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nanocontainers due to their high stability, biocompatibility, large surface area, controllable pore diameter and
easy surface functionalization. Mesoporous silica nanoparticles can uptake, store and release organic or inorganic
molecules of various sizes, shapes and functionalities. The aim of this work is to study the use of mesoporous silica
with hexagonally ordered (4-14 nm) for active corrosion protection of carbon steel. Mesoporous silica was char-
acterized by X-ray diffraction (XRD), nitrogen adsorption isotherms, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Mesoporous silica structures were loaded with dodecylamine and em-
bedded into an alkyd primer with a weight load ratio of 15 wt.% of mesoporous silica. Kinetics of the release of
inhibitor was evaluated by electrochemical impedance measurements in aerated 0.1 mol/L NaCl solution con-
taining 1 wt.% of mesoporous silica at different pH values (2.0, 6.2 and 9.0).

The anticorrosive performance of carbon steel coated with alkyd primer loaded with 15 wt.% of mesoporous silica
with entrapped dodecylamine was demonstrated by electrochemical impedance spectroscopy (EIS) and scan-
ning vibrating electrode technique (SVET). Kinetics of inhibitor releasing curves showed that for pH 2.0 condition
the release of inhibitor was faster in comparison to other pH conditions (9.0 and 6.2) showing that this complex
porous system provides high loading capacity and efficient inhibitor release in low pH. In addition, due to the re-
lease of inhibitor during the corrosion process, well-pronounced active anticorrosion properties and self-healing
were provided and confirmed by EIS and SVET measurements. Coated samples were also evaluated in a salt spray
chamber and the self-healing effect was also remarkable.
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1. Introduction

Corrosion protection is a vital concern for hundreds of industrial
applications where metals are used as functional and constructional
materials [1]. Polymeric coating systems are normally applied on a
metal surface to provide a dense barrier against the corrosive species
in order to protect metal surfaces from corrosive attack. When the bar-
rier is damaged and the corrosive agents penetrate to the metal surface,
the system cannot stop the corrosion process [2]. Recently, a new gener-
ation of smart anticorrosion coatings has been proposed and investigat-
ed, which are composed of two functional components. One part is
passive coatings, such as sol-gel coatings and polymer coatings, which
act as a physical barrier against corrosive species [3,4]. The other part
is smart nanocontainers, which are uniformly dispersed in the passive
coatings and can quickly respond to local environmental changes
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associated with corrosion processes, such as local pH, ionic strength
and potential, and release encapsulated corrosion inhibitors to retard
the corrosion process [2,5-9]. Introduction of environmentally friendly
corrosion inhibitors for protective coatings is very important and oppor-
tune [10]. A new generation of ordered mesoporous materials, making a
subclass of nanoporous materials, has become a challenge of great in-
terest. Since the beginning of 1990s, when the workers of Mobil Co.
(USA) [11] reported the method of synthesis of mesoporous materials
employing surfactants as structurally ordering agents, the importance
of these materials has considerably increased. Because of large internal
and external surface area, they have been indicated as potential carriers
for therapeutically active substances allowing controlled release of the
drug. Moreover, the size of mesopores can be regulated by the proper
choice of the precursors [12-14]. Mesoporous materials based on silica
show low toxicity (are practically nontoxic), low reactivity and can be
modified to get the channel size and shape suitable for adsorption of
large molecules of active substances [15-16]. A highly ordered meso-
porous silica was synthesized using tri-block copolymer poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) surfactant, which
is commercially available as Pluronic P123 (EO,qP0O,0EO30) [17-21].
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This mesoporous silica possess large BET surface area (>700 m?/g) with
large pore diameter and large wall pore thickness. The well-controlled
pore size, narrow pore size distribution, controllable functionality and
pore surface chemistries of nanoporous silica materials suggest their
use as the encapsulating material for controlled release of corrosion
inhibitors. These corrosion inhibitors can be encapsulated in such
structure in order to be added in a primer to promote a long-term
cost-effective protection of a whole coating system [22-26]. Different
approaches to encapsulate drugs and corrosion inhibitors within meso-
porous materials have been explored and reported in the literature.
Kiwilsza et al. [21] synthesized SBA-15 mesoporous silica to be used as
a carrier for a poorly soluble drug — lacidipine (LA). The source of silica
was tetraethyl orthosilicate (TEOS) and the structure ordering agent
was non-ionic surfactant Pluronic P123. SBA-15 with encapsulated LA
was characterized by X-ray diffraction (XRD), infrared spectroscopy
(FTIR), thermogravimetry (TG), differential scanning calorimetry
(DSC) and transmission electron microscopy (TEM). Ordered hexagonal
arrangement of synthesized silica and controllable release of encap-
sulated inhibitor were found. Borisova et al. [24] used mesoporous silica
nanoparticles as nanocontainers loaded with 1H-benzotriazole (BTA)
and added in hybrid sol-gel coating for the corrosion protection of alu-
minum alloy. Techniques as N, adsorption-desorption isotherms (BET),
scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) were used for characterizing the synthesized mesoporous
silica. The corrosion protection efficiency of coated samples was moni-
tored via SVET (scanning vibrating electrode technique). The anticorro-
sion performance was improved by impregnating the mesoporous silica
loaded with inhibitor into sol-gel coating. Chen and Fu [25] reported the
use of benzotriazole-loaded mesoporous silica spheres with pH-sensitive
supramolecular nanovalves attached to their surface. The synthesis
process of mesoporous silica spheres and the assembly process of
the nanovalves were confirmed by adsorption-desorption isotherms
(BET), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and
thermogravimetry (TGA). The results showed that the release rate of cor-
rosion inhibitor was higher in alkaline solution than in neutral solution.
Gonzales et al. [27] developed the use of SBA-15 mesoporous silica nano-
particles as nanocontainers for Fe(NOs)5 corrosion inhibitor. Mesoporous
silica nanoparticles were mixed with the paint at different con-
centrations to study their performance and ensure their free trans-
portation to the exposed metal. Steel samples were coated with
inhibitor silica nanocontainer doped paint and immersed in an
aqueous solution of 3% sodium chloride. Polarization curves and
electrochemical noise techniques were used to evaluate the corro-
sion inhibitor system behavior. Good performance was obtained in
comparison with samples without inhibitor nanocontainers. The
use of inhibitors encapsulated in mesoporous silica particles is still in its
beginning but it is undoubtedly a promising approach. Another aspect
of this recent technology, not very explored until now, is the use of encap-
sulated amines in mesoporous oxides, sensitive to different stimulus and
able to increase the anticorrosive properties of alkyd primers. This aspect
is explored in this work, where the self-healing effect of alkyd primer
coatings doped with dodecylamine-loaded mesoporous silica was evalu-
ated by the use of electrochemical techniques as EIS and SVET and salt
spray chamber accelerated corrosion test.

2. Experimental
2.1. Materials

Plates of AISI 1020 carbon steel were used in this study which were
previously treated with CSi emery papers from 120 to 600 grit, sequen-
tially, and then rinsed with distilled water, alcohol and acetone. Samples
were cut in different dimensions depending on the specific test. Pluronic
(P123, EO,oPO7gEO4g) was purchased from Sigma Aldrich (St. Louis, MO,
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Fig. 1. Powder XRD patterns of calcined mesoporous silica at small 26 angles (a) and high
26 angles (b).

USA). Tetraethylortosilicate (TEOS, 97%) was obtained from Momentive
Performance Coatings (Brazil). All reagents are of analytical grade purity.

2.2. Synthesis of mesoporous silica

Mesoporous silica was synthesized as reported by Zhao et al. [17]
using Pluronic P123 triblock copolymer (EO2oPO70EO50). A 4.0 g sample
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Fig. 2. Nitrogen adsorption-desorption isotherm plots and pore size distribution curve for
calcined mesoporous silica.
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of Pluronic P123 was dissolved in 130 ml of water and 20 ml of 2 mol/I
HCl solution. Then, 9.14 ml of TEOS was added, and the resulting
mixture was stirred for 7.5 h at 45 °C and then kept at 80 °C for 15.5 h
without stirring. The solid product was washed and filtered with
distilled water repeatedly (four times) and dried at room temperature.
The removal of organic surfactant was achieved by calcination in
ambient air from room temperature to 550 °C, with a heating rate
of 1 °C/min, and a holding time of 6 h at 550 °C. Cooling down was
performed naturally.

2.3. Characterization of mesoporous silica

XRD measurements of the powdered samples were performed using
a Panalytical X'Pert diffractometer using Cu Kot radiation, tube power
40 kV, 40 mA at room temperature. The angle measurements were
performed in the range 26 = 0.96° to 80° with a step of 0.02°.

The BET adsorption/desorption isotherm was determined by nitro-
gen sorption at 77 K using a Quantachrome NOVA-2000 instrument.
The total pore volume was determined from the adsorption branch of
the N, isotherm curve at a relative pressure of p/p = 0.98. A standard
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Fig. 3. Scanning electron micrographs of calcined mesoporous silica for different mag-
nifications (a) 5000x and (b) 20000 x.

isotherm was obtained with 80 data points. For the calculation of the
surface area, a nitrogen cross section of 16.2 A®> was used. The most
frequent diameter of pores (mode of pore diameter distribution) was cal-
culated by two different methods: the BJH method (Barrety—Joyner-
Halenda), applied to the desorption branch of isotherm, and the DFT
method (density functional theory) using a routine available in the
Quantachrome NovaWin software version 11.02 of Quantachrome equip-
ment that was developed for the adsorption of N, on porous materials
based on silicon, assuming a cylindrical pore model.

SEM was performed on a TESCAN VEGA 3 LMU scanning electron
microscope. The samples were prepared by placing mesoporous silica

Fig. 4. TEM images of calcined mesoporous silica (a) aligned pore channels and
(b, ¢) entrance of hexagonal pores in the silica fibers walls.
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powder on double-sided carbon adhesive tape mounted on the sample
holder.

Transmission electron micrographs were obtained using a JEM-2100
made by JEOL Ltd., with an acceleration voltage of 200 kV. The powder
samples were mixed in isopropanol and then sonicated for 10 min. A
drop of the wet sample was placed on copper grid and allowed to dry
for 10 min before TEM analysis.

24. Loading, doping and coating

To load the dodecylamine inside the pores of the mesoporous silica
an adapted procedure described by Price et al. [28] was performed. In
the first step, 6 mL of dodecylamine inhibitor solution with a concentra-
tion of 10 mg/mL in ethanol was prepared. In the second step, 50 mg of
mesoporous silica was added to the dodecylamine inhibitor solution.
The container with the mixture was transferred to a vacuum jar, sonicated
for 15 min and then evacuated using a vacuum pump, which deaerates
the internal channels of the silica pores. Slight fizzing of the suspension in-
dicates the air being removed from the channels. After fizzing was
stopped, the vial was sealed for 30 min to allow dodecylamine reach equi-
librium between the inner volume of pores and the surrounding solution.
The vacuum treatment was followed by water washing and centrifuga-
tion. The supernatant was removed and the precipitate was dried at
60 °C overnight.

Coated samples were obtained by applying the paint with the help of
a brush in two layers of approximately 143 um total dry thickness. A
commercial alkyd paint doped with 15 wt.% of dodecylamine-loaded
mesoporous silica was prepared to coat (100 mm x 150 mm) panels
as a primer (first layer of about 127 pm wet thickness) and a second
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layer without silica with the same thickness was also applied. Thickness
measurements were made using a Fisher Model DualScope® MP40 with
a probe based on attenuation of the magnetic field.

2.5. Electrochemical measurements

EIS measurements were employed to evaluate two different types of
systems: at first for determining indirectly the release of corrosion in-
hibitor from mesoporous silica by monitoring the corrosion behavior
of carbon steel samples in 0.1 mol/L NaCl solution at different pHs
(2.0, 6.2 and 9.0) and containing 1 wt.% of dodecylamine-loaded
mesoporous silica and at second, for evaluating the corrosion protection
performance of coated samples with alkyd paint doped with
dodecylamine-loaded mesoporous silica in 0.01 mol/L NaCl solution.
In order to accelerate the corrosion process of these samples a small de-
fect on the coated sample of approximately 130 um in diameter was
made by an indenter just before starting the experiment.

EIS measurements were performed at open circuit potential for
different immersion times using a Gamry Reference 600 potentiostat/
galvanostat/frequency analyzer and controlled by Gamry Framework
software. A frequency range from 50 kHz to 5 mHz with a sinusoidal
potential amplitude perturbation of 10 mV rms was adopted.

SVET measurements were performed using the Applicable Electron-
ics equipment controlled by ASET (Sciencewares) software. Samples
were prepared for SVET measurements by cutting into 1 x 1 cm? area
plates. In order to accelerate the corrosion process and evaluate the
corrosion resistance of these coated samples, a small scratch of approx-
imately 3 mm in length was made on the coated sample using a sharp
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Fig. 5. Impedance diagrams: Nyquist (a) and Bode (b and c) plots for carbon steel after different immersion times in 0.1 mol/L NaCl at pH 2 and containing 1 wt.% of mesoporous silica with
encapsulated dodecylamine.
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tool. For SVET measurements, a 0.05 mol/L NaCl solution was used as
electrolyte.

2.6. Accelerated corrosion test

Salt spray accelerated corrosion experiments were performed by
using the equipment Bass Model USC-ISSO-(PLUS), following the
recommendations of ASTM B 117-11 Standard. In order to accelerate
the corrosion process scratches of 9 cm long were made on the coated
samples using a sharp tool before samples entered in the salt spray
cabinet.

3. Results and discussions
3.1. Powder X-ray diffraction (XRD)

X-ray diffraction of the calcined sample to identify the structures
that characterize this mesoporous silica was performed. Fig. 1a shows
the XRD pattern of mesoporous silica, where it is possible to observe
three main peaks: the most intense, reaching a maximum at 26 =
1.01°, can be assigned to the (100) plane, the other two corresponding
to 26 = 1.68° and 26 = 1.9° are assigned to the (110) and (200) planes,
respectively. Similar results have been reported by Zhao et al. [17], who
were the first to obtain mesoporous silica SBA-15 type with the use
of triblock co-polymer (PEO-PPO-PEO) in an acidic environment
(pH ~ 1) and by other authors in the literature [18-21]. This silica has
no typical crystalline structure and only three peaks appear at very
small 26 angles.
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Fig. 1b shows the X-ray diffraction of mesoporous silica for higher 260
angle values where it is possible to observe a single wide band (no peak)
with a maximum for 26 ~ 25° proving the presence of an amorphous
structure typical of such mesoporous silica.

3.2. Nitrogen adsorption

N, adsorption-desorption isotherms and pore diameter distribu-
tions of the calcined mesoporous silica were also studied (Fig. 2). This
mesoporous silica owns typical Type IV isotherm and a clear type-H1
hysteresis loop, which is representative of an adsorbent material with
a narrow distribution of relatively uniform pores, further confirming
the characteristic of the mesoporous material [29]. Furthermore, from
N, adsorption-desorption isotherms three well-distinguished regions
are evident: (i) monolayer-multilayer adsorption, (ii) capillary conden-
sation, and (iii) multilayer adsorption on the outer particle surfaces. The
capillary condensation occurs at higher relative pressure (P/Po ~ 0.75)
[17].

By the well-pronounced aspect of the BET isotherm, it is possible to
obtain the pore-size distribution (Fig. 2 — inset) which indicates that sil-
ica nanomaterial sample has well-defined uniform pore dimensions
with an average pore radius size of 2-3 nm.

3.3. Scanning electron microscopy (SEM)
SEM images reveal that mesoporous silica showed in Fig. 3a consists

of many rope-like domains with relatively uniform sizes. This large
fibrous structure of 20-30 um in length and 3-5 pm in diameter is an
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Fig. 6. Impedance diagrams: Nyquist (a) and Bode (b and c) plots for carbon steel after different immersion times in 0.1 mol/l NaCl at pH 6.2 and containing 1 wt.% of mesoporous silica with

encapsulated dodecylamine.
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Fig. 7. Impedance diagrams: Nyquist (a) and Bode (b and c) plots for carbon steel after different immersion times in 0.1 mol/I NaCl at pH 9 and containing 1 wt.% of mesoporous silica with

encapsulated dodecylamine.

agglomerate of long fibers that are constituted of small rod-like sub-
particles of 1-2 pm in length and 0.5 pm in diameter (Fig. 3b). Similar
SEM images were reported in the literature [17,30,31].

3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images of mesoporous sil-
ica SBA-15 are presented in Fig. 4. It is possible to observe in Fig. 4a the
formation of well-defined parallel channels on the synthesized sample,
where the mesopores are uniformly and radially aligned from the center
to the outer surface of the mesoporous particles. The TEM images show
clearly the well-ordered hexagonal arrangement of mesopores with in-
ternal diameter of about 6 nm to 7 nm (Fig. 4b), which are formed on
the walls of the silica represented by a 2-D structure. Fig. 4c is a front
view of pore entrance in the mesoporous silica fiber walls. These results
are in agreement with those obtained by other authors [17,27,30,31],
who obtained images with the same characteristics. Thus, the condi-
tions used for obtaining this mesoporous silica with ordered hexagonal
arrangement were successfully applied.

3.5. Kinetics of releasing of dodecylamine inhibitor from mesoporous silica
for different values of pH

In order to evaluate kinetics of releasing of dodecylamine inhibitor
from mesoporous silica, EIS measurements were performed for carbon
steel samples in aerated 0.1 mol/L NaCl solution containing 1 wt.%

mesoporous silica loaded with dodecylamine inhibitor at different pH
values (2.0, 6.2 and 9.0).

Nyquist diagrams in Fig. 5a show that for pH 2.0 condition there was
a small increase of the capacitive arc diameter during the first periods of
immersion (1h,2 h,3 h,4h,5hand 6 h). That is, for short increments of
immersion time the values of capacitive arcs diameter does not increase
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Fig. 8. Kinetics curves for the release of encapsulated dodecylamine inhibitor from
mesoporous silica for different immersion times in 0.1 mol/L NaCl solution and different
pH values.
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significantly reaching a maximum value of 750 Q cm? after 6 h of im-
mersion. In the case of long periods of immersion (24 h, 26 h and
28 h) the capacitive arc diameter increases till reaching a value of almost
2.3 times higher (1750 @ cm?) compared with the value obtained for
initial immersion times. Changes in the capacitive arcs diameter mean
a higher resistance to charge transfer in the metal/electrolyte interface
or Faradaic currents. For a bare metal, like carbon steel in this case,
higher impedance modulus at lowest frequencies also means a less in-
tense charge transfer in the same metal/electrolyte interface. The pres-
ence of a corrosion inhibitor in the electrolyte that is able to adsorb in
the metal surface, also slows down the charge transfer process by
blocking active sites on the metal's surface, resulting in higher capaci-
tive arc diameters or higher impedance modulus at low frequencies. It
is also very important to note that after a visual inspection on carbon
steel samples there was no formation of any corrosion products on the
metal's surface.

The same behavior was also confirmed by the displacement of phase
angle from higher frequencies to lower frequencies in the Bode diagram
(6 vs. log f). This characterizes the more protective role of dodecylamine
inhibitor released from the mesoporous silica particles over time for car-
bon steel, which acts forming an adsorbed film on the surface of carbon
steel.

Fig. 6 shows the impedance diagrams at pH 6.2 for different immer-
sion times, where one can observe a similar behavior for pH 2 condition.
In this case, for initial immersion times the maximum value obtained for
6 h of immersion was around 2250 Q cm?. For longer immersion times
(24 h, 26 h and 28 h) the capacitive arc diameter reached a value of
3250 Q cm? (1.4 times the initial value), thus, the ratio between imped-
ance modulus in the presence and absence of mesoporous silica particles
(]Z| with mesop. silica/|Z| without mesop. silica) was proportionally
lower in comparison to pH 2.0 condition.

For pH 9.0 condition shown in Nyquist diagrams (Fig. 7a) it is possi-
ble to observe that for long immersion times (24 h, 26 h and 28 h) the
increase of capacitive arcs diameter was not significant (1.1 times),
even for short periods of immersion (1 h,2 h,3 h,4h,5hand 6 h).

According to the results of kinetics of releasing of dodecylamine inhib-
itor for different pH conditions it is possible to conclude that for pH 2.0
condition there is a greater amount of released inhibitor from the meso-
porous silica. At pH values different from neutral, both silica particles as
well as inhibitor molecules have the same charge (positive at pH < 6
and negative at pH > 6). This leads to larger electrostatic repulsion forces
and faster release. These results are very favorable for the subsequent
application of the loaded silica nanocontainers in anticorrosive active
coatings, as the corrosion is usually followed by alkaline or acidic pH
shift. Thus, a release of the inhibitor in response to a pH change in the

local environment is provided and will be responsible for substrate pro-
tection in the coating damaged area [24,32].

Fig. 8 summarizes the linear and logarithmic kinetics for release of
encapsulated dodecylamine inhibitor from mesoporous silica for different
immersion times in 0.1 mol/L NaCl solution and different pH values. The
ratio |Z| with mesop. silica/|Z| without mesop. silica for a fixed frequency
of 31.55 mHz was chosen to assess the release of encapsulated corrosion
inhibitor. To calculate the impedance module values (|Z| with mesop.
silica) for different immersion times it is necessary to find the values of
log|Z| with mesop. silica from Bode plots (log (|Z]) vs. log f) for each con-
dition of pH and at a fixed frequency f = 31.55 mHZ for different immer-
sion times. This frequency value of 31.55 mHz was chosen due to the fact
that at low frequencies it is possible to detect the charge transfer phenom-
ena in the metal/solution interface and consequently the corrosion behav-
ior of the metal immersed in an aggressive medium. For instance, for pH 2
condition, time = 60 min and frequency of 31.55 mHz is obtained a value
of 10g|Z|: =60 min = 2.7988, then the value of the impedance modulus
would be |Z]; — 6o min = 10?7988 = 553,73 0 cm?. The values of the
ratio | Z| with mesop. silica/|Z| without mesop. silica are calculated divid-
ing the values of |Z| with mesop. silica for different immersion times by
the |Z| without mesop. silica. This value of |Z| without mesop. silica can
be considered as the value of |Z| obtained after 60 min of immersion,
since for this short time the action of the corrosion inhibitor is negligible.
With these values the kinetic curves for the release of encapsulated
dodecylamine inhibitor were obtained plotting the value of (|Z| with
mesop. silica/|]Z| without mesop. silica) vs. immersion time for each pH
condition, shown in Fig. 8.

a)

Rsol

CPEcoat
N

CPEdI

Rcoat

b)
Rsol CPEcoat
>
Rcoat CPEdI
>
Rct w

Fig. 10. Equivalent circuit models (ECM) for fitting EIS data for carbon steel coated with
alkyd primer doped with 0 wt.% or 15 wt.% of mesoporous silica nanocontainers (NC)
after 8 h of immersion in 0.01 mol/L NaCl with a provoked defect. a) The initially used
ECM and b) the finally used ECM to fit EIS data.
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Table 1
Parameters determined from fitting EIS data to equivalent electric circuit for samples of coated carbon steel with a provoked defect after 8 h of immersion.
Samples
ECM parameter Alkyd primer  Fitting Alkyd primer with  Fitting Alkyd primer with NCs  Fitting
without NCs error (%) empty NCs error (%) loaded with inhibitor error (%)
Rsor (2 cm?) Solution resistance 1258 Fixed 1300 Fixed 1300 Fixed
CPEcoat (NF cm?/5%~ 1) Capacitance of the alkyd primer coating 0.54 8.68 0.84 3.75 1.23 5.63
CPEcoat (o) Exponent of the CPE coat 0.98 0.74 0.90 0.34 0.81 0.60
Reoat (KQ cm?) Resistance of the alkyd primer coating 74.8 412 106.5 1.03 415.7 1.58
CPEg; (UF cm?/S*~1) Double electric layer capacitance 0.62 5.72 0.19 12,51 0.25 1.25
CPEq (o) Exponent of the CPEy 0.48 8.16 0.65 2.84 0.49 1.07
R (KQ cm?) Charge transfer resistance 26.8 40.5 292.1 19.16 13,661 3.54
W (k2 cm?) Resistance associated to Warburg element 7314 324 1700.9 7.67 3035.8 66.4
W () Exponent related to Warburg element 0.52 3.05 0.31 4.71 1.0 5.52

For initial immersion times one can observe that the impedance
modulus ratio for the three conditions of pH (2.0, 6.2 and 9.0) were
very similar, that is, the release rates of dodecylamine inhibitor was
not significantly altered by the variation of pH. On the other hand, for
longer immersion times the impedance modulus ratio variation with
time follows different mathematical models (linear for pH 2.0 and loga-
rithmic for pH 6.2 and 9.0). The global classification of kinetics of inhib-
itor release is pH 2.0 > pH 9.0 > pH 6.2 explained by the electrostatic
interactions mentioned above. In conclusion, for pH 2.0 the rate of re-
lease of the inhibitor is the highest in comparison to the rates obtained
for pH 6.2 and pH 9.0.

3.6. Self-healing effect for coated samples by EIS and SVET

3.6.1. EIS measurements

The Bode diagrams (log |Z| vs. log f) corresponding to the coated
samples with two layers of alkyd paint and the primer containing
0 wt.% or 15 wt.% are presented in Fig. 9a and b. It can be seen that ini-
tially (4 h of immersion) the addition of 15 wt.% of mesoporous silica did
not affect the performance of the coating due to the fact that the imped-
ance modulus values are very close at low frequencies [33]. After 8 h of
immersion, there was a slight decrease in the value of the impedance
modulus for the samples without defect and containing 15 wt.% of

mesoporous silica due to the ingress of the electrolyte through the path-
ways or pores formed in the coating, but without affecting the global
coating performance. In the case of defective coatings for both immer-
sion times (1 h and 8 h), the samples containing dodecylamine-loaded
mesoporous silica exhibit impedance values and phase angles higher
in comparison with the samples without mesoporous silica, and this ef-
fect is more pronounced after a longer immersion time (8 h). This occurs
as consequence of the release of the inhibitor from the internal channels
of the mesoporous silica on the defect area. Other authors found similar
results [23,24]. In addition, these high impedance modulus values at
high and low frequencies are related to best barrier properties and a
higher metal polarization resistance due to the presence of inhibitor,
respectively [4,34]. In the case of the defective samples containing
mesoporous silica without inhibitor a slight increase of the impedance
module values at high and low frequencies can also be observed in
comparison with the coated samples with pure alkyd primer. A possible
explanation is that the empty mesoporous silica particles act as an inor-
ganic and inert charge normally added to paints to improve their barrier
properties.

The impedance plots can be utilized to provide adequate modeling
of the physicochemical process on the coated sample during corrosion
tests. For quantitative information from EIS technique, data were fitted
using equivalent electric circuits. In these equivalent circuits, the
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Fig. 11. SVET maps of ionic currents measured above the surface of the carbon steel coated with alkyd primer without mesoporous silica and a provoked defect obtained after different

immersion times in 0.05 mol/L NaCl.
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Fig. 12. SVET maps of ionic currents measured above the surface of the carbon steel coated with alkyd primer doped with 15 wt.% of mesoporous silica loaded with dodecylamine inhibitor

and a provoked defect obtained after different immersion times in 0.05 mol/L NaCl.

capacitive component was replaced by a constant phase element (CPE),
which simulates deviations from a non-ideal capacitor behavior. Fig. 10
illustrates the equivalent circuits used to fit impedance data of
immersed samples during 8 h in 0.01 mol/L NaCl and with a provoked
defect. Fig. 10a shows the first electrical circuit model used to fit EIS
data. The first fitting results have shown a CPEq; exponent value for
the three defective samples around 0.5 which is attributed to diffusion
controlled process. This is an indication of the need of considering the
existence of Warburg resistance in the previous tested equivalent elec-
tric circuit model. The final equivalent electric circuit used to fit EIS data
is shown in Fig. 10b. The circuit parameters determined after fitting
were put together in Table 1.

Without inhibitor loaded silica

Without inhibitor loaded silica

wl

720 h

/N

The fitted data and circuit parameters obtained by the Zview?2 soft-
ware attribution to each of the equivalent electric circuit element is pre-
sented in Table 1. The fitting errors are low for most of the parameters
and acceptable for others, which means that the chosen equivalent
circuit (Fig. 10b) is adequate. As can be seen in Table 1 the value of R¢,
(charge transfer resistance) for the defective coated sample containing
inhibitor-loaded mesoporous silica was 13,661 kQ cm?® while it was
292.1 kQ cm? and 26.8 kQ cm? for the coated samples containing
empty mesoporous silica without inhibitor and alkyd primer without
mesoporous silica, respectively. This higher value of R for the coated
samples with alkyd primer doped with NCs containing corrosion inhib-
itor indicates a better performance due to the action of dodecylamine

15 wt.% of inhibitor loaded silica

15 wt.% of inhibitor loaded silica

Fig. 13. Aspect of coated samples with two layers of alkyd paint with a primer containing 0 wt.% or 15 wt.% of mesoporous silica before and after 720 h of exposure in the salt spray chamber.
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inhibitor that is released from the internal channels of mesoporous silica
on the provoked defect. Another information observed in Table 1 are the
values of coating resistance, Reoat, Where the alkyd primer coated samples
with inhibitor-loaded NCs presented the highest value (415.7 kQ) cm?) in
comparison to other samples (106.5 kQ cm? for alkyd primer coated sam-
ples with empty NCs and 74.8 kQ) cm? for pure alkyd primer coated sam-
ples), what means that addition of the inhibitor-loaded mesoporous silica
increases the barrier properties of the coating. This happens because the
particles are very small and in the size range of inert charges or pigments
frequently used in paints. The overall analysis reveals that an alkyd paint
that is not intrinsically very corrosion resistant can be transformed in a
considerably resistant coating when doped with dodecylamine-loaded
mesoporous silica.

3.6.2. Scanning vibrating electrode technique (SVET) measurements

SVET measurements for carbon steel coated with two layers of alkyd
paint with the primer without mesoporous silica and exposed in
0.05 mol/L NaCl for different immersion times (1 h, 8 h, 17 h and
23 h) are shown in Fig. 11. There is one peak with anodic current density
of 46 uA/cm? after the first hour of immersion that increases during
whole experiment until reaching anodic current density value of
123 pA/cm? (after 23 h of immersion). This anodic activity can be ob-
served around the defect and is confirmed by the accumulation of corro-
sion products on scratched area.

SVET results for carbon steel coated with two layers of alkyd paint
with the primer containing 15 wt.% of mesoporous silica are shown in
Fig. 12. Results revealed a radically different behavior compared to the
coating without mesoporous silica (Fig. 11). The anodic current density
was negligible and remains almost constant during 23 h of immersion
(5-7 pA/cm?). These results show an inhibition of the corrosion process
due to the action of dodecylamine inhibitor that is released from the in-
ternal channels of mesoporous silica caused by pH changes on the dam-
aged area [23,24,35-37]. The effect of dodecylamine corrosion inhibitor
is based on the formation of a film adsorbed on the metal surface, which
acts as a physical barrier blocking the contact of the metal with the ag-
gressive solution, in a similar way found by other researchers [38].

Another promising future work could be the monitoring of local pH
changes on provoked defects in panels of carbon steel coated with alkyd
primer doped with dodecylamine-loaded SBA-15 mesoporous silica
using the scanning ion-selective electrode technique, SIET.

3.7. Salt spray tests

Fig. 13 presents the results obtained for the salt spray tests for expo-
sure periods of 0 h and 720 h. In these images, it is possible to see that
after 720 h the coated samples not doped with mesoporous silica pres-
ent a strong attack of corrosion in different zones and especially around
provoked defect, besides an intense blistering under the coating, which
indicates a permeation of the aggressive solution towards metal surface
through the defect provoked by the sharp tool. Therefore, it is possible
to conclude that the addition of 15 wt.% of mesoporous silica into the
primer coating provided an additional protection against corrosion of
carbon steel, and after 720 h of exposure there was less corrosion prod-
ucts and blistering around defect area.

4. Conclusions

SBA-15 silica particles with a fibrous structure and mesoporosity has
been successfully demonstrated. The encapsulation of dodecylamine in
the synthesized mesoporous silica particles was well succeeded.

The incorporation of loaded SBA-15 mesoporous silica in an
alkyd primer was also successful. The addition of mesoporous silica
alone increased slightly the barrier properties of alkyd primer and
the dodecylamine-loaded silica blocked the defects and improved
significantly its physical barrier properties allowing the release of the en-
capsulated inhibitor. A significant increase of the active anticorrosion

properties and self-healing were demonstrated and confirmed by EIS
and SVET techniques.
The salt spray tests showed clearly that the addition of mesoporous
silica on the primer of coated samples provided self-healing properties.
Therefore, an alkyd primer can be transformed in a very resistant
coating when doped with dodecylamine-loaded mesoporous silica
nanocontainers.
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