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1. Introduction

Passive protective coatings are one of the most
common corrosion protection methods

substrates. Their protective mechanism is based on the

n the present study, the corrosion protective ability of the sol-gel based
[ composite coatings containing two-different types of the cationic/anionic

based inhibitors loaded containers. For this purpose, the NaY zeolite and
Zn-Al Layered double hydroxides (LDHs) containers were loaded with Ce’*
cations and 2- mercaptobenzothiazole (MBT) separately. The morphology and
composition of the constructed micro/nanocontainers were studied using
analytical methods, confirming the successful loading of the inhibitors. In this
study, the Ce**/MBT inhibitors were successfully introduced into the LDH/NaY-
based zeolite containers. Results evidenced that the combination of the two
inhibitors has a constructive effect on the active protection of the AA2024-T3
sheets. SEM micrographs of the unfilled LDH and stupefaction with MBT show
that the prepared LDHs have sheet-like morphology. The addition of single-
inhibitor filled containers to the sol-gel hybrid coating, and water-based epoxy
coating provided active protection for the AA2024-T3 coated substrate.
However, the combination of the filled containers with the inhibitor in the above-
mentioned coatings resulted in the improvement of the active protection of the
substrate, which confirms the synergy between the particles. The NaY containers
loaded with the Ce®" resulted in a significant increase of the |Z|yo; 1. of the gel-
sol hybrid coatings, which indicates the formation of a stable oxide layer with
higher resistance. Whereas the |Z|yg; - of the hybrid sol-gel coatings loaded
with LDH-MBT were in the same range as the NaY-Ce loaded coatings,
containing NaY-Ce and LDH-MBT, showed the highest |Z|yo; y. values that
indicate the synergy between the inorganic (Ce’*) and organic (MBT) inhibitors
in sol-gel hybrid coatings. Prog. Color Colorants Coat. 15 (2022), 1-9© Institute
for Color Science and Technology.

retardation effect of the coatings against the entry of
water and corrosive species to the coating-metal
of metal interface [1, 2]. However, after mechanical damage,
these coatings do not show adequate protective

performance, but adding corrosion inhibitors to the
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coating formulation can create extrinsic self-healing

properties [3].
Despite  the

inhibitors, their direct addition to the coating

development of multifunctional
formulations can lead to inevitable problems such as
chemical interactions between the inhibitor and the
polymer matrix follows by the degradation of the coating
and the loss of inhibitor activity. Encapsulation of the
corrosion inhibitors in neutral host structures, which is
called micro/nano container, not only can separate the
active agents from the coating components but also
control the release of the inhibitors. Recently, the zeolite
and clay-based particles have attracted much attention
because of their ion exchangeability and high loading
capacity, as the host structures for corrosion inhibitors
[4, 5].

Zeolites are microporous aluminosilicate crystals
with a negative surface charge. This negative charge is
neutralized by the cations that attached to their bodies
[6, 7]. Active cationic species such as cerium and
lanthanum ions can be trapped inside the structural
cages of zeolite particles through the cation exchange
process. The inhibitors trapped in these containers are
stimulated and released by corrosion activities,
including pH changes and the presence of cationic
species (Mn" and H").

Selective release of the inhibitor ions from the
damaged site can strengthen the protective oxide layer,
and as a result, it guarantees long-term protection for
the metal substrate. The combination of zeolites loaded
with Ce’™ and La®" inhibitors in corrosion protection
coatings results in active protection improvement as a
result of the synergy between these two types of
inhibitors [8].
containing such vehicles had a significant improvement

Organic-inorganic  hybrid coatings

in the active protection of substrates such as AA2024
compared to those loaded with zeolites containing
single inhibitors [9, 10].

LDHs are a class of anionic exchangeable clay
particles that consist of linked metal hydroxide layers
with a positive charge. The positive charge of these
structures compensated by the placement of anionic
species between the hydroxide layers [11, 12]. The
LDH particles with inhibitor can limit their release to
corrosion activating phenomena such as changes in pH
or the presence of released anions resulting from the
corrosion processes. Successful entrapment of anionic
inhibitors in LDH has been reported in the literature
[13, 14]. Tedim et al. report the synthesis of layered
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double hydroxides (LDHs) nanocontainers loaded with
different corrosion inhibitors (vanadate, phosphate, and
2-mercaptobenzothiazolate) and the characterization of
the resulting pigments by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The
anticorrosion activity of these nanocontainers with
respect to aluminum alloy AA2024 was investigated by
electrochemical impedance spectroscopy (EIS). The
results show that an enhancement of the active
protection effect can be reached when nanocontainers
loaded with different inhibitors are combined in the
same protective coating system [14]. In 2009, the
anticorrosion capabilities of LDHs loaded with organic
inhibitors toward the AA2024 aluminum alloy were
analyzed by electrochemical impedance spectroscopy.
A significant reduction of the corrosion rate is
observed when the LDH nanopigments are present in
the corrosive media. The mechanism by which the
inhibiting anions can be released from the LDHs
underlines the versatility of these environmentally
friendly structures and their potential application as
nanocontainers in self-healing coatings [13].

Although the synergistic effect of the anionic
inhibitors that have been separately introduced into
LDH inter-layer space [15], a few research has been
done on the synergistic effect of the cationic and
anionic inhibitors filled containers.

In the present study, the corrosion protection
coatings were prepared and evaluated with an extrinsic
self-healing feature containing a combination of
containers with cationic and anionic inhibitors. For this
purpose, NaY zeolite and Zn-Al LDH with Ce** and 2-
mercaptobenzothiazole were selected as cationic and
anionic inhibitors, respectively. The morphology and
composition of the constructed nanocontainers were
studied using analytical methods that confirm the
successful loading of the inhibitors used. Furthermore,
sol-gel and water-based epoxy extrinsic healing coating
containing individual inhibitor filled containers, as well
as their combination, were prepared and evaluated
using bulk and local electrochemical characterization
techniques.

2. Experimental

2.1. Materials

Pure AA2024-T3 aluminum alloy with composition of
Al=94.5, Fe=0.5, Cu=4.9 and Cr=0.1
percentage) used as a metal substrate. Zirconium

(weight
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propoxide (70 wt% in n-propanol with a molecular
weight of 327.57 g/mol), 3-glycidoxypropyl trimethoxy
silane (with a purity of over 98 % and a molecular
weight of 326 g/mol), that labeled as TPOZ and
GPTMS, respectively, and ethyl acetoacetate (with
purity over 99 % and molecular weight of 130.14 g/mol)
were purchased from Sigma-Aldrich Co., and then, they
were used to prepare sol-gel coatings without any
manipulation. Cerium (III) nitrate hexahydrate (with
purity over 99 % and molecular weight of 342.22
g/mol), 2-mercaptobenzothiazole (with purity over 97 %
and molecular weight of 167.25 g/mol) that called as
MBT, were purchased from Sigma-Aldrich and used as
a corrosion inhibitor without further purification. Y
zeolite (with a molar ratio of 5:1 of silicon dioxide to
aluminum oxide and 13 wt% sodium oxide) was
purchased from Focus-Zeolite Company.

2.2. Preparation of NaY zeolite and LDH
nanocontainers

The Y zeolite with a single inhibitor was prepared by
the exchange of Na" cations in the Y zeolite cages with
Ce®" cations. The ionic exchange procedure was
performed in the CeNO; aquatic solution with Ce*
over 300% related to the cation exchange capacity of Y
zeolite to maximize the exchange of Na™ ions with Ce*"
inhibitors. The exchange process was performed by
adding NaY zeolite to 0.3 M CeNO; solution at a
volume/particle ratio of 20 mL/g at 60 °C. NaY zeolite
with Ce’” that is named NaY-Ce was washed and
filtered and then dried at 60 °C for 24 hours. Finally,
the NaY zeolite powder with 12 % weight of Ce’* was
obtained.

The preparation of Zn-Al LHD with an inhibitor
has two main steps: (1) Synthesis of LDH precursors
and (2) The substitution of the inorganic anions with
MBT inhibitor anions during the ion exchange
reaction. The synthesis was carried in the presence of
the argon, and all solutions were prepared by distilled
water to prevent the contamination with carbonate
anions. The molar ratio of zinc to aluminum was 2:1 to
obtain stable compounds.

In the first step, 0.5 M of Zn (NOs),-6H,0 and 0.25
M of AI(NOs);-9H,0 solution (50 mL) was slowly
added to 1.5 M NaNO; (100 mL, pH=10) under severe
stirring at room temperature. During this reaction, the
pH was kept constant (pH=10) by adding 2 M NaOH
simultaneously. After that, the heat treatment was

performed on the obtained slurry at 65 °C for 24 hours
to crystallize the LDHs; subsequently, the mixture was
centrifuged, and the obtained product was washed 4
times with distilled water.

The anion exchange reaction was carried out by
dispersing the LDH precursors in an aqueous solution
containing organic anions more than twice. The MBT
sodium salts were previously prepared by neutralizing
the MBT aqueous solutions with an equivalent amount
of aqueous NaOH. After that, the gel-like and white
LDH precursors were dispersed in 0.1 M NaMBT
solution (pH = 10) under the argon atmosphere. The
total amount of this solution (120 mL) was divided into
two 60 mL portions. The LDH precursors were added
to one of these portions and then centrifuged. This
procedure was repeated with the second part of the
organic anionic solution. Finally, the LDH powders
containing organic anion were washed four times with
distilled water, frozen, and then dried at -78 °C by
freezing [13, 14].

2.3. Characterization

The morphology of the nanocontainers was studied
with an LEO SEM device with an acceleration voltage
energy of 10 kV. In addition, the composition of the
containers loaded with inhibitors and those without
inhibitors was studied by X-ray diffraction (EDS)
spectroscopy at 15 kV. LDH nanocontainers structure
with inhibitor and LDH nanocontainers structure
without inhibitor was investigated by X-ray diffraction
(XRD) test. The tests were performed using a Philips
X'Pert diffractometer with Cu Ko radiation source.

2.4. Preparation of coating

Before applying the coating, the AA2024-T3 panels
with a dimension of 3x4 cm’ were mechanically
ground with silicon carbide paper with 1000 mesh, and
then the samples were degreased in ethanol for 5 min.
Then the sheets were immersed in 2M NaOH solution
for 10 seconds and washed with distilled water to
increase the surface density of the hydroxyl (OH)
groups on the AA2024-T3 substrate. The cleaned and
dried sheets of AA2024-T3 were covered with two
types of coatings: 1) SiO,-ZrO, sol-gel hybrid coating
and 2) water-based epoxy coating.

Sol-gel coatings: Hybrid sols were prepared by
mixing two different sols through hydrolysis of TPOZ
and GPTMS n n-propanol. Silane based sol was
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prepared by dropwise addition of 0.33 M of acidic
deionized water with pH = 0.5 to GPTMS solution
containing 1 M of n-propanol. Pre-hydrolysis was
performed by stirring the mixture at 300 rpm for 1h at
room temperature.

Zirconia-based sol was prepared by mixing TPOZ
(70 wt.% in n-propanol) and ethyl acetoacetate in a 1:1
volume ratio at room temperature for 20 min. The pre-
hydrolysis was performed by adding 2.62 M of acidic
deionized water with pH = 0.5 to the mixture, and the
solution was stirred at room temperature for 1 hour [15].

The Pre-hydrolyzed sols were mixed using a
magnetic stirrer for one hour. After that, the sol-gel
hybrid solution was applied to the AA2024-T3 sheets.
10% wt of micro/nanocontainers with and without
inhibitors were added to the sol-gel hybrid solution in
the mixing step of TPOZ and GPTMS sols. The
cleaned AA2024 sheets were immersed in a sol-gel
hybrid solution for 100 s and then came out at a rate of
18 cm/min. The coated samples were dried at ambient
temperature for 30 min, and then the samples with a
mean thickness of 442 um were prepared by a two-step
baking process at 60 and 120 °C for 80 minutes.

The epoxy coating formulation includes a water-
based epoxy emulsion and a solvent-free amine
hardener. Before adding harder to the formulation,
10 % wt of pigment (i.e., micro and nanocontainers)
was added to the resin, and it was mechanically stirred
at 1000 rpm for 5 minutes to ensure full pigment
dispersion in the resin. Hardener was then added to the
mixture with a weight ratio of resin to hardener of
0.7:1, and then it was mechanically stirred. In the next
step, the resulting mixture was cast onto the cleaned
AA2024-T3 sheets using a rod-like coater with 50 um
thickness. The coated samples were cured at room
temperature for 72 h. Finally, the coatings with an

average dry thickness of 30 um were obtained.

2.5. Characterization of the coatings

The electrochemical properties of the coatings prepared
were studied by the EIS method. EIS measurements
were performed at room temperature on a three-
electrode cell (Calomel electrode (SCE), a Pt auxiliary
electrode, and the coated samples). The aqueous
solution of 3.5 wt% sodium chloride was used as the
test electrolyte. This test was performed using an Ivium
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compact stat machine with a scanning rate of 1 mV/s in
a potential perturbation range of £200 mV compared
with open circuit potential. Moreover, the uncoated
AA2024-T3 panels were tested using EIS on
electrolytes containing CeNO; and MBT at different
molar ratios. The electrolytes were prepared using an
aqueous solution of 3.5% sodium chloride as a base
solution. The molar ratio of Ce: MBT was changed as

follows: 1: 99, 90:10, 75:25, 50:50, and 25:75.

3. Result and Discussion

3.1. Morphological analysis of the constructed
containers

The composition of the NaY zeolites and Ce-filled
NaY zeolites were investigated using SEM/EDS
analyses (Figure 1). SEM micrographs related to the
NaY and NaY-Ce particles show specific crystals with
an average diameter of fewer than 1 um. The EDS
profile of the NaY shows a particular peak at 1.04 kV
that is related to Na" cations present in Y zeolite cages.
Replacement of Na® cations with Ce’" cations in the
NaY can be confirmed by the significant decrease in
Na' (from 9.6 wt% to 3.1 wt %), and the appearance of
Ce characteristic peaks at 4.84, 5.27, 5.60 and 6 kV.
The presence of Na characteristic peak in the EDS
spectrum of NaY-Ce indicates an incomplete exchange
process. The incomplete exchange of Na“ with Ce’
cations in NaY-Ce can be attributed to the size
limitation of the sodalite cages for placement in the Ce
hydrated cations [16]. The elemental analysis of NaY-
Ce particles with EDS showed successful loading of 12
wt% Ce in Y zeolite.

The structures of LDH nanocontainers filled with
inhibitor were evaluated by XRD (Figure 2). The XRD
pattern of LDH nanoparticles (interlayer with NO;
anions) showed distinct peaks at 9.86, 19.92, and 30°,
which correspond to the (003), (006), and (009)
reflections, respectively. The interlayer space height was
calculated based on the cation sheet thickness (0.477 nm)
and the interlayer d-spacing (0.9 nm), and the value was
0.42 nm. The calculated gallery height is in good
agreement with the NO;™ (0.38 nm) anion size. The slight
difference in the amount of the obtained and the diameter
of the NO; anion can be justified by the vertical

alignment of the NOs™ groups relative to the host layer.



Studying the Active Corrosion Inhibition Effect of the ...

Intensity (a.u.)

2 4 6 8 10
Energy (keV)

Intensity (a.u.)

D)

10 102 103
Size (d.nm)

102 103 104
Size (d.nm)

Figure 1: SEM and EDS images of the composition of non-filled NaY zeolites (A
and C) and Ce-loaded NaY zeolites (B and D).
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Figure 2: XRD patterns related to the LDH nanocontainers loaded with inhibitor MBT.

Substitution of NO3;” by MBT anions through anion
exchange process leads to the structural changes that
are characterized by changes in the position of the
peaks towards the few 20 angles, and their intensity
decreases sharply. The new peak position corresponds
to the 1.72 nm interlayer distance, which is compatible
with the relatively larger size of the interlayer anions,
i.e., MBT.

The structure of Zn-Al LDHs filled with/without
MBT was evaluated by SEM. SEM micrographs of the
unfilled LDH (Figure 3A) and stupefaction with MBT
(Figure 3B) show that the prepared LDHs have sheet-
like morphology that preserved by anion exchange, as

reported in literature [13].

3.2. Active corrosion protection properties of
the coatings

To evaluate the active inhibition performance of the
containers modified with Ce*" and MBT, a number of
water-based coatings containing 10 wt% NaY, 10 wt%
NaY-Ce, 10 %wt LDH-MBT, and 5% wt NaY-Ce +
5% LDH-MBT were prepared, respectively. The active
protection provided by the inhibitors filled containers,
were evaluated by the creation of two circular defects
with an average diameter of 150 um, reaching the
metal substrate.

Prog. Color Colorants Coat. 15 (2022), 1-9
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The Bode plots at the early stages of measurement
and the low-frequency (|Z|po1 n.) frequencies of the
Si0,-ZrO, hybrid (Figure 4A and 4C) and water-based
epoxy (Figure 4B and 4D) are presented in Figure 4. In
the early stages of measurement, the EIS spectra of the
Si0,-ZrO, hybrid coatings (Figure 4A) showed two-
time constants in the test frequency range, which
corresponds to the response of the coating and oxide
layer. After long-term exposure to the electrolyte, a
third-time constant, which is attributed to corrosion
occurrence at the metal surface, was observed in the
EIS spectra of the coated systems [17].

The coating loaded with NaY particles showed the
lowest values of |Z|oo1 1, The NaY containers loaded
with the Ce®" resulted in a significant increase of the
|Z]o.01 1, Of the gel-sol hybrid coatings, which indicates
the formation of a stable oxide layer with higher
resistance. Whereas the |Z|y o y, values of the hybrid
sol-gel coatings loaded with LDH-MBT were in the
same range as the NaY-Ce loaded coatings, containing
NaY-Ce and LDH-MBT, showed the highest |Zyo; 1.
values that indicate synergy between the inorganic
(Ce™) and organic (MBT) inhibitors in sol-gel hybrid
coatings. Compared with the sol-gel hybrid coatings,
the EIS spectra of the water-based epoxy coatings
showed three specific time-constant after one-hour
immersion in the electrolyte. This low coating
resistance can be justified by poor LDH-MBT
distribution, which disrupts the integrity of the coating
due to the nanocontainer agglomeration. As a result of
the poor barrier effect of the epoxy coating loaded with
LDH-MBT, in the early stages of measurement, the
low-frequency impedance (|Z; u.) of this coating was
also more than the coating loaded with NaY (Figure

Prog. Color Colorants Coat. 15 (2022), 1-9

Figure 3: SEM images of the pure (A) and MBT filled (B) Zn-Al LDHs (A).

4C). However, with the time progress and release of
the encapsulate inhibitor, the coating loaded by LDH-
MBT showed a higher |Z|y; p, values than the epoxy
coating without container. The coating loaded with
NaY-Ce showed the highest values of |Z|y ¢ u, in the
early stages of measurement, however, with the
progress in immersion time, there was a sharp drop in
|Zlo.o1 1z The values of |Z|po1 u, of the coating
containing the combination of the inhibitors filled
containers becomes a straight line after one day, that
|Zlo.o1 . value exceeded than the |Z|y¢ y, values of
NaY-Ce coating after immersion in the electrolyte for
one week. The obtained results showed the
improvement in the corrosion resistance of the coating
when a combination of the filled inhibitors was used.
To measure the degree of inhibition and corrosion
protection provided by the containers filled with
inhibitors, the EIS spectra of the coating systems were
fitted using equivalent circuits presented in Figure 5. In
the equivalent circuits, Ry, Reoats Roxide, and Ry are
related to the resistance of solution, coating, oxide, and
charge transfer, respectively. CPE ,, CPE 4, and
CPEy represent the constant phase element of the

coating, oxide, and double layer, respectively [18, 19].

Figure 6 shows that the calculated resistances of the
coating (R..,) and the oxide (Rug) of the coating
systems have a similar trend as Bode plot results at low
frequencies, as shown in Figure 4. As can be seen in
Figures 6A and 6C, the coating resistance related
to both water-based epoxy coatings and sol-gel hybrid
coatings decreased at the initial stage, and after
that, the R, become constant. Thus, the R4, trend
can provide a qualitative estimation of the performance

of the container loaded with the inhibitor.
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Figure 4: Bode plots and the related extracted data of SiO,-ZrO; hybrid (Figure 4A and 4C) and water-based epoxy
(Figure 4B and 4D).

CPEoxide

Figure 5: Equivalent circuits used for fitting of the EIS data.

The highest amount of R,4. in the inhibitor filled
container (NaY-Ce + LDH MBT) in sol-gel hybrid
coatings during the measuring period (Figure 6B) and
after passing 1 week of immersion for the water-based
epoxy coatings (Figure 6D), reflecting the synergistic
effect between these two inhibitors in the coating
systems.

3.3. The corrosion inhibition mechanism of

Ce*'/2-mercaptobenzothiazole loaded NaY

zeolite/Zn-Al LDH

The observed synergistic effect between the two
inhibitor loaded containers not only can be attributed to
the oxygen scavenging potential, but also ascribed to the
stimuli-triggered release of the inhibitors from the
containers. While the release of Ce’" from NaY-Ce was

boosted in acidic pHs, the release of MBT from LDH-
MBT was amplified at basic/alkaline pHs. Therefore by
using the combination of the inhibitor doped containers
the release events can be expanded to a wide pH range
(from very acidic to very basic) promoted by corrosion
of AA2024-T3. The released inhibitors can subsequently
deactivate the cathodic and anodic sites, restricting the
Al dissolution rate. In contrary to the hybrid sol-gel
coatings, the synergistic behavior of the two inhibitor
loaded containers in the water-based epoxy coatings was
only observed after 1 week of exposure to the
electrolyte. At the early stages of the measurement, the
R, of the NaY-Ce loaded coating was higher than the
rest of the coating systems. Over time, the coating
containing the combination of the inhibitor loaded
container outperformed the NaY-Ce containing one.

Prog. Color Colorants Coat. 15 (2022), 1-9
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Figure 6: Resistances of the coating (Rcoat) and oxide (Roxide) Of SiO2-ZrO; hybrid (Figure 6A and 6B) and water-based
epoxy (Figure 6C and 6D).

4. Conclusion

In this study, the preparation and evaluation of LDH
containers and NaY zeolites loaded with inhibitor were
explained. The Ce’* and MBT were successfully loaded
into LDH containers and NaY zeolites. The combination
of the two inhibitors has a constructive effect on the
active protection of AA2024-T3 sheets with a 1:1 ratio,

which is the optimal molar ratio of Ce*: MBT. The
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