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� Smart microcontainer-based water 
borne epoxy coating for anticorrosion 
protection of AA 2024-T3. 
� New insights on effect of weak-strong 

and weak-weak polyelectrolyte multi-
layers on fabricated microcontainers. 
� Polyelectrolyte multilayer-aided 

controlled active anticorrosion 
properties.  
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A B S T R A C T   

New insights on the effect of nature and number of polyelectrolyte (PE) shells on active anticorrosion potential of 
microcontainers (MCs) applied as pH-sensitive reservoirs in coatings for the protection of AA2024-T3 is reported. 
Mesoporous silica particles (MSP) were loaded with benzotriazole (BTA) and shelled with different poly-
electrolyte multilayers (PEM), demonstrating pH sensitivity. Weak-weak polyelectrolyte (W-W PE) shells allow 
immediate release of inhibitor, but weak-strong polyelectrolyte (W-S PE) shells encourage slower, more 
controlled and prolonged release, as revealed by release profiles of BTA from microcontainers. Active anticor-
rosion protection characterizations of the coatings doped with microcontainers were carried out by electro-
chemical techniques (EIS, SVET) and salt spray tests. Results reveal dependence of active properties of coatings 
on the nature and number of polyelectrolyte multilayers of microcontainers. We anticipate that proper choice of 
PEMs on smart containers can aid controlled functionalization of active feedback systems.   

1. Introduction 

Coatings have found wide application in the control of corrosion. 
Typically, the coating matrix creates a barrier and, thus avoids the 
contact of water and aggressive species with the metallic substrate. In 

the event where pores, cracks, delamination zones and blisters occur in 
the coating the barrier no longer holds, the inhibitor pigments or loaded 
inhibitors then slow corrosion activities on the surface of the metal of-
fering an active protection. However, in most cases, direct addition of 
corrosion inhibitors interact with the coating formulation, and a 
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deactivation of inhibitor together with (or) fast degradation of coating 
arise [1–7]. Therefore, to overcome these challenges the corrosion in-
hibitors are intercalated or encapsulated in micro or nanomaterials that 
have no detrimental interaction with the coating matrix, and dispersed 
in the coating formulation [8,9]. 

Smart coatings mitigate damages to coatings by offering rapid and 
sustained response to external impacts (e.g., cracks, pressure, and 
magnetic and electromagnetic fields) or to changes in the microenvi-
ronment (e.g., ion exchange and pH variation) [10,11]. Depending on 
the functionality of smart coatings, different systems can be engineered. 
However, due to local pH changes from redox activity accompanying 
onset and progression of corrosion on metal surfaces, pH-sensitive pro-
tective coatings are among the class of smart coatings significantly re-
ported. Active protective coatings, as a class of smart coating, requires 
the ability of the coatings to respond with a release of active substances 
to repair damage caused by environmental changes over time [12]. Such 
coatings contain smart reservoirs with corrosion inhibitors pre-loaded 
[10,13]. Materials reported for this purpose include; halloysite clay 
nanotubes [14], calcium carbonate microbeads [15], hydroxyapatite 

Table 1 
List of coating formulations.  

Sample 
identification 

% 
Additives 

Description 

Reference 0 Epoxy, without additives. 
f-BTA 2 and 6 wt 

% 
Epoxy þ free benzotriazole (BTA) 

BTA@MSP 2 and 6 wt 
% 

Epoxy þ BTA-loaded mesoporous silica 
particle (MSP) 

BTA@MSP/PAH/ 
PSS 

2 and 6 wt 
% 

Epoxy þ BTA-loaded MSP, shelled with PAH/ 
PSS 

BTA@MSP/PEI/ 
PAA 

2 and 6 wt 
% 

Epoxy þ BTA-loaded MSP, shelled with PEI/ 
PAA 

BTA@MSP/2(PAH/ 
PSS) 

2 and 6 wt 
% 

Epoxy þ BTA-loaded MSP, shelled with PAH/ 
PSS/PAH/PSS 

BTA@MSP/2(PEI/ 
PAA) 

2 and 6 wt 
% 

Epoxy þ BTA-loaded MSP, shelled with PEI/ 
PAA/PEI/PAA  

Fig. 1. Schematic illustration of the LbL polyelectrolyte deposition.  
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microparticles [16], layered double hydroxide nanocontainers [17], ti-
tanates [18,19], carbon nanotubes [20], cellulose nanofibers [21], 
cerium molybdate containers [22], cobalt ferrite nanoparticles [23], 
ceramic nanocontainers [24] and polymeric particles [13,25]. 

However, common systems rely on pH-sensitive nano/micro parti-
cles or nano capsules, which release encapsulated active substances in a 
slow and prolonged manner when triggered to confer active protection 
[15,26–30]. Where microcontainers (MCs) are utilized, capping agents 
such as alternating layers of oppositely charged polyelectrolytes (PEs) 
can be deposited through a layer-by-layer (LbL) technique to prevent 
undesired leakage of encapsulated active substances, and to make the 
MCs stimuli-responsive, selectively permeable at different pH values and 
offer a controlled release of pre-loaded active substances upon change in 
environmental pH [31,32]. A number of authors have utilized poly-
electrolyte multilayers (PEMs) as shells in the fabrication of containers 
for active feedback systems for preparation of anticorrosion protective 
coatings [2,27,28,33,34]. However, much work has not been carried out 
to examine the role the nature and number of PE layers play on the 
overall functionality of these containers. 

In this work, we report a contribution to understanding the perfor-
mance of smart coatings. The emphasis is on isolating the effect of the 
nature and number of PEMs used as shells for smart pH-responsive MCs, 
in order to examine their consequence on active protection capabilities 
of the coating. Focus is on the influence of weak-strong (W-S) and weak- 
weak (W-W) PE layers deposited on mesoporous silica particles (MSP) 
pre-loaded with benzotriazole (BTA) inhibitor, fabricated as smart pH- 
responsive reservoir in coatings for anticorrosion protection of 

aluminium alloy AA2024-T3. Strong PEs have a fixed charge due to 
strong anionic (e.g. –SO3

- ) or strong cationic (e.g. quaternary ammo-
nium) groups. The charge on weak PEs is the result of the dissociation of 
weak acidic groups or the protonation of weak basic groups. Polyallyl-
amine hydrochloride (PAH) and polystyrene sulfonate (PSS) pairs were 
utilized for the W-S PE combination, and polyethylene imine (PEI) and 
polyacrylic acid (PAA) solution was employed for the W-W PE layers. 
SBA-15, a type of commercially available MSP, served as an inorganic 
host to encapsulate organic inhibitors like BTA. Empty channels in a 
honeycomb-like ordered hexagonal porous structure, rigid framework, 
high stability and resistance to heat, mechanical stress and pH change, 
adequate pore volume and surface area, inner channels parallel to each 
other with openings at the two ends of the particles, are among the 
properties of SBA-15 which encourage hosting of inhibitors [32]. 
Literature provides evidence of the effectiveness of nitrogen-containing 
organic compounds as corrosion inhibitors for AA2024-T3, and BTA 
particularly demonstrating good inhibition, forming the basis for which 
BTA was chosen [35–39]. Morphological and structural characteriza-
tions of fabricated MCs were assisted by scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and Fourier transforms 
infrared (FTIR) spectroscopy. Zeta potential measurement was used to 
monitor successful deposition of oppositely charged PE layers on the 
silica surface. Encapsulation and release of BTA from MCs were assessed 
by UV–vis spectroscopy. Anticorrosion and active protection behaviour 
of coatings was evaluated by electrochemical measurements and SVET, 
together with further confirmation by salt spray tests. 

Fig. 2. SEM (a) and TEM (b) micrographs of as-received SBA mesoporous silica particles and TEM micrographs of microcontainers pre-loaded with BTA showing 
deposition of polyelectrolyte shells: (c) PAH/PSS, (d) PEI/PAA, (e) 2(PAH/PSS), and (f) 2(PEI/PAA). 
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2. Experimental 

2.1. Fabrication of pH sensitive microcontainers 

Mesoporous silica particles, MSP (SBA-15) were supplied by XF Nano 
Materials Tech Co., Nanjing, China. The length and width of particles is 
from 0.5 to 1 μm and 0.2–0.5 μm, respectively. The mesochannels are of 
diameter 6–10 nm, and has specific surface area of 550–600 m2/g. Pol-
yallylamine hydrochloride (PAH, av. Mw ~58 000), poly-styrene 
sulphonate (PSS, av. Mw ~70,000), polyethyleneimine (PEI, av. Mw 
~75,000), and poly (acrylic acid) solution (PAA, av. MW ~100 000, 
35 wt% in H2O) were purchased from Sigma-Aldrich. The corrosion 
inhibitor, benzotriazole (BTA) was purchased from Sinopharm Chemical 
Reagents (China). All reagents were analytical grade and used without 
further purification. Purified water was used to prepare solutions. 

The mesochannels of MSP was impregnated with BTA (BTA@MSP) 
and monitored using UV–vis spectroscopy by the following procedure. 
First, dissolution of BTA in aqueous solution was carried out. MSP was 
added into the solution, dispersed and stirred for 30 min. To further 
ensure that BTA is properly sucked into the channels of MSP, the silica 
suspension in a beaker was placed in a vacuum pump and the air within 
the channels evacuated at room temperature. A repeat of the vacuum 
cycle for three times was carried out to ensure maximum loading. The 
silica suspension was then centrifuged to remove the excess BTA and 
recover particles, and dried. To determine the total amount of BTA 
loaded, BTA@MSP were dispersed in 0.1 M hydrofluoric acid solution 
for 3 h. Within the time, there was maximum release of BTA as silica 
particles dissolved. With a pipette, 1 mL of resulting solution was 
extracted, filtered, and the UV absorbance of BTA was measured at λmax 
258 nm. The concentration of BTA was obtained by extrapolating from a 
BTA calibration curve (correlation coefficient ¼ 0.998) obtained in 
0.1 M HF solution. The encapsulation efficiency was calculated using the 
expression in Eq. (1) [40]: 

%E¼
nBTAext
nBTAini

 X  100 (1)  

where nBTAext represents amount of BTA extracted from BTA@MSP 
and nBTAini is the initial amount of BTA used in the loading step. 

In order to obtain microcontainers with polyelectrolyte shell around 
the MSP surface, the LbL deposition procedure was followed. For MCs 
with W-S PE (PAH/PSS) shell, the deposition of positive PAH was per-
formed by adding PAH (6 mg mL� 1 in 0.5 M NaCl, 3 mL) to a BTA- 
saturated suspension of BTA-loaded MSPs (15 wt%, 20 mL, pH 7.5). 
The use of BTA-saturated solution to gently disperse BTA-loaded MSPs 
prevents free leakage of BTA during polyelectrolyte deposition proced-
ure. The mixture was gently stirred at room temperature, and then 
allowed to stand still for about 20 min. Then, the BTA@MSP/PAH 
sample was subjected to washing, redispersion, and centrifugation in 
0.05 M NaCl for three times. The washing/redispersion/centrifugation 
procedure was performed after each deposition step. Then the deposi-
tion of negative PSS layer was carried out by mixing PSS (6 mg mL� 1 in 
0.5 M NaCl, 3 mL) with the centrifuged BTA@MSP/PAH. The procedure 
was repeated with resulting MCs having the structure: BTA@MSP/PAH/ 
PSS and BTA@MSP/2(PAH/PSS). For MCs with weak-weak poly-
electrolyte (PEI/PAA) shell, the deposition of positive PEI was per-
formed by adding PEI (6 mg mL� 1 in water, 3 mL) to a suspension of 
BTA-loaded MSPs (15 wt%, 20 mL, pH 7.5). The mixture was subjected 
to the same treatment as with the first MC, but with washing/redis-
persion/centrifugation procedure carried out in purified water. The 
deposition of negative PAA layer (from 6 mg mL� 1 in water, 3 mL) was 
then carried out. The procedure was repeated to obtain MCs with the 
structure: BTA@MSP/PEI/PAA and BTA@MSP/2(PEI/PAA). The suc-
cessful formation of oppositely charged layers was confirmed by zeta- 
potential measurements. All samples were dried and ready for use. 

Fig. 3. Zeta potentials as a function of polyelectrolyte layer number alterna-
tively coated with (a) PAH/PSS, and (b) PEI/PAA on MSP. 

Fig. 4. FT-IR spectra of (a) MSP, (b) BTA and (c) BTA@MSP.  
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2.2. Characterization of microcontainers 

The successful growth of positive and negative PE layers on MSPs 
was monitored using the Zetasizer (Nano-ZS90, Malvern Instruments, 
UK). Triplicate measurements at room temperature were taken at 
different stages of fabrication of MCs beginning with the silica shell to 
the last PE layer. At the loading stage, with the aid of a fourier transform 
infrared spectra (FT-IR), performed using a Nicolet 470 spectrometer 
from Brucker with KBr pellets, the functional groups and structure of the 
prepared MSP-BTA was characterized. The spectra were recorded be-
tween 500 and 4000 cm� 1 with 1 cm� 1 resolution in transmission mode. 
UV–vis spectroscopy was used to obtain the percentage amount of 
encapsulated BTA in the MC. The morphology of MCs and deposited PE 
shells were observed by scanning electronic microscope (SEM) and 
transmission electron microscopy (TEM). A XL30 type SEM from Philips 
was used for SEM observations, and a Jeol JEM 2010F TEM was 
employed for TEM observations. 

2.3. Release studies of BTA from microcontainers 

The release of BTA from MCs when exposed to 0.5 M NaCl at 
different pH values was examined using UV–vis spectroscopy at 
λmax ¼ 258 nm. Solutions of HCl and NaOH were used to adjust the pH 
and the release profiles were obtained for pH values 2, 4, 7, 9 and 11. 
Briefly, MCs (0.8 g) pre-encapsulated with BTA were dispersed in solu-
tion (80 mL). At different times of measurement, the solution was ho-
mogenized and an aliquot of 20 mL extracted with the help of a syringe, 
filtered, then the absorbance of BTA measured using the UV spectro-
photometer. The concentration of released BTA in the solution was ob-
tained by extrapolating from a BTA calibration curve, and the release 
percentage calculated. The release percentage was obtained after 2 h, 
12 h, 24 h and 48 h incubation time. 

2.4. Anticorrosion evaluation of microcontainers in coated AA2024-T3 

Aluminium alloy 2024-T3 was purchased from Q-lab Corporation, 
USA, having a chemical composition (wt%): Si 0.06%, Fe 0.17%, Cu 

4.54%, Mn 0.63%, Mg 1.51%, Cr 0.01%, Zn 0.08%, Ti 0.03% and Al 
balance. The bare AA2024-T3 substrates were first prepared following 
the procedure described elsewhere [41]. Water-borne epoxy coating was 
used in this work. A commercial 620 epoxy resin and 703 polyamide 
resin hardener supplied by Shanghai Resin Company, China, were used 
in this work. Using high-speed dispersion machine, epoxy resin was 
mixed (1200 revolutions per min for 30 min) with different MCs and at 
different percentage concentrations, which was subsequent upon curing 
with polyamide resin. Different coatings were obtained by incorporating 
(2 wt% and 6 wt% with respect to the resin) of MCs into the resin. A 
uniform dispersion was obtained after stirring for 30 min. A reference 
sample was also prepared without MCs by the mixture of epoxy resin 
with polyamide resin at the ratio 2.5:1. Table 1 gives the list of the 
coating formulations. The application of coatings on AA2024-T3 sub-
strate was by air spraying (30 � 2 μm thicknesses). Prepared samples 
were left to dry at room temperature for up to 168 h before tests. 

Electrochemical impedance spectroscopy (EIS) measurements were 
carried out at room temperature to study the barrier effect of MCs on 
coated AA2024-T3 immersed in 0.1 M NaCl solutions (V ¼ 50 mL, stag-
nant and in equilibrium with air). The electrode cell consisted of a 
saturated calomel reference electrode (SCE), a platinum foil counter 
electrode and an AA2024-T3 plate placed in horizontal position with an 
exposed area of 12.56 cm2 serving as the working electrode. Before 
measurements, the electrochemical cell was placed in a Faraday cage to 
avoid the interference of external electromagnetic fields. All measure-
ments were performed using Gamry 600þ Potentiostat/Galvanostat/ 
ZRA connected to a computer. EIS measurements were preceded by an 
open circuit delay for 20 min. The Gamry Echem Analyst 7.05 software 
was used to fit data. Measurements were made over a frequency range 
from 100 kHz to 10 mHz with 20 mV sinusoidal perturbations. 

Scanning vibrating electrode technique (SVET) measurements were 
taken using SVET equipment. The equipment is supplied by Applicable 
Electronics and controlled by Sciencewares ASET program. Aided by a 
metallic needle, two artificial defects were made on each coated sample 
by drilling to penetrate the epoxy coating completely prior to the mea-
surement. An area of about 10 mm2 (3.2 mm � 3.1 mm) of samples was 
exposed to corrosive solution. Measurements proceeded with Pt-Ir 

Fig. 5. Release profile of BTA from (a) BTA@MSP/(PAH/PSS)2, (b) BTA@MSP/(PEI/PAA)2, and (c) BTA@MSP in 0.5 M NaCl at different pH values. (d) illustration 
of the pH of coating mixture. 

I.I. Udoh et al.                                                                                                                                                                                                                                   



Materials Chemistry and Physics 241 (2020) 122404

6

probes platinized to obtain a 30 μm diameter ball of platinum at the tip. 
Measurements were taken in 0.05 M NaCl solution at open circuit po-
tential, at a frequency of probe vibration (325 Hz) direction perpen-
dicular to sample surface. The acquisition time for each data point was 
0.6 s and map of local ionic densities were obtained (2500 grid points). 
Detection of current densities was at 150 μm above the sample surface 
and data visualized using QuikGrid software. 

Salt spray tests (SST) was performed following the ASTM B117 
standard. In order to induce corrosion and carry out the test, long 
scratches were made on the coated samples using a sharp tool and 
exposed to 5% NaCl solution at 35 � 2 �C. During examinations, samples 
were washed and dried, then observed within 30 min after removal from 
the salt spray chamber. 

3. Results and discussion 

3.1. Fabrication, morphology and composition of microcontainers 

A schematic representation of the LbL deposition process of PEMs of 

fabricated MCs is given in Fig. 1. The LbL deposition of PEs is made 
possible by the electrostatic interactions between protonated amino 
groups (cationic) and sulfonate groups (anionic) of PAH and PSS, 
respectively [42,43]. A similar interaction is obtained for protonated 
amine groups and dissociated carboxylic acid groups of PEI and PAA, 
respectively [44]. Silanol (Si-OH) groups on the silica surface that are 
deprotonated allow for electrostatic interaction with the first layer of 
cationic PE [45], after which other PE layers are successively deposited. 

The SEM and TEM micrographs of as-received MSP are shown in 
Fig. 2a and b, respectively. It can be seen from Fig. 2a that MSP has 
slightly curved rectangular shapes with oval edges. The particles have 
sub-micrometer sizes. The inner meso-channels and silica shell of MSP 
without PEs are revealed in Fig. 2b. Fig. 2c–f show PE shell deposited on 
mesoporous silica corresponding to PAH/PSS, PEI/PAA, 2(PAH/PSS) 
and 2(PEI/PAA) single and double pairs of PEs, respectively. A range of 
PE shell thickness is observed on the silica surface. From Fig. 2c and d, 
an estimated shell thickness of about 78 nm and 86 nm is observed for 
single PE PAH/PSS and PEI/PAA shells, respectively. However, double 
layers of PE pairs (see Fig. 2e and f) reveal thicker shells of about 194 nm 

Fig. 6. Bode plots of behaviour of coated aluminium alloy 2024-T3 immersed in 0.1 M NaCl solution in the absence and presence of 2 wt% microcontainers after (a, 
b) 1 h, (c, d) 12 h, (e, f) 24 h, (g, h) 144 h, and (i, j) 720 h. Symbols show data. Lines represent fitting. 
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and 137 nm for 2(PAH/PSS) and 2(PEI/PAA) shells, respectively. 
Addition of more PE layers to MCs increases the size of MCs which is due 
to the growth of PE shells [5]. 

The successful deposition of PEs on silica shell is confirmed by zeta 
potential measurements as shown in Fig. 3a and b. The initial MSP 
loaded with BTA has a negative zeta potential of � 26.7 mV. For W-S 
PAH/PSS layers (Fig. 3a), a change from negative zeta potential to 
positive (8.6 mV) is observed upon deposition of PAH, a polycation. 
Furthermore, a layer of PSS polyanion added moves the potential again 
to negative (� 27 mV). Further depositions of PAH and PSS layers al-
ternates the zeta potential to 19.3 mV and � 28.9 mV, respectively. A 
similar trend of alternating zeta potential is observed for W-W PEI/PAA 
layers (Fig. 3b). For MCs with both PAH/PSS and PEI/PAA layers, the 
alternating zeta potential in the positive and negative directions in-
dicates successful deposition of the PE layers [46]. 

The FT-IR spectra of as-received MSP, BTA, and BTA loaded MSP 
(BTA@MSP) are presented in Fig. 4. The characteristic peaks repre-
senting the different functional groups present are identified. The 
spectra for both MSP and BTA@MSP (Fig. 4a and c) show characteristic 
MSP peak at 1090 cm� 1, corresponding to stretching vibration Si-O-Si 
bonds [39]. The spectrum of BTA@MSP also has peaks that are char-
acteristic of functional groups in BTA which are shown in Fig. 4b 
(broken lines guide the eye). The spectra reveal peaks at 739 cm� 1 and 
877 cm� 1 attributed to C-H out of plane bending. The peak at 1460 cm� 1 

is assigned to C-N stretching vibration [47]. Peaks at 2930 cm� 1 and 
2970 cm� 1 can be attributed to C-H asymmetric stretch [48]. The 
presence of functional groups of the inhibitor BTA in the spectrum of 
BTA@MSP indicates successful loading into MSP. 

3.2. Profiles of BTA release from microcontainers 

The onset of corrosion is usually triggered by aggressive anion pre-
sent in the solution. It is expected that upon the onset of corrosion a good 
inhibitor pre-loaded in an inorganic micro or nanocontainer present in 
the organic coating is released to consequently impede or slow down 

corrosion activity, and maintain the integrity of the coating by active 
protection abilities. To achieve this, the container limits the release of 
the inhibitor in the neutral pH of the environment, and encourages 
release of same upon demand when the pH changes towards the acidic 
and alkaline regions. Corrosion activity of AA2024-T3 when exposed to 
neutral NaCl solutions is accompanied by a change in the local pH 
arising from anodic and cathodic reactions [32]. The PE shells of the 
microcontainers acting as “gate keepers” open and close in response to 
the local pH changes. It is the ability of the microcontainers to release 
inhibitors in acidic and alkaline pH environments and to control spon-
taneous leakage of same in neutral pH that makes it a functional 
component of smart coatings, for the release of inhibitor on demand. 
From UV spectroscopy data, the amount of BTA in BTA@MSP obtained 
in this work is 66 mg g� 1 of initial amount of MSP, corresponding to 
5.5%. With this amount, the impedance of corrosion activity can be 
effectively studied if MCs can release on demand [49], although it can be 
optimized. 

PE layers that are mainly based on electrostatic interactions, 
particularly for single pairs, can be unstable in the presence of water 
[50]. Therefore, a more stable release profile obtained for BTA from MCs 
with W-S [2(PAH/PSS)] and W-W [2(PEI/PAA)] double pairs of PE layer 
shells is presented in Fig. 5a and b. The release of BTA from MCs 
dispersed in 0.5 M NaCl solutions at different pH conditions (2, 4, 7, 9 
and 11) was monitored by UV–vis spectroscopy. From the profiles at 
different pH values, similar shapes are obtained but with difference in 
the amount of BTA released. Release of BTA in the first 2 h is likely 
coming from the region of the MCs close to the shell and as time pro-
gresses BTA from the inner core is released [40]. MCs with W-W PE 
shells show higher release percentage in the first 2 h (Fig. 5b) in pH 2, 4, 
7 and 9 solutions when compared with MCs with W-S PE shell (Fig. 5a). 
This could be explained in terms of the molecular structure of the PEMs. 
The molecular structure of PE used can confer different physicochemical 
properties on PEMs. For instance, growth of PEM films can either be 
linear or exponential [51]. It was reported by Lavelle and co-workers 
that linearly growing PE films have thicknesses increasing linearly 

Fig. 6. (continued). 
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with the number of deposition steps, and for the others, the thickness 
increases exponentially, at least for the first deposition step [52]. This 
could explain, amongst other factors, why the thickness of the SP layer 
of PEI/PAA is higher than PAH/PSS (Fig. 2c and d). However, citing the 
example of PAH/PSS films, Seon et al. and Laugel et al. explain that 
linearly growing PEM films are obtained for PE that interact strongly at 
each deposition step [51,53]. For such, the architecture of the PEM is 
stratified with no diffusion of PEs in the layers perpendicular to the film 
[54]. For exponential growing PEM films, notably from a build-up be-
tween polycations and polyanions that interact weakly [53], for 
example PEI/PAA, such PEM films are much more hydrated and softer 
than linear ones [55]. Therefore, W-W PEI/PAA encourages more 
permeation of solution in the early hours through the PEM layers and 
release of BTA when compared with PAH/PSS. 

The permeation of solution leads to multilayer swelling and thinning 
associated with PE layers [56], and with weaker electrostatic attractions 

2(PEI/PAA) swell more than 2(PAH/PSS) in the first 2 h. As time pro-
gresses from 12 h to 48 h, a slower release is observed for 2(PEI/PAA). 
However, for 2(PAH/PSS), with layers that interact strongly, there is 
more resistance to penetration of solution, leading to a slower release of 
BTA in the first 2 h. The consequence is a gradual and more controlled 
release of BTA up to 48 h as observed in Fig. 5a. At high pH 11, both MCs 
show significantly high release of BTA. From the profiles, both MCs 
respond with a higher release of BTA upon changes in pH to acidic and 
alkaline regions, owing to variations in the solubility of BTA with pH. 
The analysis of release profile (Fig. 5) indicates the dependence of BTA 
inhibitor release on pH, which confirms the stimuli-responsive trig-
gering of the MCs, and highlights the role of PE shells in the release 
behaviour. Hence, their suitability as components of smart coating based 
on pH triggering is confirmed. However, W-W PE shells seem to be more 
suitable for systems where immediate release of large amounts of active 
substances is expected. Furthermore, in the absence of PE shells, 

Fig. 7. (a) Evolution of lowest frequency impedance from EIS data of coated AA2024-T3 samples immersed in 0.1 M NaCl in the absence and presence of 2 wt% 
microcontainers; equivalent circuit used in fitting EIS data of coated AA2024-T3 samples with one time constant (b), two time constants (c), and three time con-
stants (d). 
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excessive premature leakage is observed as demonstrated in Fig. 5c, 
validating the importance of gatekeepers and capping materials for 
smart containers. However, it is important to note that the behaviour of 
MCs in water may be different from their behaviour in coating due to 
changes in environmental conditions. As indicated in Fig. 5d, the pH of 
the coating mixture is slightly alkaline; greater than 8, but less than 9. At 
this pH only a little amount of BTA might be released during coating 
fabrication. Therefore, greater fraction of BTA retained within MCs 
respond on demand when the pH is significantly reduced or increased 
upon onset of corrosion. 

3.3. EIS assessment of anticorrosion efficiency of microcontainers in 
coated AA2024-T3 

EIS is an important technique in the assessment of barrier and active 
protection properties of smart coatings applied on metals [57,58]. EIS 
was used to examine the effect of different PE shells of MCs applied as 
pH responsive components of smart coating for the anticorrosion 

protection of AA2024-T3. 
The Bode plots of EIS after 1 h (a, b), 12 h (c, d), 24 h (e, f), 144 h (g, 

h), and 720 h (i, j) of immersion in 0.1 M NaCl for coated AA2024-T3 
samples, with coatings modified with 2 wt% of BTA directly added, 
MC without PE shell and MCs having SPs and DPs of different PEs are 
presented in Fig. 6. The spectra can be divided into three frequency 
regions; high, intermediate and low f, which represents different parts of 
the samples [59], corresponding to electrochemical response of the 
coating, the native aluminium oxide layer and occurrence of corrosion 
on the metal substrate, respectively. Furthermore, with water-borne 
epoxy coating, early compromise of coating barrier properties enables 
the estimation of the effect of MCs, particularly, the influence of the shell 
in the active protection capabilities. 

Clearly, direct addition of BTA into epoxy coating compromises the 
integrity of the coating as indicated by the lowest |Z| value for f-BTA 
from 12 h to 720 h of immersion. In addition, the phase angle plots for f- 
BTA obviously displays three time constants during 1 h of immersion 
suggesting early diffusion of electrolyte to the substrate and onset of 

Table 2 
Parameters obtained from fitting EIS data for coated AA2024-T3; reference coating, and coating modified with 2 wt% f-BTA and BTA@MSP.  

Time (h) CPEpore (S s-n cm� 2) npore Rpore (Ω cm2) CPEox (S s-n cm� 2) nox Rox (Ω cm2) CPEdl (S s-n cm� 2) ndl Rct (Ω cm2) Chi-squared 

Reference 
1 1.92 � 0.29 � 10� 10 0.96 8.92 � 0.45 � 108     1.49 � 10� 3 

12 2.29 � 0.11 � 10� 10 0.96 6.19 � 0.21 � 108       1.07 � 10� 3 

24 2.88 � 0.53 � 10� 10 0.95 2.3 � 0.33 � 106 6.32 � 0.34 � 10� 9 0.97 3.55 � 0.27 � 107    2.56 � 10� 3 

144 3.11 � 0.16 � 10� 10 0.95 1.48 � 0.22 � 106 1.8 � 0.12 � 10� 8 0.92 3.9 � 0.44 � 107    4.39 � 10� 3 

720 2.89 � 0.27 � 10� 10 0.95 5.56 � 0.19 � 106 2 � 0.15 � 10� 7 0.69 1.03 � 0.28 � 107    2.22 � 10� 4 

f-BTA 
1 3.52 � 0.38 � 10� 10 0.95 1.21 � 0.18 � 107 6.68 � 0.41 � 10� 10 0.94 2.31 � 0.15 � 108 1.3 � 0.12 � 10� 9 1 1.01 � 0.22 � 109 1.37 � 10� 2 

12 7.91 � 0.19 � 10� 10 0.9 3.83 � 0.14 � 105 1.23 � 0.21 � 10� 7 0.94 4.15 � 0.19 � 106 1.38 � 0.1 � 10� 5 1 9.08 � 0.14 � 108 1 � 10� 2 

24 5.29 � 0.18 � 10� 10 0.94 2.9 � 0.31 � 105 1.67 � 0.15 � 10� 8 0.99 1.23 � 0.12 � 105 1.01 � 0.2 � 10� 7 1 1.17 � 0.19 � 106 4.13 � 10� 2 

144 4.09 � 0.33 � 10� 10 0.96 4.94 � 0.26 � 105 7.69 � 0.32 � 10� 7 0.32 5.26 � 0.22 � 106    4.64 � 10� 3 

720 4.94 � 0.17 � 10� 10 0.94 1.05 � 0.12 � 106 1.27 � 0.12 � 10� 6 0.69 2.86 � 0.23 � 106    2.42 � 10� 3 

BTA@MSP 
1 2.35 � 0.26 � 10� 10 0.95 1.15 � 0.19 � 107 1.38 � 0.12 � 10� 9 0.82 2.16 � 0.11 � 109    2.4 � 10� 3 

12 5.85 � 0.19 10� 10 0.63 1.01 � 0.1 � 102 3.62 � 0.18 � 10� 10 0.95 3.63 � 0.2 � 106 3.25 � 0.13 � 10� 8 0.96 1.79 � 0.13 � 107 1.37 � 10� 3 

24 4.8 � 0.22 � 10� 10 0.93 2.4 � 0.31 � 106 4.49 � 0.22 � 10� 8 1 7.18 � 0.24 � 105 2.43 � 0.21 � 10� 8 1 5.56 � 0.22 � 106 1.13 � 10� 2 

144 4.9 � 0.18 � 10� 10 0.93 1.53 � 0.19 � 107 2.42 � 0.22 � 10� 7 0.74 6.38 � 0.22 � 106    1.32 � 10� 3 

720 5.46 � 0.12 � 10� 10 0.93 6.2 � 0.22 � 106 5.05 � 0.25 � 10� 7 0.74 8.14 � 0.19 � 106    2.49 � 10� 4  

Table 3 
Parameters obtained from fitting EIS data for coated AA2024-T3; coatings modified with 2 wt% BTA@MSP/PAH/PSS, BTA@MSP/PEI/PAA, BTA@MSP/2(PAH/PSS) 
and BTA@MSP/2(PEI/PAA).  

Time (h) CPEpore (S s-n cm� 2) npore Rpore (Ω cm2) CPEox (S s-n cm� 2) nox Rox (Ω cm2) Chi-squared 

BTA@MSP/PAH/PSS 
1 2.22 � 0.23 � 10� 10 0.95 9.16 � 0.22 � 105 2.54 � 0.31 � 10� 8 0.33 6.29 � 0.23 � 107 5.39 � 10� 3 

12 2.37 � 0.17 � 10� 10 0.95 9.59 � 0.12 � 105 2.12 � 0.14 � 10� 8 0.3 1.22 � 0.11 � 107 1.84 � 10� 4 

24 2.07 � 0.11 � 10� 10 0.96 7.17 � 0.52 � 105 1.97 � 0.22 � 10� 8 0.4 2.23 � 0.11 � 107 3.19 � 10� 3 

144 2.72 � 0.12 � 10� 10 0.94 8.3 � 0.33 � 105 6.9 � 0.22 � 10� 8 0.3 3.82 � 0.23 � 107 1.65 � 10� 3 

720 1.59 � 0.12 � 10� 10 0.99 8.64 � 0.45 � 107    4.21 � 10� 3 

BTA@MSP/PEI/PAA 
1 1.35 � 0.15 � 10� 10 0.96 1.13 � 0.12 � 109 2.22 � 0.21 � 10� 10 0.65 7.46 � 0.49 � 1011 1.16 � 10� 3 

12 4.27 � 0.21 � 10� 10 0.91 7.69 � 0.3 � 106 6.53 � 0.11 � 10� 8 0.91 2.93 � 0.13 � 107 6.27 � 10-3 
24 4.24 � 0.22 � 10� 10 0.92 5.18 � 0.33 � 106 1.19 � 0.15 � 10� 7 0.84 3.34 � 0.22 � 106 4.19 � 10� 4 

144 3.26 � 0.12 � 10� 10 0.95 2.27 � 0.22 � 107    2.37 � 10� 3 

720 9 � 0.13 � 10� 10 0.87 1.37 � 0.27 � 107    7.05 � 10� 3 

BTA@MSP/2(PAH/PSS) 
1 1.08 � 0.11 � 10� 10 0.97 5.16 � 0.22 � 1010    5.48 � 10� 4 

12 2.14 � 0.22 � 10� 10 0.96 2.72 � 0.17 � 108    7.22 � 10� 4 

24 2.27 � 0.15 � 10� 10 0.96 3.68 � 0.33 � 108    7.33 � 10� 4 

144 3.51 � 0.24 � 10� 10 0.93 8.14 � 0.29 � 106 4.14 � 0.22 � 10� 8 0.62 6.81 � 0.22 � 106 3.82 � 10� 3 

720 2.83 � 0.17 � 10� 10 0.95 3.29 � 0.23 � 107    7.58 � 10� 4 

BTA@MSP/2(PEI/PAA) 
1 1.39 � 0.13 � 10� 10 0.97 1.67 � 0.11 � 108 5.22 � 0.33 � 10� 10 0.4 1.25 � 0.22 � 1010 1.25 � 10� 3 

12 1.87 � 0.2 � 10� 10 0.96 3.55 � 0.11 � 108    8.18 � 10� 5 

24 1.47 � 0.12 � 10� 10 0.99 2.17 � 0.33 � 107    3.46 � 10� 3 

144 3.23 � 0.16 � 10� 10 0.94 1.23 � 0.19 � 107 8.18 � 0.26 � 10� 8 0.72 9.53 � 0.17 � 106 1.71 � 10� 3 

720 2.5 � 0.22 � 10� 10 0.96 1.88 � 0.16 � 107    2.07 � 10� 3  
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corrosion activity. The reference sample shows one time constant within 
12 h, then two time constants from 24 h. The one time constant after 1 h 
and 12 h of immersion for the reference sample may be due to better 
passivation possibly as a result of more compact coating matrix in the 
absence of additives. Furthermore, the presence of MCs without PE 
shells (BTA@MSP) demonstrates similar poor protection. Conversely, 
MCs with PE shells seem to reveal overall consistency in maintaining 
coating properties. As seen in Fig. 6, MCs with PE shells show two time 
constants, with well depressed second time constant in the low fre-
quency region throughout immersion time. After long immersion time of 
720 h, coatings with PE-shelled MCs show higher impedance (see 
Fig. 6i). This can be attributed to active protection in the presence of 
MCs with PE shells. 

To estimate the effect of nature and number of PE layers on the active 
protection, Fig. 7a gives a few indications. Fig. 7a presents evolution of 
lowest frequency impedance (|Z|0.01Hz) from triplicate EIS measure-
ments of coated AA2024-T3 samples. A decreasing trend of |Z|0.01Hz is 
observed for reference sample from 1 h to 720 h of immersion indicating 
a decline in the protective properties of coating. Furthermore, f-BTA 
displays the lowest |Z|0.01Hz, corresponding to compromise of the barrier 
properties of coating upon direct addition of BTA. However, in the 
presence of MCs, better recoverability of coating with PE-shelled MCs 
can be observed. The rising trend of |Z|0.01Hz for BTA@MSP/PAH/PSS 
from 24 h to 720 h is obvious. As seen, BTA@MSP/PAH/PSS demon-
strates the best recovery of coating properties, as indicated by highest | 
Z|0.01Hz after 720 h of immersion. Among the shelled MCs, it is inter-
esting to observe that after 144 h of immersion, MCs with W-W PE shell 
(PEI/PAA or 2(PEI/PAA)) has slightly higher |Z|0.01Hz values when 
compared with their W-S PE shell (PAH/PSS or 2(PAH/PSS) counter-
parts. This is possibly due to the early availability of BTA which the W-W 
PE shell encourages as electrolyte permeates the coating. However, after 
720 h, the samples with MC shells conferring more controlled release 
over time (PAH/PSS and 2(PAH/PSS) rises to higher |Z|0.01Hz values. 
Even so, the less thick layer (PAH/PSS) dominates. These observations 
with W-W PE shell (PEI/PAA or 2(PEI/PAA)) and W-S PE shell (PAH/ 
PSS or 2(PAH/PSS) agree with the release patterns of PE-shelled MCs 
discussed earlier. 

The EIS data of coated AA2024-T3 samples during 720 h of immer-
sion in 0.1 M NaCl were fitted using the equivalent electrical circuit 
(EEC) shown in Fig. 7b–d, corresponding to one, two and three time 
constants, respectively. The EECs are overlaid in physical model that 

describes the electrochemical system. The physical meaning and phase 
response that describes the electrochemical process of the system and fit 
quality informed the choice of the EEC model. The EECs consist of the 
solution (electrolyte) resistance (Rsol), pore capacitance (Cpore), the pore 
resistance (Rpore), oxide layer capacitance (Cox), resistance of the in-
termediate oxide layer (Rox), double layer capacitance (Cdl) and charge 
transfer resistance (Rct). In the circuit, constant phase element (CPE) is 
used for capacitance to accommodate the electrode heterogeneity of 
coated samples. The double-layer capacitance (CPEdl) and the charge 
transfer resistance (Rct) characterize the corrosion process and 
contribute to |Z| values at low frequency [60]. The obtained fitting 
parameters are given in Tables 2 and 3. Clearly, f-BTA shows the lowest 
Rpore (1.05 � 106 Ω cm2) and Rox (2.86 � 106 Ω cm2) values after 720 h. 
The reference sample also shows relatively low resistance values, with a 
clear decreasing trend of Rox, which confirms no inhibition. Higher Rpore 
and Rox values for coatings with MCs after 720 h validate their active 
protection and recovery capabilities. Moreover, MCs with W-S PE shell 
(PAH/PSS and 2(PAH/PSS) which recovers the coating back to one time 
constant show highest Rpore values; BTA@MSP/PAH/PSS 
(8.64 � 107 Ω cm2) and BTA@MSP/2(PAH/PSS) (3.29 � 107 Ω cm2). 

Therefore, the coating with the overall highest Rpore after 720 h of 
immersion is BTA@MSP/PAH/PSS, with single pair shell of W-S PE 
shell. The performance of PAH/PSS and 2(PAH/PSS) could be due to 
their controlled pattern of inhibitor release, derivable from their strong 
linear structure in which the molecular PEMs interact strongly [51], but 
PAH/PSS performs better due to lesser thickness of PEMs. Overall, the 
EIS results show that although W-W PE shells encourage faster release of 
inhibitor, W-S PE shells lead to slower but more sustained release over 
time, recovering coating properties at longer immersion time of 720 h. 
Furthermore, SP shells support better active protection and recovery 
when compared to DP shells. 

3.4. SVET analysis 

Evaluation of active protection behaviour of BTA@MSP/PAH/PSS 
and BTA@MSP/PEI/PSS, was further carried out by scanning vibrating 
electrode technique (SVET). SVET allows the estimation and monitoring 
of corrosion activities in local environments of the substrate [61]. 
Corrosion activity producing anodic and cathodic currents on the sur-
face of the AA2024-T3 substrate could involve anodic reactions: disso-
lution of the Al metal and its hydrolysis (Eq. (2) and (3), respectively) 

Fig. 8. SVET current density maps and photos of a defect on coated AA2024-T3 samples at different times of immersion in 0.05 M NaCl for reference coating. Scale 
units: μA cm� 2. Scanned area: � 3.2 mm � 3.1 mm. 
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and dissolution of S-phase intermetallic Mg and its hydrolysis (Eq. (4) 
and (5), respectively) which lowers the local pH to around 3; and 
cathodic reactions: oxygen reduction and evolution of hydrogen (Eq. (6) 
and (7), respectively) which increases the local pH to around 10 [62,63]. 

Al  → Al  3þ þ 3e�  (2)  

Al3þ þ nH2O  →AlðOHÞð3� nÞ
n þ nHþ  ;   n ¼ 1 � 3 (3)  

Mg  →  Mg  2þ þ  2e�  (4)  

Mg2þ þ 2H2O  ↔  MgðOHÞ2 þ 2Hþ  (5)  

O2þ 2H2Oþ 4e�  →4OH� (6)  

2H2Oþ 2e�  →2OH�  þ  H2  (7) 

The local pH gradients stimulate the permeability of containers 
leading to a release of inhibitors. The release of inhibitor stops with close 
of PE shell when pH reverts to initial value. Factors that affect pH gra-
dients include the mechanism of corrosion, intermetallic inclusions, and 
surface properties of the substrate. With particular focus on intermetallic 
inclusions, Snihirova et al. reports that cathodic reactions that take place 

on S-phase intermetallic Cu leads to rise in local pH to 11.8 [61]. Anodic 
activity is assigned to dissolution of Mg. Both anodic and cathodic re-
actions occur on Al. 

The SVET maps and photos of the area of the defect obtained after 
immersion of samples in 0.05 M NaCl are presented in Figs. 8–10. SVET 
maps and photos for reference sample are shown in Fig. 8. SVET maps 
and photos for coatings with 2 wt% BTA@MSP/PAH/PSS and 
BTA@MSP/PEI/PSS are depicted in Fig. 9 a and b, respectively. SVET 
maps and photos for coatings with 6 wt% BTA@MSP/PAH/PSS and 
BTA@MSP/PEI/PSS are shown in Fig. 10 a and b, respectively. Overall, 
little or no significant current is found at 0 h of immersion. The low 
insignificant currents observed outside the area of defect at 0 h may be 
due to background noise or early uptake of electrolyte. However, with 
the onset of corrosion activity over immersion time, samples show both 
anodic and cathodic currents after 48 h. The reference sample (Fig. 8) 
shows increasing current density (particularly anodic) in the defect area 
throughout the immersion time up to a maximum anodic current of 
20.1 μA cm� 2 at 144 h. This is due to increasing corrosion activity of the 
substrate in the defect area. In the presence of 2 wt% MCs (Fig. 9 a and 
b), there is initial increase in current density in the defect area from 48 h 
upon onset of corrosion activity. A decrease of current is noticed at 
144 h, with maximum anodic currents of 9.1 μAcm� 2 and 13.4 μAcm� 2 

Fig. 9. SVET current density maps and photos of a defect on coated AA2024-T3 samples at different times of immersion in 0.05 M NaCl. Coating modified with 2 wt% 
microcontainers (a) BTA@MSP/PAH/PSS and (b) BTA@MSP/PEI/PAA. Scale units: μA cm� 2. Scanned area: � 3.2 mm � 3.1 mm. 
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for BTA@MSP/PAH/PSS and BTA@MSP/PEI/PAA, respectively. This 
indicates the suppression of corrosion activity as a result of the active 
protection of the aluminium substrate by BTA released from MCs. 

Coatings can provide passive and active protection. Considering, the 
SVET maps and photos in Fig. 8, the reference sample seems to provide 
no active protection as evidenced by increasing anodic and cathodic 
current, however the photos show coating that remains intact suggesting 
passivation. Fig. 9a and b demonstrates good active protection by the 
reduction of corrosion currents, however the detrimental effect of MC 
within coating matrix is evidenced by delamination in parts of the 
coating as shown by the photos. This suggests that the amount of BTA in 
2 wt% MC may be insufficient to significantly counteract the detrimental 
effect. Therefore, with increase in the concentration of MCs to 6 wt% 
(Fig. 10), both passive and active protection is achieved. Maximum 
anodic current is as low as 4.5 μAcm� 2 for BTA@MSP/PAH/PSS (see 
Fig. 10a) and almost no significant anodic current for BTA@MSP/PEI/ 
PAA (see Fig. 10b). Clearly, from Fig. 10, 6 wt% of MCs demonstrates 
significant reduction in both anodic and cathodic currents and coatings 
remain intact compared with those of the samples containing 2 wt% 
containers, indicating better active and passive protection. In addition, 
it can be seen that with early BTA release from MC with W-W PE layers 
within 144 h, coating in Fig. 10b remains relatively more intact as 
indicated by the photos. 

Moreover, in relationship to the shell, it is interesting to note the 

difference in Fig. 9 a and b. For W-S (PAH/PSS) shell there is delayed 
reduction in current density apparently due to initial slow release of 
BTA. As observed in Fig. 9a, between 48 h and 72 h, an increase in 
current is still observed. This may indicate that significant amount of 
BTA enough to begin the suppression of corrosion activity has not 
reached the corrosion site. Conversely, for W-W (PEI/PAA) shell 
(Fig. 9b), there is reduction in both anodic and cathodic currents from 
48 h to 72 h, suggesting early availability of BTA. However, for both, 
active protection eventually takes place, as can be seen by the lower 
current density after 144 h. This observation supports faster release of 
BTA through W-W PE shell and confirms the observations in the release 
profile and EIS discussed in earlier sections. The agreement of the SVET 
and EIS results confirms the corrosion inhibition ability of BTA-loaded 
MCs, showing early inhibition for W-W PE shells. 

3.5. Salt spray test 

Salt spray test can indicate practical consequence of the application 
of self-healing components in smart coatings. Coatings were tested for 
their anticorrosion protection efficiency in the salt spray chamber after 
exposure for 120 h, photos of which are depicted in Fig. 11. The modi-
fication and optimization of MCs for improved barrier properties is 
currently on-going in our research group. Here, with water-borne epoxy 
coating and early degradation of coating, the effect of PE shells can be 

Fig. 10. SVET current density maps and photos of a defect on coated AA2024-T3 samples at different times of immersion in 0.05 M NaCl. Coating modified with 6 wt 
% microcontainers (a) BTA@MSP/PAH/PSS and (b) BTA@MSP/PEI/PAA. Scale units: μA cm� 2. Scanned area: � 3.2 mm � 3.1 mm. 

I.I. Udoh et al.                                                                                                                                                                                                                                   



Materials Chemistry and Physics 241 (2020) 122404

13

estimated, which is our objective in this current work. Generally, more 
blisters in the area of the scratch indicate less protection against 
corrosion. Obvious blisters can be seen in the reference coating 
(Fig. 11a). Samples with MCs show protection of the scratch area, with 
better effect evident for samples with higher percentage of MCs (6%). 
However, samples with SP PE shell (Fig. 11b) show lesser blisters when 
compared with their DP counterparts (Fig. 11c). And because the 
availability of the inhibitor BTA is what informs the active protection, 
SPs with lesser shell thickness (as shown in Fig. 2) show better protec-
tion apparently due to more release of BTA. This observation is so in 
view of the pH-sensing ability of MCs in smart coatings. A slight change 
in pH occasioned by onset of corrosion when sensed by MCs can trigger 
more release of BTA through a less thick wall of PE shell. The conse-
quence is easy and more availability of BTA in the samples with SP PE 
shell. Moreover, 2% 2(PEI/PAA) when compared with 2% 2(PAH/PSS) 
shows lesser blisters which means better active protection within a short 
time of experiment, which is in agreement with EIS result. The easier 
molecular transitions in PEMs made up of W-W PEs which allows easier 
passage of inhibitors through the PE “gates” may be responsible for the 
observation. 

The response of PE shells of MCs to changes in pH is illustrated in 
Fig. 12a, leading to the release of BTA and active protection of artificial 
defect region as illustrated in Fig. 12b. The ability of PEs to open and 
close when triggered by changes in local pH arising from corrosion 

process is critical to pH-based active protection and is a significant factor 
in engineering active feedback systems for anticorrosion protection. 
Active protection based on pH thrives on the pH buffering ability of this 
PEs to pH gradients. The shell closes when pH reverts to neutral. As 
illustrated in Fig. 12b, corrosion activity on the defect site changes the 
local pH. The change in pH triggers the MCs, most likely in the neigh-
bourhood of the defect, and the PE shells open in response. A release of 
BTA from MCs then activates protection of substrate in defect region. 
The mechanism of inhibition of AA2024-T3 corrosion by BTA is by 
forming complexes with copper, an alloying element, and described 
elsewhere [64]. However, significant role is played by the PE shells and 
their nature and number of layers is critical in the overall functionality 
of the coating. Furthermore, we recommend that further work can be 
carried out to examine whether the selected polyelectrolytes have 
inhibitive properties as well, and whether or not they contribute to 
corrosion inhibition within the system examined. 

4. Conclusions 

The influence of weak-strong and weak-weak polyelectrolyte shells 
on mesoporous silica particle-based microcontainers preloaded with 
BTA and applied as pH-sensitive component in smart coatings is re-
ported in this paper. Successful fabrication of “smart” containers with 
weak-strong (PAH/PSS) and weak-weak (PEI/PAA) polyelectrolyte 

Fig. 11. Photos of coated samples with artificial scratch after exposure in salt spray chamber for 120 h: (a) reference; modified with microcontainers having (b) 
single pair polyelectrolyte shells, and (c) double pair polyelectrolyte shells. 
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shells aid active protection assessment, offering insight into the func-
tionality of the coatings. FTIR and UV measurements confirm the 
encapsulation of BTA in the microcontainer. A 5.5% BTA encapsulation 
was revealed by UV measurements, corresponding to 66 mg g� 1 of initial 
amount of mesoporous silica particles used. Successful deposition of 
polyelectrolyte shells was confirmed by zeta potential measurements 
and TEM. 

Fabricated microcontainers are pH-sensitive and respond with a 
release of BTA upon change in pH. The self-release is higher in low and 
high pH values than in neutral pH, permitting active anticorrosion in-
vestigations. Slow and prolonged release is observed for micro-
containers with PAH/PSS shell and quicker release pattern is noticed 
with PEI/PAA shell. 

The active anticorrosion performance of microcontainers in smart 
coatings was demonstrated by EIS, SVET and salt spray tests. Poly-
electrolyte shells of microcontainers were critical in the overall anti-
corrosion performance. Single pair shells showed better performance 
when compared with double pair shells. Furthermore, microcontainers 
with weak-weak polyelectrolyte shells showed immediate protection 
due to quicker response of the shell to pH changes. However, weak- 
strong polyelectrolyte shells led to slower but more controlled and 
prolonged release of inhibitor, resulting in better long term anticorro-
sion protection. The findings are critical and give insights in the choice 
of the nature of polyelectrolyte gatekeepers for designing feedback 
active systems, particularly in systems like smart coatings. 
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