage
in Fig. 8). Then, in stage 2 (from 4 to 8 h), the system showed
a decrease in the protective effect, due the breakdown of the

adsorbed film and, in the third stage (from 8 to 24 h), the re-
adsorption and organization or self-assembly of the silanol
molecules on the substrate surface takes place. From 24–48 h
of immersion (fourth stage), no significant change is observed
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Fig. 11 – SVET maps and samples aspect after 24 and 48 h of
octylsilanol + 50 ppm Ce (III).

with a slight increase in the impedance modulus, characteriz-
ing the time necessary for the accommodation of the adsorbed
molecules.

Fig. 9 shows the carbon steel surface after 48 h of immer-
sion in NaCl 0.1 mol  L−1 electrolyte. Analyzing Fig. 8 one
could observe that carbon steel surface remained protected
after 48 h of immersion in the electrolyte containing corrosion
inhibitors.
3.10.  Scanning  vibrating  electrode  technique  –  SVET

Fig. 10 shows the SVET maps of ionic currents above the sub-
strate and its aspect in the presence of corrosion inhibitors –
in the best combination defined by other techniques – and in
ersion in 0.01 mol  L−1 NaCl solution containing 400 ppm of

the absence of corrosion inhibitors. These samples were eval-
uated after 30 min  and 180 min (Ecorr) of immersion in 0.01 mol
L−1 NaCl.

The SVET maps for the condition without corrosion
inhibitors shows that the corrosion process started with
intense anodic ionic currents, localized anodic zones and
well-distributed cathodic zones in the edge of the substrate.
After 180 min  of immersion, the ionic currents are better dis-
tributed, with well-delimited zones. The high values of the
ionic currents observed for this sample reveal the fast degrada-

tion of carbon steel in this electrolyte. The sample aspect after
180 min  of immersion confirms the substrate degradation for
this condition.



 . 2 0 2

r
p
n
3
r
s

f
o
m
w
i
p
C

4

A
s
s
t
C
i
c
a
t
s
a
t

i
i

t
s

s
o
a
i

a
i

u
e

C

T

A

T
U
s

r

j m a t e r r e s t e c h n o l

The SVET maps for the sample in the presence of cor-
osion inhibitors shows that the corrosion inhibitors rapidly
romotes the substrate protection because there are no sig-
ificant anodic and cathodic ionic currents in the map  after
0 min  of immersion. This behavior confirms that the cor-
osion inhibitors are capable of protecting the carbon steel
urface against the oxidation process.

Fig. 11 presents the SVET maps and the substrate aspect
or the samples with corrosion inhibitors, after 24 and 48 h
f immersion in 0.01 mol  L−1 NaCl solution. From both SVET
aps no significant ionic current density can be observed,
hich are in agreement with the results obtained by EIS for

ncreasing immersion time, proving the permanence of the
rotective proprieties of the adsorbed silanol molecules and
e(OH)3 precipitates even for long immersion periods.

.  Conclusions

ccording to the results obtained, it was shown an excellent
ynergism between octylsilanol and Ce (III) ions as corro-
ion inhibitors which resulted in a % I.E. of about 96% in
he best condition studied – 400 ppm octylsilanol + 50 ppm
e (III) ions. This synergism was also demonstrated by polar-

zation curves, where both anodic and cathodic branches of
urves presented lower current densities due to octylsilanol
dsorption in the anodic sites and precipitation of Ce(OH)3 in
he cathodic regions, protecting carbon steel from the aggres-
ive environment. The contact angle measurements revealed

 hydrophobic film formed on carbon steel by the actuation of
he corrosion inhibitors.

The combination of 400 ppm octylsilanol + 50 ppm Ce (III)
ons is more  efficient and cheaper than reputable corrosion
nhibitors for carbon steel in neutral solutions.

The Raman spectroscopy proved the octylsilanol adsorp-
ion and also cerium hydroxides precipitation on the carbon
teel surface.

Even after 48 h of immersion, the corrosion inhibitors
howed an excellent performance in the corrosion protection
f carbon steel in NaCl 0.1 mol  L−1, due to persistence of the
dsorbed film octylsilanol and by prolonged action of Ce (III)
ons.

The SVET measurements were essential to show the fast
nd excellent corrosion inhibition provided by the corrosion
nhibitors to carbon steel in chloride medium.

The SVET and EIS results with immersion time were very
seful to determine and visualize the protective proprieties
ven for long exposure times in the electrolyte.
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