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ABSTRACT

In the current paper the corrosion inhibition synergy betweéhl@eled NaY-zeolite
(NaY-Ce) and 2-Mercaptobenzothiazole (MBT) loaded Zn-Al layered double hydroxide
(LDH-MBT) containers is presented. Solutions and water-borne epoxy coatings
containing different ratios of the two loaded carriers were prepared and their protection
of AA2024-T3 and damaged coatings characterized using global and local
electrochemical techniques and other complementary tools. The coatings containing
container-combinations showed exceptional corrosion protection over a broad range of
NaY-Ce:LDH-MBT weight ratios, with 90:10 being the optimal. The current work
landmarks the need for synergetic inhibiting studies devoted to carrier-inhibitor systems

in coatings.
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1. Introduction

Passive protective coatings are one of the most widespread approaches for corrosion
protection of metallic substrates. Their protection mechanism is based on restricting the
ingress of water and corrosive species to the metal-coating interface [1]. However, upon
damage they fail to fulfil their protective function. In protective coatings, self-healing
properties aiming at restoration of their corrosion protective function upon damage can
be extrinsically introduced by incorporating corrosion inhibitors into the coating
formulation [2-6]. For years, chromate compounds have been the most effective
inhibitors for different metallic substrates. Yet, due to their toxicity and environmental
regulations, their short and mid-term replacement by more benign inhibitors is
necessary.

The quest for environmentally friendly alternatives to Cr(VI) compounds has revealed
the beneficial aspects of rare earth metals (REM) such as cerium (Ce) in supressing
corrosion of Al alloys [7, 8]. Nevertheless, so far no single-species replacement for
chromates has been reported, from an equivalent performance perspective. The
synergistic effects of inhibitor combinations can offer a promising route to outperform
Cr(VI) species [9]. Rare earth organophosphates such as Ce dibutyl phosphate and Ce
diphenyl phosphate with corrosion inhibition performances comparable to those of
Cr(VI) compounds, are a new class of multifunctional corrosion inhibitors showing
synergistic corrosion protection for AA2024-T3 [10-13]. Selective deposition of Ce on
Cu-rich intermetallics and formation of an organic film by the organic part of the
inhibitor covering the entire surface is proposed as the most feasible mechanism for

synergy of these compounds [13].
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Despite the advances in the development of multifunctional inhibitors with synergistic
properties, their direct implementation into coatings formulation may be associated with
inevitable drawbacks such as chemical interactions between inhibitor and matrix
followed by coating degradation and loss of inhibitor activity [14]. Entrapment of
corrosion inhibitors in inert host structures, referred hereafter as micro- and nano-
containers, not only can isolate active agents from coating components but can also
control the release of the inhibitors. Zeolite and clay particles have lately attracted
considerable interest as host structures for corrosion inhibitors due to their high loading
capacity and ion-exchange capability [15, 16].

Zeolites are microporous aluminosilicate crystalline particles exhibiting a 3-dimensional
(3D) framework which consists of sodalite cages connected through hexagonal prisms.
Zeolites possess negative surface charge. This negative charge is compensated by
cations loosely bonded to their framework [17, 18]. Cationic active species sucti as Ce
and L& ions can be entrapped within the structural cages of zeolite particles via cation
exchange process [19-21]. The release process of the entrapped inhibitors in such
containers is stimulated by corrosion activities involving pH changes and presence of
cationic species (M and H). Selective leaching of the inhibitive ions to the damage

site can reinforce the protective oxide layer, guaranteeing the long-term protection for
the metallic substrate. Combination ofCand L&" loaded zeolites in the corrosion
protective coatings has led to an improved active protection as a result of synergy
between the two employed inhibitors [22]. Successive loading of two different

inhibitors (C&* and diethyldithiocarbamate (DEDTC)) in a single zeolite carrier has

also been reported with promising results based on a two steps/two triggers release

concept [23]. The organic-inorganic hybrid coatings containing such carriers exhibited a
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noticeable improvement in active protection of AA2024 compared to the ones loaded
with single inhibitor-loaded zeolites.

Layered double hydroxides (LDHSs) are a class of anion-exchangeable clay particles
consisting of stacks of positively charged 2-dimensional (2D) mixed-metal hydroxide
layers. The positive charge of these frameworks is compensated by intercalation of
anionic species between the hydroxide layers [24-26]. Inhibitor doped LDH particles
can limit the release events to corrosion triggered phenomena such as pH changes or
presence of anions released as a result of corrosion processes. Successful entrapment of
anionic inhibitors in LDH has been reported in the literature [27-31]. Following the
previous work with zeolites [23], both anionic and cationic inhibitors were recently
loaded into single LDH showing slight improvements compared to LDHs loaded with
either of inhibitors [32]. Although the synergistic effect of anionic inhibitors doped
separately in LDH nano-containers has been addressed in a few publications [29], the
potential synergy between the cationic inhibitor doped containers and the anionic
inhibitors doped ones has not been reported yet.

In the present work, preparation and characterization of extrinsic healing corrosion
protective coatings containing combination of cationic and anionic inhibitor doped
containers is described. To this aim NaY zeolite and Zn-Al LDH were doped with Ce
and 2-Mercaptobenzothiazole as cationic and anionic inhibitors, respectively.Due to the
different release mechanisms (pH range and anion/cation exchange) of the
aforementioned inhibitors from their hosts (LDH or NaY-Zeolite) a synergetic effect

can be expected. The morphology and composition of the micro-/ nano-containers were
studied using a combination of characterization techniques confirming successful

loading of the employed inhibitors. Monitoring the inhibitor release profiles of the
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micro-/nano-containers as a function of NaCl concentration and solution pH provided
valuable information on the possible synergistic corrosion protection mechanism.
Furthermore, waterborne epoxy extrinsic healing coating containing individual inhibitor
doped containers as well as their combination were prepared and evaluated using global
and local electrochemical characterization techniques.
2. Experimental
2.1. Materials

Unclad AA2024-T3 was received from AkzoNobel and used as metallic substrate. A
waterborne model epoxy-amine coating with fast drying at room temperature was
kindly provided by Mankiewicz GmbH. Cerium(lll) nitrate hexahydrate (99%, MW =
434.22 gnol™), 2-Mercaptobenzothiazole (97%, MW = 167.25 g:fokferred
hereafter as MBT were purchased from Sigma-Aldrich and used without further
purification as corrosion inhibitors. NaY zeolite (CBV 100, $/KD,03; molar ratio: 5.1,

NaO Weight %: 13.0) was purchased from Zeolyst International.

2.2. Nanoparticles synthesis and loading
NaY zeolite inhibitor loading

The single inhibitor doped Y zeolite was prepared via exchange of the availdble Na
cations in the Y zeolite cages with¥.eThe ion exchange process was carried out in a
Ce(NQy); solution containing over 300% excess of Gmtions with respect to cation
exchange capacity (CEC) of NaY zeolite ensuring maximum exchange of Na cations
with Ce" inhibitors [23]. The exchange process was conducted by addition of NaY
zeolite into a 0.3 M Ce(N§); solution with volume/particle ratio of 20 mi*t 60 °C.

The Cé&" doped NaY zeolites referred hereafter as NaY-Ce, were washed and filtered
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followed by drying at 60 °C for 24 h, yielding NaY zeolite with 12 + 0.5 wt.% Jf Ce
cations.
Zn-Al LDH inhibitor loading

Inhibitor doped Zn-Al LHDs were prepared by co-precipitation followed by ion-
exchange according to procedures described in literature [28]. In the first step, 0.5 M Zn
(NO3), x 6H,O and 0.25 M AI(NQ)3 x 9H,O solution (V = 50 mL) was slowly added
to 1.5 M NaNQ (V = 100 mL, pH 10) under vigorous stirring at room temperature,
keeping the pH constant (pH 10 £ 0.5) by addition of 2 M NaOH solution. The resulting
material was subjected to hydrothermal treatment (65 °C for 24 h) and consequently
centrifuged and washed several times with boiled distilled water. A small fraction of
LDHs was dried at 50 °C for characterization, while the remaining portion was used in
the ion-exchange reaction [28, 29]. The nitrate-containing LDH precursor was dispersed
in a solution of 0.1 M NaMBT (pH £0) under argon atmosphere, yielding LDH nano-
containers with 30 £ 5 wt.% of MBT. The total amount of this solution (120 mL) was
split into two portions of 60 mL to promote the exchange in two separate steps. Finally,
the MBT-loaded LDHs were washed four times with boiled distilled water, frozen, and

then dried by lyophilization at -78 °C [28, 29].

2.3 Pigment characterization
Mor phol ogy

Scanning electron microscopy (SEM): Particle morphology of the employed micro-
and nano-containers were characterized using a high resolution JEOL SEM (JSM-

7500F) operating at 5 kV. Additionally, the composition of the inhibitor doped and un-
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doped containers were studied by energy-dispersive X-ray spectroscopy (EDS) using
JSM-7500F operating at 15 kV.

Dynamic light scattering (DLS): The particle size distribution of the micro- and
nano-containers and their zeta potentials were measured using a Malvern Zetasizer 4
instrument.

X-ray diffraction (XRD): The structure of the inhibitor doped and un-doped LDHs
was studied by XRD. The measurements were performed using Philips X'Pert

difractometer with Cu Kradiation source.

Release kinetics

The release profiles of inorganic @eand organic (MBT) inhibitors from NaY
and LDH containers were monitored by UV-Vis spectroscopy using a PerkinElmer
Lambda 35 medium performance spectrophotometer in the spectral region of 220-400
nm. Unlike C&", the absorption spectra of MBT show two pH-sensitive peaks within
the studied spectral range [33]. Therefore, MBT calibration curves were obtained at two
different pH values; the natural pH of the solution and at pH = 10. The calibration was
performed at the defined values using absorption peaks &18 nm and = 252 nm
for MBT and C&", respectively [33, 34].

To study the release kinetics, the inhibitor doped containers were dispersed in an
aqueous solution with volume/particle ratio of 400 fhiumder constant stirring. The
effect of potential release triggering parameters were studied by systematic variation of
NaCl concentration and pH values (NaCl concentrations = 0, 0.05 and 0.5 M, pH values
= 2,4, 6.5 and 10). The suspensions were continuously stirred at 200 rpm. At definite

time intervals, 2 ml samples were taken and filtered for analysis.
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2.4. Coating preparation

Prior to coating application, AA2024-T3 panels of 3x4 evare ground mechanically
using SIiC paper (grade 1000) to remove the native oxide layer and further degreased
with ethanol. The panels were then immersed in 2 M NaOH solution for 10 seconds and
rinsed with double distilled water to increase the surface density of the hydroxyl groups
(OH") on the AA2024-T3 substrates [35]. The cleaned ameld AA2024-T3 panels

were then coated with the water-borne epoxy coatings.

The coating formulation consists of a waterborne epoxy emulsion and a solvent free
amine hardener [36]. Prior to the addition of the hardener to the formulation, the resin
was loaded with 10 wt% pigment (i.e. micro- and nano-containers) and mechanically
stirred at 1000 rpm for 5 minutes to ensure full dispersion of the pigments in the resin.
The hardener was then added to the mixture in a resin:hardener weight ratio of 0.7:1 and
stirred manually. The resulting mixture was then cast on the cleaned AA2024-T3 panels
using a bar coater with a nominal thickness of 50 um. The coated samples were dried
and cured at room temperature for 72 hour yielding coatings with an average dry
thickness of 30 + 5 um (measured by Eddy current).

To evaluate the contribution of inhibitor doped micro- and nano-containers on the
protective properties of the coatings, four types of formulations were prepared. The

composition of the prepared coatings is summarized in table 1.
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2.5. Coating characterization

Electrochemical procedures

Electrochemical impedance spectroscopy (EIS): The EIS measurements were carried

out at room temperature in a three-electrode cell with a saturated calomel reference
electrode (SCE), a Pt counter electrode and a selected coated specimen as working
electrode in the horizontal position (exposed area of ca. 3} Anfaraday cage was
employed to avoid the interference of external electromagnetic fields. A 0.05 M NaCl
agueous solution was used as testing electrolyte. The measurements were performed
using a Gamry FAS2 Femtostat in the frequency range BfL0DHz, with a 10 mV of
sinusoidal perturbation, acquiring 7 data points per frequency decade. All the spectra
were recorded at open circuit potential. The impedance plots were fitted using different
equivalent circuits with the Echem Anal{ét To evaluate the corrosion inhibition at
damaged sites by EIS, reproducible 3 mm long scratches with an average width of 30£5
um were created using a CSM micro-scratch testempeqdi with a sharp razor blade

and an LED monitoring system to ensure the scratches reached the metallic surface.

In addition to the coating systems, bare AA2024-T3 panels were tested using EIS in a
range of electrolytes containing Ce(jy9and MBT in different molar ratios. The
electrolytes were prepared using 0.05 M NaCl as background solution. The Ce:MBT
molar ratio was systematically varied in the following manner: 99:1, 90:10, 75:25,

50:50 and 25:75.

Scanning vibrating electrode technique (SVET): The cathodic and anodic current

densities were monitored using SVET over two circular artificial damages with an
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average diameter of 150 = 20 um in the prepared coating systems. The measurements
were performed using an Applicable Electronics Inc. equipment controlled with the
ASET software from ScienceWares (USA) in a cell containing 5 ml of 0.05 M NaCl
solution. The SVET maps were obtained by vibrating a microelectrode with a;#@-30
spherical platinum black tip at amplitude of @@, at an average distance of 1,00

above the sample surface. The scans consisted of 60 x 60 points over an exposed

surface area of 4 x 4 nfm

3. Results & Discussion

3.1. Ceand MBT corrosion inhibitors compatibility

Ground and cleaned AA2024-T3 panels were tested using EIS in a range of 0.05 M
NaCl solutions containing no inhibitor, 1 mM Ce(}§ 1 mM MBT and 0.5 mM

Ce(NGy)s+ 0.5 mM MBT. The EIS spectra of the AA2024-T3 panels after 1 h exposure
to the test electrolytes and evolution of the(€harge transfer resistance) are presented

in Figure 1. As shown in Figure 1 a, the sample exposed to the inhibitor free electrolyte
exhibited two time constants in the mid and low frequency ranges corresponding to the
electrochemical processes occurring at the interface and mass transport controlled
reactions, respectively [13]. However, addition of corrosion inhibitors to the test
solution resulted in a significant increase in the |Z| values in both mid and low
frequencies, with the occurrence of a single time constant possibly ascribed to the native
oxide layer, confirming the effective corrosion inhibition provided by the employed
inhibitors (Figure 1 a). The sample exposed to the combination of the two inhibitors
exhibited the highest |Z| value at low frequencies suggesting improved corrosion

protection due to the combination and potential synergy betweéraG®MBT.

10
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To get an insight into the performance and possible inhibition mechanism of the
combined inhibitors, the EIS spectra of the AA2024-T3 panels in different test
electrolytes were monitored for 2 days. The EIS spectra were fitted using the protocol
for most probable electrochemical circuit (MPEC) reported previously [12]. The
evolution of the R of the tested samples over 2 days of exposure are presented in
Figure 1 b. The inhibitor free sample showed the lowgsi$ociated with the highest
corrosion rate during the course of the measurement. Addition*6fe@eto a gradual

and yet a significant increase in the; & the AA2024-T3 panel. The progressive build-
up in v in presence of €ecan be explained by the protection mechanism of this REM
inorganic inhibitor. The C& cation is believed to suppress corrosion of AA2024-T3 by
gradual formation of an insoluble hydroxide or oxide layer on cathodic sites (e.g. S-
phase intermetallics) of AA2024-T3 [7, 37, 38]. In contrast t& Q@BT provided a

quick protection due to different inhibition mechanism i.e. adsorption on both aluminum
oxide and aluminum surfaces especially on the copper rich domains [39, 40]. The
combined inhibitor system yielded a fast and yet slightly higher protection than pure
MBT and Cé&®. The higher Rvalues might be attributed to the oxygen scavenging
potential of the following reaction although more dedicated research is necessary to

confirm this process:

04
2Ce*t 4+ 2HS — C.H.NS = 2Ce®+ + SNH,C. — 5 — 5 — C,HoNS Eq. 1

Corrosion of AA2024-T3 in chloride containing aerated solutions yields a range of pH
values favored by different Ce species such d5abel C&" [7]. Oxidation of free thiol

groups by C¥ is a well-known reaction used for rapid and sensitive determination of

11
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thiol in biological systems [41] yielding &especies. Consumption of oxygen in Eq. 1
alongside with the regeneration ofeations can limit the cathodic reactions (OH
evolution) and ultimately aluminum dissolution. Hence, Eg. 1 might offer an
explanation for the improved performance of the combined inhibitor system compared
to the pure inhibitors.

The tested samples were further studied using SEM/EDS to unravel their potential
morphological and compositional differences. As Figures 2 a and b show a continuous
cerium oxide layer covered the sample exposed to pufesBlation. The AA2024-T3
panel exposed to pure MBT solution showed several sulfur-rich strands on sample’s
surface (Figure 2 ¢ and d). The sample exposed to the combined inhibitor system
illustrated a combination of the two pure systems, i.e. a continuous cerium oxide layer
with sulfur-rich strands on top. Yet, an additional feature was visible on this set of
samples. Ceria particles were found in close vicinity of the sulfur-rich strands/rods

(Figures 2 e and f).

3.2. Ceand MBT corrosion inhibitors ratio optimization in solution

The effect of inorganic (C& and organic (MBT) inhibitors concentration on the active
protection of the AA2024-T3 panels was investigated by systematic variation of

Ce*":MBT molar ratio (99:1, 90:10, 75:25, 50:50, 25:75) in 0.05 M NaCl solution. The
evolution of the R of AA2024-T3 panels in solutions with different BT molar

ratios is presented in Figure 3. As Figure 3 shows at the early stages of the measurement
(i.e. 1 h), the samples exposed to 50:50 and 75:25 molar ratios*d¥18& exhibited

the highest R values. The Rof all the other tested ratios were equivalent to that of

pure MBT. Upon longer exposure, the*’CBIBT molar ratio dependence of the:R

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

values diminished, so that after 1 day all the tested samples exhigited® same

range.

The results presented in Figure 3 show that despite the equivalent performance of the
different C&":MBT molar ratios upon long exposure times (i.e. > 1 day), the fast and
efficient active protection of AA2024-T3 can only be achieved within a narrow
Ce*":MBT molar ratio range (50:50 and 75:25) with 50:50 being the optimum tested

ratio.

3.3. Corrosion inhibition from loaded nanocarriers

The solution based EIS measurements showed that combinihgr@eMBT as

inorganic and organic inhibitors not only does not deteriorate inhibition efficiency of
the single inhibitors but also can lead to improved active protection of AA2024-T3
panels as a result of possible synergy between the two inhibitors. Therefore, a
combination of C& and MBT can be incorporated into coating formulations to impart
healing properties. Such coatings, referred hereafter as extrinsic healing corrosion
protective coatings were prepared as described in the experimental section and tested
using buld and local electrochemical procedures. To prevent coating instability and
inhibitor deactivation [14] C& and MBT were entrapped in ion-exchange host

structures (i.e. zeolite and LDH) prior to incorporation to the coating formulation.

NaY Zeolite
The morphology and composition of the undoped and Ce-doped NaY zeolites were
studied using SEM/EDS (Figure 4). The SEM micrographs of NaY and NaY-Ce

particles exhibited well-defined 3-dimensional (3D) crystals with an average diameter

13
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of < 1um. The EDS profile of NaY micro-containers (Figure 4 a) showed a distinct peak
at 1.04 keV associated with the exchangeable Na cations in Y zeolite cages [42].
Substitution of Na with Ce cations in NaY-Ce led to compositional changes confirmed
by a substantial decrease in the Na content (from 9.6 + 0.2 wt.% to 3.1 + 0.1 wt.%) and
appearance of the characteristic peaks of Ce at 4.84, 5.27, 5.60 and 6 keV [42]. Presence
of Na characteristic peak in NaY-Ce EDS spectrum indicates incomplete exchange
process. The incomplete exchange of Na by Ce cations in NaY-Ce can be attributed to
the size limitation of sodalite cages to fit in the hydrated Ce cations. The elemental
analysis of NaY-Ce particles by EDS demonstrated successful loading of 12 £ 0.5 wt.%
of Ce in Y zeolite. The obtained values are in agreement with ICP-OES analysis of
remnant doping solutions yielding 11.2 + 0.5 wt.% of Ce in NaY zeolites [42].

The effect of Ce doping on size distribution of NaY zeolite containers was further
investigated by DLS (Figure 4 b). The size distribution of NaY zeolites is strongly
affected by their zeta potential. High zeta potential values (either positive or negative)
can stabilize particle dispersion by prevention of agglomerate formation as a result of
electrostatic repulsion. NaY zeolite particles possess a negative surface charge due to
isomorphous substitution of alumina by silica resulting in zeta potential values of -47.5
mV. Exchanging monovalent Na cations by trivalent Ce cations shifted the zeta
potential of NaY-Ce particles towards more positive values (-37.9 mV). Yet, the
obtained values were still negative enough to prevent agglomeration of NaY-Ce
particles. The size distribution of NaY and NaY-Ce patrticles exhibited single peaks
centred at 520 + 50 and 560 £+ 50 nm, which are in agreement with the size of particles

observed by SEM.

14
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LDH

LDH materials were characterized, before and after intercalation of corrosion inhibitor
by XRD and the results are in agreement with previous works [32]. The replacement of
NOs; by MBT in LDH nano-containers was confirmed by aarease in the gallery

height from 0.42 nm to 1.72 nm [32].

morphology of the un-doped and MBT-doped Zn-Al LDHs was also evaluated using
SEM. The SEM micrographs of the un-doped (Figure 5 a) and MBT-doped LDHs
(Figure 5 b) showed that the prepared LDHs exhibited a 2-dimensional (2D) i.e. plate-
like morphology which is retained upon anion-exchange, as reported in the literature
[29]. The measured zeta potential for the LDH-MBT was +31.8 mV pointing to the low

agglomeration potential of such particles in aqueous solutions.

3.4. Release of corrosion inhibitors from nanocarriers

The employed NaY and LDH nano-containers are cation- and anion-exchange
compounds, respectively. Therefore, the doped inhibitors i%.a8d MBT will only

be released in presence of cationic and anionic species. Considering chloride
concentration and pH changes as relevant corrosion triggering parameters, their effect
on the release kinetics of the inhibitors from nano-containers was monitored by UV-Vis
spectrophotometry. To this aim the relevant calibration curves were obtained using five
standard solutions of known concentrations yielding molar absorptivity constpats (
1.29, 0.047 and 0.054 fcm* for Ce, MBT at neutral pH and MBT at pH = 10,
respectively. The correlation coefficient of the calibration curves in all the cases was
higher than 0.999. The obtained ¢ values were employed to calculate the released

inhibitor concentration using Beer-Lambert’s law [43].

15
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A=clc Eqg. 2

Where ¢, | and ¢ stand for molar absorptivity constants paggth through the sample

and inhibitor concentration, respectively.

The evolution of C& concentration in solutions with different NaCl concentrations (0,
0.05 and 0.5 M NacCl) and various pH values (2, 4, 6.5 and 10) is presented in Figure 6.
The release profiles of €drom NaY-Ce micro-containers exhibited similar patterns,

yet the amount of the leached inhibitor varied as a function of solution concentration
and pH. As Figure 6 shows, in the early stages of the exposure the release process took
place rapidly increasing the concentration of‘@ethin 30 minutes in the solution.

Upon reaching the chemical ion-exchange equilibrium [29], no significant changes in
Ce" concentration were observed. While no release &f ©eation free DI water was
detected, increasing the NaCl concentration from 0.05 M to 0.5 M boosted the release
process (from 0.03 mM Ce in 0.05 M NaCl to 0.4 mM Ce in 0.5 M NaCl) confirming
cation-exchange triggered release of the doped inhibitor from the micro-containers
(Figure 6 a). The release profiles obtained at different pH values exhibited the same
features i.e. fast release followed by stabilization df €encentration upon longer
exposure times. However, the extent of release was strongly influenced by solution pH
(Figure 6 b). At pH = 10 no Géwas detected in the solution during the test period. A
gradual decrease in pH initiated the release process so that at pH 6.5 and &, the Ce
plateau concentration was found to be 0.027 and 0.046 mM, respectively. A further
decrease in pH down to a value of 2 intensified the release process yieltimje@su
concentration of 0.71 mM. The higher content dfddtions associated with lower pH
values not only stabilizes &especies in the solution [44] but also provides the

potential cations for cation-exchange process and release of the ddpéathibéors.

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

In analogy to the Cérelease from NaY-Ce micro-containers, the content of the
organic inhibitor (MBT) leached out of LDH nano-containers was strongly influenced
by NaCl concentration and solution pH (Figure 7). An increase in the content of the
anions present in the solution either in the form of chloride or hydroxide boosted MBT
release from LDH nano-containers. A ten-fold increase in the chloride anions
concentration shifted the MBT plateau concentration from 2.4 mM to 5 mM (Figure 7
a). Similarly, an increase in solution pH from 2 to 10 moved the plateau concentration
from 0.96 mM to 3.6 mM (Figure 7 b). In all tested solutions, apart from the solution at
pH = 10, the plateau concentration was achieved within a few minutes, indicative of
quickly reaching chemical ion-exchange equilibrium. In the alkaline NaCl solution with
pH = 10, the MBT concentration plateau was only achieved after 24 h (Figure 7 c). As
Figures 6 and 7 shows the concentration of the releaséd@eMBT in a 0.05 M

NaCl solution in their optimal release condition (pH values of 2 and 10 fda6e

MBT, respectively) corresponds to 0.71 and 3.6 mM, respectively. These values are in-
line with the lower loading extent of &én NaY zeolite (12%) compared to that of

MBT in LDH nano-containers (30%).

3.5. Active corrosion protection of AA2024-T3 by loaded coatings

To evaluate the performance of the combinetf @ad MBT doped containers a range
of waterborne epoxy coatings containing 10 wt% NaY, 10 wt% NaY-Ce, 10 wt% LDH-
MBT and 5 wt% NaY-Ce + 5 wt% LDH-MBT were prepared. The active protection
offered by the doped inhibitors was evaluated by creation of two circular defects with
an average diameter of 150 um reaching the metallic substrate. The EIS spectra after
one week of immersion is presented in Figure 8. From an initial observation it was

possible to identify three well-defined time constants already after 1 hour exposure to
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the electrolyte. At 7 days immersion the three inhibited coatings show higher impedance
values than that of the reference system without inhibitor (NaY). Moreover, the coating
loaded with the two-carrier system (NaY-Ce+LDH-MBT) shows one order of

magnitude higher impedance than that of the two individual carrier systems, thereby
highlighting the very significant increase in protection offered by the combination of the
two carriers doped with different inhibitors.

To quantify the level of inhibition and corrosion protection offered by the inhibitor

doped containers the EIS spectra of the tested coating systems were fitted using
equivalent circuits presented in Figure 9 a. In the equivalent circuits depicie®-&;

Roxide @aNd R correspond to solution, coating pore, oxide and charge transfer resistances,
respectively. CPg&a; CPExige and CPR represent coating, oxide and double layer
constant phase elements, respectively. As Figure 9 shows, the coating resistance of the
waterborne epoxy coatings exhibit an initial decrease followed by stabilizatiog.pf R
Therefore, the evolution of Rye provides a qualitative estimation of the inhibition
efficiency of the employed inhibitor-loaded containers. Initially NaY-Ce shows the
highest Rige Values, yet after 2 immersion daysqR of this coating system droped
significantly reaching the KRqe values of the LDH-MBT system. The coating system
containing combined inhibitor doped containers (NaY-Ce + LDH-MBT) showed a more
stable Ryige Which was maintained for a longer period. At long immersion times (1

week exposure to the electrolyte) the NaY-Ce+LDH-MBT containing system showed
the highest Riqe Values, hinting at synergy between the two inhibitors in the tested

coating systems.
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Additionally, the equivalent circuits provide information on the charge transfer
resistance (R of the coating systems which can directly be correlated to the active

protection provided by corrosion inhibitors using the following equation [45]:

CR,— CR,,;

= — Eq.3
1 CR. q

Where n CRy and CRy, represent inhibition efficiency and corrosion rate of the
substrate in the defects of the coating with and without inhibitor respectively. It must be
emphasised that the CR in this case is an approximation and includes the CR in the
defect and in the micro-pores of the coating. The CR of the inhibitor-free and inhibitor
containing coatings were calculated using the inverse of the charge transfer resistance
(Rey) of the corresponding coating systems. In the tested coatings the corrosion activity
manifested by the third time constant in the EIS spectra was detected after few hours of
immersion, hence the.Rof them could be calculated using the EC presented in Figure
9. The R; of the coating systems after 1 and 7 days of exposure to the electrolyte, the
fitting goodness)f) and the calculated IEs are summarized in Table 2. The fitting
goodness for all the coating systems was 1 x 10°.

To quantify any synergistic corrosion protection offered by combination of the inhibitor
doped containers, the synergy parameter (S) was calculated using the following

equation [45, 46]:

. 1 — 1949
1— 7y,
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wheren;.is the measured fipr the coating loaded with two inhibitor doped taners

and n+=(M1tm2) — (1xn2). The values S > 1 indicate the synergistic behaviour of
employed inhibitor combination.

As shown in Table 2, addition of the single inhibitor doped containers to the coating
formulation led to a significant increase in thg & the corresponding

coating compared to the inhibitor free one, yieldirggaf 0.95 and 0.49 for

Ep-NaY-Ce and Ep-LDH-MBT, after 1 immersion day respectively. The coating
containing the combined inhibitor doped containers exhibiteda Oy 9 which was
slightly lower than that of Ep-NaY-Ce. However, over time the coating containing the
combination of the inhibitor doped container outperformed the NaY-Ce containing one.
The synergistic behaviour of the two inhibitor doped containers manifested by a S value
of 2.14 was only observed after 1 week of exposure to the electrolyte.

In other words, upon long time exposure to the electrolyte (i.e. 1 week), Ep-LDH-MBT
sample maintained its corrosion inhibition performance while tharfd therefore of

the Ep-NaY-Ce sample decreased dramatically; possibly due to depletion of accessible
NaY-Ce containers from €&inhibitors. Yet, the coating containing the combined
inhibitor doped containers exhibited the highegtiRd nvalues, demonstrating the
improvement in active protection of the substrate.

The observed synergy between the two inhibitor doped containers not only can be
attributed to synergistic protection offered by the inorganic and organic inhibitors, but
also can be ascribed to stimuli-triggered release of the inhibitors from the containers.
The results presented in the release kinetics section revealed that while reled$e of Ce
from NaY-Ce was boosted in acidic pHs, release of MBT from LDH-MBT was

amplified at basic/alkaline pHs. Therefore by using the combination of the inhibitor
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doped containers the release events can be expanded to a wide pH range (from very
acidic to very basic) created by corrosion of AA2024-T3 in the chloride containing
aerobic solutions. The released inhibitors can subsequently deactivate cathodic and
anodic sites restricting Al dissolution.

To get a deeper insight into the synergism kinetics between the two inhibitor doped
containers in the water based epoxy coatings, local electrochemical activities over the
artificial defects of the coatings was monitored using SVET. The optical micrographs
and SVET maps of the extrinsic healing corrosion protective epoxy coatings after 1 and
7 days of exposure to a 0.05 M NacCl solution are presented in Figure 10. It should be
noted that the epoxy based coating without containers is not presented here due to its
well-known total absence of active corrosion protection at damaged sites, not bringing
additional insights to the data presented in Figure 10 and its interprefegiéigure 10
shows, the coatings containing NaY-Ce (Figure 10 a) and LDH-MBT (Figure 10 b)
exhibited corrosion activity manifested by anodic and cathodic current densities (red
and blue regions, respectively) in the SVET maps and formation of corrosion products
over the defects upon 1 day exposure to the electrolyte. The coating loaded with the
combination of the inhibitor doped containers showed no electrochemical activity
(Figure 10 e) after 1 day of exposure to the electrolyte, possibly due to suppression of
corrosion activity by the combined inhibitors.

Prolonged exposure of the coating systems to the electrolyte resulted in severe corrosion
of the substrates coated by both NaY-Ce and LDH-MBT loaded coatings. The fast
evolution of the corrosion processes in these coating systems was demonstrated by well-
defined anodic and cathodic regions as well as formation of blisters followed by coating

delamination (Figures 10 b and d). Although, the coating containing the combined
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inhibitor doped containers exhibited anodic and cathodic current density peaks after 7
days exposure to the electrolyte (Figure 10 f), the shiny surface of the defects suggested
lower corrosion activity compared to the single inhibitor doped coatings. Moreover, it
should be noted that the presence of corrosion products and delamination in the other
two systems leads to an underestimation of the corrosion current densities at the bottom
of the holes. Therefore, the values seen in figure 10b and 10d should be treated with
care.

The differences in the extent of the active protection provided by loading the inhibitor
doped containers in epoxy coatings was further investigated by performing line scans
over the artificial defects using SVET. The ionic current densitycXiprofiles of the

tested coating systems are shown in Figure 11.

As Figure 11 a shows, at the early stages of the measurement (1 h immersion) no
electrochemical activity was detected over the defects of the coating systems. Upon 1
day exposure the coating loaded with LDH-MBT (Figure 11 b) exhibited anggig(i

= 12 pA.cnf) and cathodic {hinogic= -11.3 pA.crf) activities attributed respectively to
dissolution of Al as a result of corrosion and reduction of oxygen on copper-rich

regions. After 3 days, the corrosion processes were established in NaY-Ce loaded
system (inogic= 17.35 pA.crf) and further evolved in LDH-MBT containing ongnic

= 28.5 pA.cm), yet the defects in the coating containing the combined inhibitor doped
containers remained passive. Although corrosion of the defects in the later coating
system started after 7 days of exposure to the electrolyte, both anodic and cathodic
current densities were much lower than those of NaY-Ce loaded coating. Formation of a
blister due to reduction of oxygen in the cathodic defect of LDH-MBT loaded coating

interrupted the line scan at the same height (100 um above the sample surface) as the
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rest of the coatings. The results presented in Figures 10 and 11 revealed the improved
performance of the combined inhibitor doped containers in supressing corrosion of
coated AA2024-T3 panels at the defect site, further confirming the synergy between the

employed inhibitors.

Optimization of NaY-Ceto LDH-MBT ratio

To find the optimum ratio of the inhibitor doped containers, a range of waterborne
epoxy coatings containing different weight ratios of NaY-Ce:LDH-MBT (90:10, 75:25,
50:50 and 25:75) were prepared and tested using EIS. The active protection of the
AA2024-T3 panels by the coating systems was evaluated by creating an artificial
damage in the form of a 3 mm long and 30 um wide scratch in the coatings prior to
exposure to the electrolyte and fitting the EIS data by a three-time constant equivalent
circuit. The EIS spectra and the evolution of oxidgi(g and charge transfer {R
resistances of the tested coating systems are presented in Figure 12. As Figure 12
shows, the coating containing NaY-Ce + LDH-MBT with weight ratio of 25:75

exhibited the lowest Bode modulus (|Z|) in the tested frequency range over the course of
the measurement (Figures 12 a and b). The rest of the coating systems showed
comparable high frequency total impedances, indicating similar coating responses and
slightly different low frequency |Z| to the one containing NaY-Ce + LDH-MBT in the
weight ratio 90:10.

The Ryxige(Figure 12 c) of the coating systems showed a gradual increase over time due
to release of the doped inhibitors, reinforcing of the protective oxide layer. The
increased resistance of the oxide layer can lower the corrosion rate of epoxy coated
AA2024-T3 panels. The reduced corrosion rate of the tested systems was reflected by

the gradual increase in theigRFigure 12 d). Among the tested coating systems the
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ones containing NaY-Ce + LDH-MBT with weight ratio of 25:75 and 90:10 exhibited
the lowest and highest,Rieand R, respectively. This observation might be attributed
to the fine balance between two competing phenomena i.e. release of the MBT from
LDH-MBT and formation of the protective cerium hydroxide/oxide layer on the
cathodic sites of AA2024-T3 activated by hydroxide groups.

Additionally, based on the results presented in release kinetics section, the maximum
content of inhibitor leached out of the NaY-Ce and LDH-MBT containers corresponds
to 0.65 + 0.5 mM C& and 5.5 + 0.5 mM MBT, respectively. Therefore, the released
inhibitor molar ratio in the coating containing NaY-Ce + LDH-MBT in weight ratio of
90:10 might correspond to 1:1 £&BT molar ratio. The aforementioned molar ratio

of the two inhibitors exhibited the highesk R the solution-based tests even at the
early stages of the measurement (Figure 3). Hence the highg@sBRd R; of the

coating system containing 90:10 weight ratio of NaY-Ce + LDH-MBT is in agreement

with the solution based tests.

5. Conclusions

In this study, the preparation and characterization of the inhibitor loaded NaY
zeolite and LDH containers are described®’@ad MBT were successfully loaded in
NaY zeolite and LDH containers, yielding NaY-Ce and LDH-MBT witi'Gaend MBT
weight percentages of 12% and 30%, respectively. The inhibitor doped containers
exhibited stimuli-triggered release phenomena. An increase in the concentration of the
ions (N& and CI) in the test solution promoted the release of the inhibitors via ion-
exchange process. The release of @ad MBT from NaY-Ce and LDH-MBT were

boosted at low and high pH values, respectively. The combination of the two employed
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inhibitors presented a constructive effect in the active protection of AA2024-T3 panels
with 1:1 being the optimum GeMBT molar ratio. Incorporation of the single inhibitor
doped containers waterborne epoxy coating provided active protection for the coated
AA2024-T3 substrates. Yet, the combination of the inhibitor doped containers in the
aforementioned coatings led to an improvement in the active protection of the substrate,
confirming the synergy between the two inhibitor doped containers. The active
protection offered by the combination of the two inhibitor doped containers was

affected by the weight ratio of the NaY-Ce to LDH-MBT in the coatings with 90:10

being the best ratio of the explored combinations. The current work landmarked the
need for synergetic inhibiting studies devoted to carrier-inhibitor combinations focusing
on the optimization of this concept but also addressing other relevant coating properties

such as adhesion and mechanical performance.
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Figure captions

Figure 1. The EIS spectra after 60 minutes immersion (a) and evolution of.tfer R
AA2024-T3 panels exposed to inhibitor frae ( ), 1 mM'@e), 1 mM MBT § ) and 0.5
mM Cée* + 0.5 mM MBT @& ) containing 0.05 M NaCl (b).

Figure 2. SEM micrographs of AA2024-T3 exposed for 14 days to 1 mM CegdeD

500x (a) and 5000x (b), to 1 mM MBT at 500x (c) and 5000x (d) and to 0.5 mM
Ce(NQy)s+ 0.5 mM MBT at 500x (e) and 5000x (f).

Figure 3. Evolution of the R of AA2024-T3 panels in 0.05 M NacCl solution

containing different C&:MBT molar ratios.

Figure 4. EDS spectra and SEM micrographs (picture inset) of NaY (a) and NaY-Ce
and size distribution of NaY (c) and NaY-Ce particles (d).

Figure5. SEM micrographs of un-doped (a) and MBT-doped (b) Zn-Al LDHs at
25000x.

Figure 6. C€" release profiles at neutral pH in different NaCl concentrations (a) and in
0.05 M NaCl at different pH values (b).

Figure7. MBT release profiles at neutral pH in different NaCl concentrations (a) and in
0.05 M NaCl at different pH values (b).

Figure 8. The EIS spectra of waterborne epoxy coatings after 1 week exposure to 0.05
M NaCl (a) and time evolution of Bode modulus (Z) at 0.1 (b) afdcdtHz.

Figure 9. Equivalent circuit used to fit the experimental EIS data (a), and coating (R
and oxide (Ruige) resistances result of the fitting process of the waterborne.

Figure 10. Optical micrographs and SVET maps of Ep-NaY-Ce (a) and (b), Ep-LDH-
MBT (c) and (d) and Ep-NaY-Ce_LDH-MBT (e) and (f) after 1 and 7 days exposure to

0.05 M NaCl, respectively.
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Figure 11. lonic current density profiles of the extrinsic healing corrosion protective
epoxy coatings after 1 h (a), 1 day (b), 3 days (c) and 7 days (d) exposure to 0.05 M
NacCl, respectively.

Figure 12. The EIS spectra of the epoxy coatings containing different ratios of NaY-
Ce:LDH-MBT after 1 day (a) and 14 days (b) and the evolutiongfcRc) and R (d)

of the coating systems in 0.05 M NaCl. (90Ce, 75Ce, 50Ce and 25Ce represent NaY-

Ce:LDH-MBT ratios of 90:10, 75:25, 50:50 and 25:75, respectively).
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Table captions

Table 1. Composition of the prepared extrinsic healing coatings.

Table 2. Charge transfer resistanceRfitting goodnessyf), inhibition efficiency (IE)

and synergy parameter (S) for hybrid sol-gel and waterborne epoxy coatings after 1 and

7 days exposure to the electrolyte.
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Figure 1. The EIS spectra after 60 minutes immersion (a) and evolution of the R

AA2024-T3 panels exposed to inhibitor frae ( ), 1 mM'Ge), 1 mM MBT ¢ ) and 0.5

mM C€"* + 0.5 mM MBT £ ) containing 0.05 M NaCl (b).
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Figure 2. SEM micrographs of AA2024-T3 exposed for 14 days to 1 mM GO
500x (a) and 5000x (b), to 1 mM MBT at 500x (c) and 5000x (d) and to 0.5 mM

Ce(NG;)s+ 0.5 mM MBT at 500x (e) and 5000x (f).
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Figure 3. Evolution of the Rof AA2024-T3 panels in 0.05 M NaCl solution containing

different C&":MBT molar ratios.
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Figure 4. EDS spectra and SEM micrographs (picture inset) of NaY (a) and NaY-Ce

and size distribution of NaY (c) and NaY-Ce particles (d).
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Figure 5. SEM micrographs of un-doped (a) and MBT-doped (b) Zn-Al LDHs at

25000x.
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Figure 6. C& release profiles at neutral pH in different NaCl concentrations (a) and in

0.05 M NacCl at different pH values (b).
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Figure 7. MBT release profiles at neutral pH in different NaCl concentrations (a) and in

0.05 M NacCl at different pH values (b).
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Figure 8. EIS spectra of waterborne epoxy coatings after 7 days exposure to 0.05 M

NacCl.
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Figure 9. Equivalent circuit used to fit the experimental EIS data (a), and coaling (R

(b) and oxide (Rige) resistances (c) result of the fitting process of the waterborne

coatings immersed for 7 days.
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Figure 10. Optical micrographs and SVET maps of Ep-NaY-Ce (a) and (b), Ep-LDH-

MBT (c) and (d) and Ep-NaY-Ce_LDH-MBT (e) and (f) after 1 and 7 days exposure to
0.05 M NaCl, respectively.
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Figure 11. lonic current density profiles of the extrinsic healing corrosion protective

epoxy coatings after 1 h (a), 1 day (b), 3 days (c) and 7 days (d) exposure to 0.05 M

NaCl, respectively.
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Figure 12. The EIS spectra of the epoxy coatings containing different ratios of NaY-
Ce:LDH-MBT after 1 day (a) and 14 days (b) and the evolutior,gfeRc) and R;. (d)
of the coating systems in 0.05 M NaCl. (90Ce, 75Ce, 50Ce and 25Ce represent NaY-

Ce:LDH-MBT ratios of 90:10, 75:25, 50:50 and 25:75, respectively).
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Table 1. Composition of the prepared extrinsic healing coatings.

Sample code Micro-/Nano-
Matrix inhibitor
container
Ep-NaY NaY -
Ep-NaY-Ce Waterborne NaY ce”
Ep-LDH-MBT epoxy resin LDH MBT
Ep-NaY-Ce_LDH-MBT NaY + LDH Ce + MBT
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Table 2. Charge transfer resistancg)(Ritting goodness)f), inhibition efficiency )

and synergy parameter (S) for hybrid sol-gel and waterborne epoxy coatings after 1 and

7 days exposure to the electrolyte.

Rt n S
Time Coating x?
(kQ.cn) ) )
Ep-NaY 2.32x10" 3516 -
Ep-NaY-Ce 1.04x10° 64410 0.95
1 Day
Ep-LDH-MBT 4.19x10" 6870 0.49
Ep-NaY-Ce_ LDH-MBT 6.83x10* 16560 0.79 0.13
Ep-NaY 2.32x10" 1067 -
Ep-NaY-Ce 1.04%10° 1150 0.07
7 Days
Ep-LDH-MBT 5.17x10% 2413 0.56
Ep-NaY-Ce_LDH-MBT 6.83x10" 5553 0.81 2.14
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