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Currently, the most promising approach in the corrosion protection of smart coatings
is the use of nanoreservoirs loaded with corrosion inhibitors. Nanocontainers are filled
with anti-corrosive agents and are embedded into a primer coating. Future prospective
containers are halloysite nanotubes (HNTs) due to their low price, availability, durability,
with high mechanical strength and biocompatibility. The aim of this work is to study
the use of HNTs as nanocontainers for encapsulated dodecylamine for active corrosion
protection of carbon steel. Halloysite clay was characterized by X-ray diffraction and
TGA - thermogravimetric analysis techniques. HNTs were loaded with dodecylamine
and were embedded into an alkyd primer with a weight ratio of 10 wt.%. The anti-cor-
rosive performance of the alkyd primer doped with 10 wt.% of entrapped-dodecylamine
halloysite was tested on coated carbon steel by direct exposure of the coated samples
with a provoked defect into 0.01 mol/L NaCl corrosive media using electrochemical
impedance spectroscopy (EIS) and scanning vibrating electrode technique (SVET). EIS
and SVET measurements showed the self-healing properties of the doped alkyd coating.
Coated samples were also evaluated in a salt spray chamber and the self-healing effect
was unequivocally noticed.

Keywords: nanocontainers, self-healing, halloysite, corrosion inhibitor, dodecylamine, smart coatings

INTRODUCTION

Corrosion of metals is one of the serious technological problems, resulting in huge economic losses,
especially in the aerospace, automotive, and petroleum industries. For this reason, a variety of meth-
ods such as cathodic protection, metallic coatings, and polymeric coating systems were developed
to overcome it. However, if this barrier is partially disrupted, the coating itself cannot stop the cor-
rosion process. One of the possible solutions to achieve active corrosion protection is to introduce
an ecofriendly corrosion inhibitor directly into the coating, providing release of the inhibitor, and
termination of the corrosion propagation at already damaged corrosion defects (Shchukin et al.,
2008). Expected undesirable reactions between inhibitor molecule and constituents of the coating
polymeric matrix are the main reasons for avoiding the direct introduction of inhibitors into coatings
and trying to encapsulate them (Zheludkevich et al., 2007).

Accordingly, nanocontainers are loaded with corrosion inhibitors and dispersed in organic
coatings applied as primers. These nanomaterials have the ability to release encapsulated inhibi-
tors in a controlled manner, which can be tuned to coincide with an increase of the aggressiveness
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in the surrounding environment or corrosion initiation on the
metallic substrates (Hu et al., 2005; Zheludkevich et al., 2005,
2007; Suryanarayana et al., 2008; Wu et al., 2008; Tedim et al.,
2010; Evaggelos et al., 2011; Nesterova et al., 2011). When the
local environment undergoes changes or if the corrosion pro-
cess is started on the metal surface, the nanocontainers release
encapsulated active material (inhibitor) directly into the dam-
aged area, thus preventing undesirable leakage of the inhibitor
and reduction of the barrier properties of the whole applied
film (Zheludkevich et al., 2007; Andreeva et al., 2008, 2010;
Shchukin et al., 2008; Borisova et al., 2011). Recently, a review on
smart coatings stresses the use of smart nanocontainers for the
enhancement of active anticorrosion performance in protective
coatings (Montemor, 2014). Different types of inorganic corro-
sion inhibitors include chromates, phosphates, molybdates, and
nitrites. One of the disadvantages of inorganic inhibitors is that
some of them are toxic. For example, chromates are proven to
cause several diseases, including cancer and are forbidden in
Europe since 2007, for common usage. Therefore, introduction of
ecofriendly corrosion inhibitors for protective coatings is a very
intriguing challenge (Zheludkevich et al., 2007). For instance, the
large-scale implementation of the nanocontainer-based coatings
is limited by the high nanocontainers price. This calls for the
finding of low-cost nanocontainers, which can be employed suc-
cessfully in self-healing or smart coatings. One of the prospective
future nanocontainers that can be industrially mined is halloysite
clay nanotubes (Yuan et al.,, 2015). Often, long and thin tubular
systems are highly desirable, since for the same amount of cargo
(compared to spherical capsules), they exhibit superior aero and
hydrodynamic properties and thus better processability (Suh
et al,, 2011). Thus, the use of halloysite nanotubes (HNTs) has
become probably one of the best proposals due to their low cost
and ability to encapsulate a range of active agents within their
structure followed by their retention and triggered release (Shi
etal,, 2011; Kamble et al., 2012; Rawtani and Agrawal, 2012; Yuan
etal.,, 2012; Joshi et al., 2013; Lvov et al., 2014). Halloysite occurs
mainly in two different six polymorphs, with a interlayer where
water molecules are entrapped; the hydrated form (basal distance
around 10 A) with the minimal formula of ALSi,Os (OH),-2H,0,
and the dehydrated form (basal distance around 7 A) with the
minimal formula of Al,Si,Os(OH), which is identical to that of
kaolinite. The hydrated form converts irreversibly into the dehy-
drated form when dried at temperatures below 100°C (Nicolini
et al., 2009). Various inorganic and organic species can be used
in the intercalation of halloysite into its interlayer spaces, such as
formamide, dimethylsulfoxide, urea, potassium acetate, aniline,
and hydrazine. When intercalation takes place with larger mol-
ecules, the basal distance between interlayers is higher than 10 A
(Frost et al., 2010; Wilson, 2013).

Different types of inhibitors can be loaded within halloysite
lumen and used for the doping of coatings. Fix et al. (2009) inves-
tigated the corrosion protection efficiency of aluminum AA2024
alloy covered with a sol-gel matrix, which was doped with
inhibitor-filled HNTs. The corrosion protection efficiency was
monitored via scanning vibrating electrode technique (SVET).
A self-healing effect of the sol-gel doped with inhibitor-loaded
HNTs was demonstrated. Abdullayev et al. (2009) evaluated the

anti-corrosive performance of the sol-gel coating and paintloaded
with 2-5 wt.% of halloysite-entrapped benzotriazole applied on
copper and 2024-allumium alloy by direct exposure to corrosive
media. To characterize the halloysite structure scanning electron
microscope and transmission electron microscope were used. The
corrosion inhibition efficiency of halloysite nanocontainers for
aluminum and copper samples was monitored by SVET. A good
corrosion protection was observed for halloysite-loaded samples
in comparison to samples coated with only sol-gel. Shchukin
et al. (2008) studied the anticorrosion properties of the sol-gel
films doped with HNTs loaded with corrosion inhibitor (2-mer-
captobenzothiazole) and outer surfaces layer-by-layer covered
with polyelectrolyte multilayers. An increase in the anticorrosion
properties were reached for the samples coated with sol-gel
doped with HNTs. The use of dodecylamine encapsulated in
halloysite was proposed to provide corrosion protection to coat-
ings (Joshi, 2014). Kinetics of releasing of corrosion inhibitors
encapsulated within halloysite lumen was also studied. Lvov et al.
(2014) studied kinetics of releasing of drugs and proteins from
HNTs in water. The results showed that halloysite inner lumen
can store and release molecules in a controllable manner resulting
useful for applications in drug delivery, antimicrobial materials,
and self-healing polymeric composites. Yuan et al. (2012) studied
the loading and the release of an anionic dye compound from
functionalized HNTs. The results showed that functionalization
of HNTs makes pH an external trigger for controlling the loading
and the subsequent release of the encapsulated species. The main
objective of this article is to encapsulate dodecylamine as corro-
sion inhibitor into halloysite nanoclay and dope an alkyd primer
with them and to evaluate the corrosion inhibitor release kinetics
and the self-healing effect.

MATERIALS AND METHODS

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, sequentially, and then rinsed with distilled water, alcohol,
and acetone. Samples were cut in different dimensions depend-
ing on the specific test. The halloysite used was purchased from
Sigma-Aldrich, and it is mainly formed by SiO, and ALO; with
30-70 nm diameter and 4 pm long with surface area of 64 m?/g
what is very typical for tubular halloysite (Wilson, 2013). Pure
dodecylamine was purchased from Sigma-Aldrich and used as
corrosion inhibitor. A commercial alkyd paint modified with
phenolic resin with 65% solids was used.

Methods
Characterization of Halloysite Nanotubes
TG was performed using a thermogravimetric (TGA)/DSC1
from Mettler Toledo, in the temperature range from 30 to 800°C,
at the heating rate of 10 K/min. The samples were placed on a
platinum plate in nitrogen flux of 100 mL/min.

X-ray diffraction (XRD) patterns of the powdered samples
were performed using a Panalytical X'Pert diffractometer using
Cu Ka radiation, tube power 40 kV, current of 40 mA at room
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temperature. The angle measurements were performed in the
range 20 = 4° to 70° with a step of 0.02°.

Halloysite Treatment, Loading, and Addition into a
Coating
Before loading the inhibitor into HNTS, they were exposed to a
treatment with 2 mol/L sulfuric acid during 6 and 12 h in order
to enhance the tube-loading efficiency (two to three times)
(Abdullayev et al., 2009), increasing the inner space available
for encapsulation of dodecylamine inhibitor. The embedment
of dodecylamine inside the inner gallery of the HNTs was per-
formed according to the adapted procedure described by Price
et al. (2001). In the first step, 6 mL of dodecylamine ethanolic
solution with a concentration of 10 mg/mL was prepared. In the
second step, 50 mg of HNTs was added to the dodecylamine
solution. The vial containing the mixture was transferred into a
vacuum jar and then evacuated, which deaerates the halloysite
lumen. Slight fizzing of the suspension indicates the air is being
removed from the halloysite inner part. After the fizzing was
stopped, the vial was sealed for 30 min to reach equilibrium in
relation to dodecylamine distribution between the inner volume
and the surrounding solution. Furthermore, due to a rapid
evaporation of the solvent, the inhibitor concentration increases
that improves the loading efficiency. During the complete load-
ing procedure, the dispersion was stirred. The vacuum treatment
was followed by water washing and centrifugation. The aqueous
upper phase was removed and the precipitate was dried at 60°C
in an oven overnight. The halloysite particles were dispersed in
an alkyd paint diluent (50 wt.%) before addition into the paint.
Coated samples were obtained applying the paint with the help
of a brush in two layers of approximately 200 pm total dry film
thickness. A commercial alkyd paint modified with phenolic resin
with 65% solids containing dispersed HNTs was prepared to coat
carbon steel panels (dimensions of 100 mm X 150 mm X 2 mm)
as a primer (first layer of about 94 pm dry thickness) with 10 wt.%
of dodecylamine-loaded HNTs and a second layer of about
99 pm dry film thickness without HNTs was also applied. Dry
coating thickness measurements were made using a Fisher Model
DualScope® MP40.

Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) measurements
were employed to evaluate two different types of systems: at first,
for determining indirectly the release of corrosion inhibitor from
halloysite lumen by monitoring of the corrosion behavior of
carbon steel samples in 0.01 mol/L NaCl solution at different pHs
(2, 6.2, and 9) and containing 1 wt.% of nanocontainers loaded
with and without dodecylamine as corrosion inhibitor and, at
second, for evaluating the corrosion protection performance of
coated samples with alkyd paint doped with HNTs loaded with
dodecylamine corrosion inhibitor in 0.01 mol/L NaCl solution.
In order to accelerate the corrosion process of the coated samples,
a small defect (about 130 pm diameter) was made on the coating
sample by an indenter just before starting the experiment. Kinetic
curves of dodecylamine inhibitor release from HNTs were
obtained plotting the values of the ratio (|Z| with HNTs loaded

with inhibitor/|Z| with HNTs without inhibitor) vs. immersion
time for each condition of pH. In order to calculate the imped-
ance modulus values (]Z| with HNTs loaded with inhibitor and
|Z] with HNTs without inhibitor) for different immersion times
was necessary to find the values of log|Z| for each condition
from Bode plots (log (|Z]) vs. log f) and at a fixed frequency
f =31.5mHZ. This value of 31.5 mHz was chosen due to the fact
that at low frequencies, it is possible to detect the charge transfer
phenomena in the metal/solution interface.

Electrochemical impedance spectroscopy measurements were
performed on duplicate samples at open circuit potential for
different immersion times using a Gamry Reference 600 poten-
tiostat/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
and 10 measurements for each frequency decade was adopted.

Scanning vibrating electrode technique measurements
were performed on duplicate samples by using the Applicable
Electronics equipment controlled by ASET (Sciencewares) soft-
ware. Samples were prepared for SVET measurements by cutting
into 1 cm X 1 cm area plates. The probe was located 100 pm above
the surface and vibrated in the perpendicular direction to the sur-
face (Z) with 20 pm amplitude. The frequency of vibration of the
probe was 164 Hz. The scanned area was around 2 mm X 5 mm.
In order to accelerate the corrosion process and evaluate the cor-
rosion resistance of these samples, small scratches on the coated
sample using a sharp tool were made of approximately 3-4 mm
long and about 200 pm wide. Periodical measurements were
taken during the course of immersion of the coated samples in a
0.01 mol/L NaCl solution used as electrolyte.

Accelerated Corrosion Test in Salt Spray Chamber
Salt spray experiments were performed on triplicate samples by
using the Bass USC-ISSO-(PLUS) Model equipment following
the prescriptions of ASTM B 117-11 standard. Scribes with 9 cm
long were made on the coated samples using a sharp tool.

RESULTS

Thermogravimetric Measurements

Thermogravimetric curves for HNTs without inhibitor and with
inhibitor are shown in Figures 1A,B, respectively. The red lines
indicate the inflection points of the TG curve for each sample.
Figure 1A presents the TGA results for sulfuric acid treated
halloysite for 6 h without loading with dodecylamine. The
thermogram shows the mass loss % for increasing temperatures
starting from 30 to 800°C. As indicated in the curve, there are
four different slopes or four inflection points (in the middle of
red lines) where each one can be related to a different thermal-
activated process occurrence. It starts losing adsorbed water
(slope 1) from 30 to 100-150°C (Frost et al., 2010; Liu et al., 2013;
Carrillo et al.,, 2014) summing 2.3% of mass loss in the dehydra-
tion process and from 150 to 380°C (slope 2) occurs the loss of
structural water or so-called bound water (Frost et al., 2010; Liu
etal., 2013; Carrillo et al., 2014) contributing to 1.4% of mass loss.
For temperatures higher than 400-450°C (slopes 3 and 4) another
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FIGURE 1 | Thermogravimetric curve (TGA) for halloysite without dodecylamine corrosion inhibitor (A) and loaded with dodecylamine corrosion
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process is occurring and sums up to only 0.5% of mass loss. In the
literature, transformations at temperatures beyond 450-600°C
are assigned to dehydroxylation process during degradation of
clays like halloysite or kaolinite (Yuan et al., 2008, 2013; Frost
etal., 2010; Bodeepong et al., 2011; Carrillo et al., 2014; Luo et al.,
2014). So, slopes 3 and 4 can be attributed to the dehydroxylation
of halloysite.

At Figure 1B, one can find TGA results for halloysite loaded
with dodecylamine inhibitor. In the thermogravimetric curve,
it is possible to identify six slopes (inflection points) that can
be related to different mass loss processes. It is important to
stress the need for comparing both thermograms for loaded
(Figure 1B) and for non-loaded (Figure 1A) halloysite. Since
the clay is the same, the additional slopes or inflection points
that appear in Figure 1B can be attributed to the release or
degradation of the loaded organic compound, dodecylamine.
From 30 to 120°C and from 150 to 250°C, the mass losses can be
assigned to the loss of adsorbed water (2.5%) (slope 1) and loss
of structural water (1.9%) (slope 2), respectively. Slope 3 in the
range of 250-370°C could be related to the release of adsorbed
dodecylamine molecules from the external walls of halloysite,
which sums a mass loss of 0.8%. Slope 4 from 370 to 470°C
range could be related to the release of dodecylamine molecules
from the inner part of the lumen of halloysite and their thermal
degradation corresponding to a significant mass loss of 6.0%.
In the literature (Frost et al., 2010; Chen and Fu, 2012a,b; Liu
et al., 2013), many articles report the initial release/degradation
of organic compounds entrapped in inorganic structures at
temperatures higher than 250°C. The very steep slope 5 starts
about 470°C and goes to 530°C corresponding to a 4.8% of mass
loss and can be a sum of two concomitant processes: thermal
degradation of the remaining dodecylamine in the inner hal-
loysite structure and the beginning of dihydroxylation of the
halloysite clay.

TABLE 1 | Percentage of weight loss for different stages of thermal
behavior of halloysite not loaded with dodecylamine inhibitor.

Slope Range of temperature (°C) % Weight loss
1 30-120 2.3
2 120-370 1.4
3 370-650 0.5
4 650-800 1.2
Total mass loss (wt.%) 5.4

The final slope 6, from 550 to 800°C is related to the dehy-
droxylation of AIOH groups in the clay structure. It is reason-
able to infer about concomitant process after comparison of
Figures 1A,B in the range 470 to 800°C. Slope 3 in Figure 1A is
less abrupt than the corresponding slope 5 in Figure 1B, denoting
the presence of another process besides the beginning of dehy-
droxylation process in slope 5 of Figure 1B. If the sum of mass
losses assigned to slopes 3, 4, and 5 is calculated in Figure 1B,
a good estimate of the total amount dodecylamine loaded in
halloysite is obtained. In this case, the sum of 1.9, 6.0, and 4.8%
reaches 12.7%. If 0.5% is discounted from the total (mass loss
related to slope 3 in Figure 1A), 12.2% is obtained. This value
makes sense, because in literature, a range of 5-10% of cargo is
always reported for different nanocontainers (Lamaka et al., 2008;
Abdullayev et al., 2009; Fix et al., 2009; Skorb et al., 2009). These
findings indicate that TGA technique is a good tool to estimate
the inhibitor load in such inorganic nanocontainers.

Tables 1 and 2 show the different stages of mass loss of hal-
loysite without and with encapsulated dodecylamine corrosion
inhibitor, respectively. It is possible to deduce that dodecylamine
load was in the range of a maximum of 13.4 wt.% (obtained
from the difference of total mass loss in the presence and in the
absence of dodecylamine from Tables 1 and 2) and a minimum
of 12.2 wt.%, as discussed above. These estimates are reasonable
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and supported by other published papers (Lamaka et al., 2008;
Abdullayev et al., 2009; Fix et al., 2009; Skorb et al., 2009).

Characterization of Halloysite Nanotubes
by X-Ray Diffraction

Figure 2 shows the diffractograms for the samples of halloysite
without and with treatment for 6 h in 2 mol/L sulfuric acid. The
X-ray diffraction patterns in Figure 2 show that the samples are all
dominated by halloysite [AL,Si,Os(OH),] and also contain other
minerals as impurities. Beyond halloysite, minerals as alunite
(aluminum sulfate), quartz, kaolinite, and gibbsite [CaSO,.2H,O]
were also found. As shown in Figure 2, natural halloysite shows a
sharp peak at 26 of 20.1°, which is the characteristic (1 1 0) peak
of tubular halloysite (Bodeepong et al., 2011; Abdullayev et al.,
2012; Zhang et al., 2012; Carrillo et al., 2014). No intercalation
of sulfuric acid into interlayer space is observed, as the (0 0 1)
reflection does not shift to lower angles. This indicates that etch-
ing of alumina takes place from halloysite lumen and proceeds

TABLE 2 | Percentage of weight loss for different stages of thermal
behavior of halloysite loaded with dodecylamine inhibitor.

toward the outermost layer (Abdullayev et al., 2012). For the
halloysite treated for 6 h with 2 mol/L sulfuric acid is possible
to observe an increase in the intensity of the peak corresponding
to quartz (0 1 1) due to decrease of peak of halloysite (0 0 1)
as consequence of the process of dealumination suffered during
the treatment with sulfuric acid. Furthermore, when halloysite is
treated in sulfuric acid for 6 h is possible to see that the intensity
of peak (1 1 3) corresponding to alunite [KAl;(SO4).(OH)s]
increases due to a greater presence of aluminum sulfate caused
by the attack provoked by sulfuric acid. In the pattern of hal-
loysite after treatment does not appear a peak around 6°-8° that
usually appears when there is adsorbed specie in the interlayer of
the halloysite structure (Wilson, 2013). This could indicate that
during treatment some organic species present was destroyed by
treatment with sulfuric acid. Unfortunately, it was not possible
to get XRD pattern of the dodecylamine-loaded halloysite that
could prove the appearing of a basal interlayer peak at lower
angles related to a higher basal distance (with intercalation com-
pound) instead of that related to a peak at 10° related to a basal
distance of 10 A (without intercalation compound) (Frost et al.,
2010; Wilson, 2013).

Sl R f °C| % Weight | . . . .
ope ange of temperature (C) eight loss Kinetics of Releasing of Dodecylamine
1 80-120 2.5 Inhibitor from Halloysite Lumen for
2 120-270 0.8 .
5 970370 I Different Values of pH
4 370-470 6.0 Figures 3-5 show the impedance diagrams for carbon steel in
5 470-530 48 0.1 mol/L NaCl solution containing 1 wt.% of halloysite nano-
6 510-800 2.8 containers loaded with dodecylamine inhibitor after different
Total mass loss (wt.%) 18.8 immersion times and pH values 2.0, 6.2, and 9.0.
2200 =3 _
2000 ﬁ g ~——Halloysite without treatment
Q ——Halloysite with treatment (6h)
1800
1600 @
_ o
—_ N =-_v
2 1400 S § ES 5
> 1200 " Tk
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FIGURE 2 | X-ray diffraction diffractograms of powdered samples for the halloysite without treatment and with treatment in 2 mol/L sulfuric acid
during 6 h. H, halloysite; A, alunite; Q, quartz; K, kaolinite; G, gibbsite.
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FIGURE 3 | Impedance diagrams: Nyquist (A) and Bode (B,C) plots for carbon steel after different immersion times in 0.1 mol/L NaCl at pH 2 and
containing 1 wt.% of halloysite nanotubes with encapsulated dodecylamine.

Figure 3 shows the impedance diagrams for carbon steel
for various immersion times in 0.1 mol/L NaCl solution at pH
2.0 and containing 1 wt.% of HNTs loaded with dodecylamine
inhibitor, where it can be observed that for initial immersion
times (1, 2, 3, and 5 h), there was a small increase in the capaci-
tive arcs diameter shown in the Nyquist diagrams whose values
oscillate around 200 € cm?, but for long contact period (18, 36,
and 48 h), this diameter increases significantly up to a value of
1100 Q cm?, which can be confirmed in the Bode diagram (0
vs. log f) where there is a displacement of higher phase angles
from higher frequencies to lower frequencies indicating a more
protective character of the dodecylamine to the metal for long
immersion times. These results confirm that the release of the
inhibitor is accelerated at low pH after long immersion times
(Zheludkevich et al., 2007; Andreeva et al., 2008) what guarantees
the release of corrosion inhibitor in defective areas.

Figure 4 shows the impedance diagrams for carbon steel for
different immersion times in 0.1 mol/L NaCl solution at pH
6.2 and containing 1 wt.% of HNTs loaded with dodecylamine
inhibitor. In this case, is possible to observe that for short immer-
sion times (1, 2, 3, and 5 h) the capacitive arc diameter was around
1700 € cm? For longer periods of immersion (18, 36, and 48 h),
a slight increase in the capacitive loop diameter till 2000 Q cm?
can be observed. From these results, it can be conclude that for
this condition of neutral pH, the inhibitor release shows a slower
kinetics for longer immersion time what means that an amount
of inhibitor load will last for longer time in the case of a local
mechanical defect occurs, what is good scenery.

Figure 5 depicts the results of impedance for carbon steel
for various immersion times in 0.1 mol/L NaCl solution at pH
9.0 and containing 1 wt.% of HNTs loaded with dodecylamine
inhibitor. Similarly, for this pH, it is also possible to observe a
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FIGURE 4 | Impedance diagrams: Nyquist (A) and Bode (B,C) plots for carbon steel after different immersion times in 0.1 mol/L NaCl at pH 6.2 and
containing 1 wt.% of halloysite nanotubes with encapsulated dodecylamine.

slight increase in the capacitive arc diameter for long immersion
times (18, 36, and 48 h) in comparison to the values obtained for
short immersion times (1, 2, 3, and 5 h) due to a slower kinetics
of release of dodecylamine from halloysite lumen what means
that in this conditions the load of corrosion inhibitor will also
last for longer time, shown also a good perspective, since, in a
coating defect, higher pH values have been detected after long
exposure time. So, if alocal low pH is developed, the inhibitor will
be released more slowly for short immersion times and faster for
long immersion times and, if the pH is locally high, the inhibitors
still will be released, but in a slower kinetics, for longer immersion
times, lasting for longer periods.

Figure 6 shows the Nyquist diagrams for carbon steel after
different immersion times in 0.1 mol/L NaCl at different pH
values and containing 1 wt.% of HNTs without encapsulated
dodecylamine. In these curves, it is possible to observe that for pH
2 condition the values of capacitive arc diameters are not constant

and increase slightly until reaching a value of 475 © cm? On the
other hand, for the conditions of pH 6.2 and pH 9, the values of
capacitive arc diameters do not present a significant increase.
The values of |Z| at 31.5 mHz for each pH and different immer-
sion time will be the reference point for the determination of the
curves of corrosion inhibitor release kinetics.

According to results obtained in Figures 3-6 kinetic curves
of dodecylamine inhibitor release from halloysite lumen were
plotted for different immersion times in 0.1 mol/L NaCl solution
at different pH values following the procedure explained in the
Section “Materials and Methods” and are presented in Figure 7.
It can be seen that for pH 6.2 and 9.0, there is a steep increase in
the ratio between the impedance modulus for the condition with
and without HNTSs for shorter immersion times in comparison
with values obtained for pH 2 and for longer immersion times a
less pronounced release is noticed providing global logarithmic
kinetics curves. For pH 2, the release kinetics is linear and after
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FIGURE 5 | Impedance diagrams: Nyquist (A) and Bode (B,C) plots for carbon steel after different immersion times in 0.1 mol/L NaCl at pH 9 and
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48 h (high immersion times) and it is possible to observe that
the release kinetics of pH 2 is very close to the release kinetics at
pH 6.2 and 9.

Self-Healing Effect for Carbon Steel
Samples Coated with Alkyd Primers
Doped with Halloysite Nanotubes
Loaded with Dodecylamine Inhibitor by
EIS and SVET

EIS Measurements

The Bode diagrams (log |Z| vs. log f) corresponding to the
coated sample with two layers of alkyd paint containing 0 and
10 wt.% of HNTs in the primer are presented in Figures 8A,B,
respectively. In both figures, it is possible to observe a capacitive
response for the condition without defect, which extends from

the high frequencies to the medium frequencies. HNTs cause
a small decrease in impedance modulus at low frequencies.
This behavior indicates that the addition of the HNTs did not
affect markedly the coating barrier properties due to their good
dispersion in the paint and small size, which prevented the
agglomeration and allowed a more uniform distribution on the
coating layers.

In the case of defective coatings, it can be observed that
after 4 h of immersion (Figure 8A), the addition of 10 wt.% of
HNTs improved protection properties against corrosion due
to the release of the inhibitor from the halloysite lumen into
the damaged area. These results are in agreement with those
already reported in the literature (Shchukin and Mohwald, 2007;
Lvov et al., 2008; Shchukin et al., 2008; Abdullayev et al., 2013;
Snihirova et al., 2013). After 8 h of immersion (Figure 8B), the
coating self-healing has occurred and achieved the initial coat-
ing protective properties due to the increasing of impedance
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1 wt.% of halloysite nanotubes without encapsulated dodecylamine.
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FIGURE 6 | Impedance diagrams: Nyquist plots for carbon steel after different immersion times in 0.1 mol/L NaCl at pH 2, 6.2, and 9 and containing
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FIGURE 7 | Curves of the kinetics of the release of encapsulated
dodecylamine inhibitor from halloysite for different immersion times
in 0.1 mol/L NaCl solution at different pH values.

modulus values at low frequencies caused by the action of the
dodecylamine inhibitor in the defect site, which provides a long
and effective protection against carbon steel corrosion.

Scanning Vibrating Electrode Technique
Measurements

Scanning vibrating electrode technique measurements for
carbon steel coated with two layers of alkyd paint, with the
primer without HNTs, for different immersion times of 1, 3, 4,
and 12 h in 0.01 mol/L NaCl are shown in Figure 9. The results
showed the presence of a high anodic ionic current density
(383 pA/cm?) after 1 h of immersion, which decreases over time
until reaching a value of ionic current density of 325 pA/cm?
after 12 h of immersion. This is due to the initial concentration
of corrosion sites in a small region but over time, this region
migrates along scratch causing the decrease of anodic ionic
current density (Fix et al., 2009), and the precipitation of cor-
rosion products provokes the slowdown of corrosion process
as usual.
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Figure 10 shows the SVET measurements and the resulting
ionic current densities map obtained for carbon steel panels
coated with two layers of alkyd paint and the primer containing
10 wt.% of HNT5, for differentimmersion times of 1, 3,4,and 12h
in 0.01 mol/L NaCl. For these conditions, the results of SVET in
Figure 10 show that initially the ionic current density values start
to increase until a value of 552 pA/cm? (after 3 h of immersion).
After this time, the activity around the defect decrease sharply
until reaching a value of anodic current density of only 72 pA/
cm? (4 h of immersion) showing that the corrosion process was

stopped due to the action of dodecylamine inhibitor that was
released from the HNTs on the provoked defect area (Lamaka
et al., 2008; Lvov et al., 2008; Abdullayev et al., 2009, 2013; Fix
et al., 2009; Snihirova et al., 2013). After 4 h of immersion, there
was a slight decrease of the values of anodic current density until
68 pA/cm? (12 h of immersion) and then a slight increase for 24 h
of immersion (data not shown), which indicate some depletion in
the amount of inhibitor released from the nanocontainers.

As the release of the corrosion inhibitor is significant at all the
pHs as shown above, the corroding site locally triggers the action
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FIGURE 8 | EIS diagrams: Bode plots for carbon steel coated with alkyd primer doped with 0 wt.% and 10 wt.% of halloysite nanotubes obtained
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FIGURE 9 | Scanning vibrating electrode technique maps of the ionic currents measured above the surface of the carbon steel coated with alkyd
primer without halloysite nanotubes and a provoked defect obtained after different immersion times in 0.01 mol/L NaCl.
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FIGURE 10 | Scanning vibrating electrode technique maps of the ionic currents measured above the surface of the carbon steel coated with alkyd
primer doped with 10 wt.% of halloysite nanotubes loaded with dodecylamine inhibitor obtained after different immersion times in 0.01 mol/L NaCl.
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of entrapped inhibitor, which blocks the initial corrosion process
(Lvov et al., 2008; Fix et al., 2009) and the release continues as pH
is getting higher as evidenced from kinetics curves of inhibitor
release in Figure 7.

Salt Spray Tests

Figure 11 presents the results obtained for coated samples in the
salt spray tests for exposure times of 0 and 720 h, where it is pos-
sible to see that after 720 h a severe corrosion process is presented
especially for the coated samples without halloysite. On the other
hand, for the coated samples with 10 wt.% of dodecylamine-
loaded halloysite (on the primer layer), there was less corrosion
products and no blistering around scribe compared to coated
samples without nanocontainers, indicating a better protection
against ingress of aggressive species at the scribe and preventing
the spread of corrosion under the paint.

CONCLUSION

The XRD studies showed that the halloysite sample contain other
types of minerals as alunite, quartz, kaolinite, and gibbsite, which
may have affected the performance of the halloysite.

Thermogravimetric curves indicated more than one simple
step for the release and/or degradation of dodecylamine from
halloysite structure. It was possible to estimate the amount of
inhibitor loaded in the halloysite nanoclay.

Electrochemical impedance spectroscopy and SVET results
for the carbon steel coated with a primer layer doped with 10 wt.%
of HNTs loaded with dodecylamine inhibitor showed self-healing
ability by release of the encapsulated inhibitor triggered by pH
changes around provoked defect inhibiting the kinetics of cor-
rosion process.

Oh

without HNTs 10 wt.% of HNTs

720 h

without HNTs 10 wt.% of HNTs

FIGURE 11 | Aspect of coated samples with two layers of alkyd primer
containing 0 and 10 wt.% of halloysite nanotubes before and after
720 h of exposure in the salt spray chamber.
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The salt spray tests showed that the addition of dodecylamine-
loaded HNTs on the primer of coated samples provided self-
healing properties, with the release of inhibitor from the lumen
of halloysite inhibiting the attack provoked by the corrosion
process.

These results unquestionably prove the self-healing capacity of
the alkyd primer doped with halloysite loaded with dodecylamine
and prescribes the possibility of enhancing the protective
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