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ABSTRACT: A comparative study between the leaching behavior
of inhibitive ions from conventionally pigmented and smart (with
encapsulated pigments) epoxy coatings has been conducted.
Leaching of calcium phosphate as an inhibitive pigment from
epoxy coatings was tested in 3.5 wt % NaCl solution. The results
showed that pigment encapsulation contributed to a more uniform
and stable coating microstructure based on the Scanning Electron
Microscopy—Energy-Dispersive X-ray Spectroscopy (SEM-EDX)
analysis and a higher leaching rate of the inhibitive pigment via the
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) analysis, thereby enhancing both the active corrosion
protection and the barrier properties of the coating film. This was
further verified by the Electrochemical Impedance Spectroscopy (EIS) measurements. After 7 days of immersion in 3.5 wt % NaCl
solution, the coating resistance of the smart epoxy coating with mesoporous silica nanoparticle encapsulated calcium phosphate
(MSN-CP3%) was 2 X 10° Q-cm® compared to 1.1 X 10° Q-cm® and 2.6 X 10° Q-cm? for the conventional epoxy coatings
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1. INTRODUCTION

Organic coatings protect metal structures from corrosion by
acting as a physical barrier between the substrate and the
aggressive environment. The organic resin together with barrier
pigments restricts the transportation of corrosive ions to the
substrate and increases the ionic resistance between the local
anodes and cathodes on the surface of the substrate."”> However,
coating films are rarely defect-free.” In addition, exposure time
and interactions with the environment can either exacerbate the
initial defects or generate new ones, compromising the barrier
properties of the coating.”

One way to improve coatings’ anticorrosive performance is to
incorporate inhibitive pigments into coating formulations.™®
Active inhibitive pigments are sparingly soluble in water. When
water penetrates the coating film, it dissolves part of the
inhibitive pigments, and the inhibitive ions can travel to the
coating/metal interface and obstruct corrosion by forming a
protective layer with the metal substrate.”® To achieve a
sufficient inhibition action, a fast and adequate supply of
inhibitive ions is needed during the early exposure stages to form
the inhibitive film. Later, a lower concentration may be required
to maintain the inhibitive film.” However, in a conventional
coating with inhibitive pigments, extended exposure to wet
conditions can influence the release and transport of the
inhibitive species which may lead to a fast depletion of the
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coating from the inhibitive pigment, thereby sacrificing the
barrier properties of the coating film."® Therefore, to ensure
sufficient long-term inhibitive protection, a higher pigment
concentration is needed."" Another solution to ensure sufficient
inhibitive species and to minimize undesired losses is the
controlled release of the inhibitive species from a smart carrier."”
Smart carriers such as polymeric capsules,”’ halloysites,"* or
mesoporous nanoparticles'>'® work as reservoirs for the
inhibitive species.’”'® When corrosion reactions take place,
the local increase in the pH can trigger the release.'”” Coatings
that are capable of adapting their properties according to
environmental changes such as in pH, temperature, pressure,
surface tension, mechanical forces, etc. are called smart
coatings.”' The controlled pigment release can prolong the
coating’s durability by eliminating the spontaneous leaching of
the inhibitive species from the coating film and by enhancing

. . 22
their barrier properties.
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Zinc chromate, ZnCrO,, and red lead, Pb;O,, were
historically two of the most effective inhibitive pigments.
However, their toxicity and resulting environmental contami-
nation led to their replacement.””** Several alternatives have
been tested, among which zinc phosphate, Zn;(PO,),, is the
most widely applied inhibitive pigment in coatings formulation.
Also, phosphate compounds with Zn** coupled with secondary
cations have also been applied for the development of coatings
to enhance their corrosion inhibition.”>~>® Nevertheless,
alternatives in the absence of zinc are preferred due to the
adverse effects that may be caused by the zinc compounds to the
aquatic life. Researchers are actively seeking substitutions to zinc
complexes, such as AL?7%° §r3' Ca, ™" and ammonium®
complexes for corrosion inhibition.

Direct addition of corrosion inhibitors into the coatings can
result in uncontrollable consumption, i.e. too low concentration
of the pigment to initiate corrosion inhibition due to low
solubility or fast depletion of inhibition efficiency and coating
integrity damage due to high solubility of the pigment.
Controlled release techni%ues therefore have drawn more and
more attention,'*' %3673 Encapsulation of the corrosion
inhibitors with (nano)containers is one effective controlled
release strategy. Although there has been a growing interest in
the incorporation of encapsulated corrosion inhibitors into
coatings’ development, investigations on the leaching behavior
of inhibitive pigments from organic coatings and the effect of the
encapsulation are limited. Learning how the inhibitive pigments
leach from the coating can help to better design the coating
formulation with controlled release technology toward more
efficient and longer-lasting corrosion protection. Prosek et al.*”
investigated the leaching kinetics of chromate inhibitive
pigments from polyester-isocyanate coatings. The leaching
rate of chromate ions from the coating into water solutions
showed a logarithmic dependence of chromate ion concen-
tration connected to the diffusion of the solution through the
coating. However, their study showed that the rate-determining
step of the leaching was probably the initial dissolution of the
chromate from the inhibitive pigment particles. Furman et al.”
analyzed the leaching profiles of chromate-pigmented epoxy-
polyamide coatings. Four methods were employed to fit the
leaching data: Fick’s second law of diffusion, the power law, a
third-order polynomial equation, and the shrinking core model.
Non-Fickian diffusion kinetics were observed with the
polynomial model, and power law models exhibited the best
fit of chromate ion concentration dependency. The fitting of the
power law showed that there was a first-order reaction taking
place in the system which slowed down the diffusion at longer
times. Additionally, the leaching of strontium aluminum
polyphosphate hydrate (SAPH) from polyester—polyisocyanate
coatings was investigated by Emad et al.”***' In these studies, an
increased pigment concentration was connected to a higher
leaching concentration of inhibitive ions. However, the
accumulation of electrolyte at the pigment/binder interface
influencing the coating microstructure was proposed to be the
main factor related to pigment leaching. The higher leaching
concentration was also connected to lower impedance values of
the coatings due to the formation of voids in the coating film.
The voids were filled up with the electrolyte, thereby generating
conductive paths for the aggressive species (such as water and
oxygen) to travel to the metal substrate.

The overall aim of this work is to better understand the
influence of pigment encapsulation on the leaching of the
inhibitive species from the coating film. In a recent work,*® we

identified that pigment encapsulation can increase the barrier
properties of an epoxy coating compared to conventionally
pigmented coatings. Calcium phosphate, Ca;(PO,), was used as
a commercially available inhibitive pigment and was encapsu-
lated into mesoporous silica nanoparticles (MSN). The pH-
triggered response of calcium phosphate-loaded MSN particles
(MSN-CP) was proven. Conventional coatings pigmented with
calcium phosphate and smart coatings with loaded MSN
particles were exposed to the salt spray chamber and evaluated
by Electrochemical Impedance Spectroscopy (EIS). The smart
coating showed better anticorrosive performance than the
conventionally pigmented coatings. In this study, further
research has been undertaken to identify the influence of
inhibitive pigment encapsulation into MSN on the leaching
profile of the inhibitive ions from the coating film. The difference
in the leaching rate has an influence on both the barrier
properties of the coating by altering the coating microstructure
and the active corrosion protection by ensuring sufficient
inhibitive ion concentration. Leaching rates and EIS measure-
ments have been conducted and compared on the epoxy
coatings with nonencapsulated and encapsulated inhibitive
pigments after immersion in a 3.5 wt % NaCl solution.

2. EXPERIMENTAL SECTION

2.1. Coating Formulation and Coated Panel Prepara-
tion. Two types of coatings were formulated for this study, one
group referring to conventionally pigmented coatings and one
group to coatings with encapsulated inhibitive pigment. Calcium
phosphate (Heubach, GmbH) was used as an inhibitive pigment
in both groups. The main characteristic properties of the calcium
phosphate used are listed in Table 1.*

Table 1. Main Characteristic Properties of the Commercial
Calcium Phosphate Pigment from Heubach GmbH.
Reproduced with Permission from Reference 42

Density (g/cm?) 2.9
Average particle size (um) 2.5—4
Oil absorption value (g/100 g) 40

The procedure followed for the synthesis and the loading of
the MSN particles with calcium phosphate was the same as
presented in our previous study.”® A standard sol—gel method
was used for the synthesis of the MSN particles, with
hexadecyltrimethylammonium bromide (CTAB) employed as
the surfactant and tetraethyl orthosilicate (TEOS) as the
precursor in the process. After the synthesis, the MSN particles
were calcined in air at 550 °C for 6 h. The loading of calcium
phosphate into the MSN particles took place in acidic conditions
(pH 2) from a saturated calcium phosphate solution.

The solution was stirred for 24 h, then filtered with glass
microfibers filters with a pore size of 1.2 ym (Grade GF/D,
Sigma-Aldrich) to remove calcium phosphate residues. The
MOSN particles were added to the solution and stirred for 28 h.
The suspension was then filtered in a vacuum assembly, and the
filtration product was left to dry in the oven at 45 °C overnight.
The average particle size was measured by SEM images to be 447
and 550 nm before and after loading, respectively.

The epoxy coating formulations in each case are given in
Table 2,”* where the epoxy resin used is a high solid bisphenol A
epoxy binder and the curing agent a 10% adducted polyamide.
The formulated coating was applied on smooth mat mild steel
panels (Q panels from TQC sheen, 75 X 150 X 0.8 mm) using a
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Table 2. Coatings Base and Curing Composition.
Reproduced with Permission from Reference 38

Mass
Coating Abbreviation Components (%)
Base formula-  Calcium phosphate CP3% Epoxy resin 55.7
tions 3 wt % epoxy Plasticizer 22.1
coating i
Wetting agent 1.5
Solvents 17.1
Calcium phos- 3.6
phate
Calcium phosphate CP5% Epoxy resin 54.0
Swt% epoxy Plasticizer 22.5
coating .
Wetting agent 1.5
Solvents 16.6
Calcium phos- 6.4
phate
MSN loaded with ~ MSN-CP3%  Epoxy resin 55.7
calcium phos- Plasticizer 22.1
phate 3 wt % .
epoxy coating Wetting agent 1.5
Solvents 17.1
MSN-CP 3.6

Adducted cur- 3-(diethylamino) ~ 63.6

ing agent” propylamine
Epoxy resin 12.9
Solvent 23.5

“The mixing ratio of the base and the curing is 5:1 by volume for all
the formulations.

draw-down film applicator. The dry film thickness (DFT) was
80 =+ S um for all the samples (Elcometer 35S Precision Coating
Thickness Gauge, Elcometer Inc.). The panels were left to fully
cure for 2 weeks in a ventilation chamber at 20 + 2 °C.

A cutting setup (Secotom-6, Struers A/S) was used to cut the
cured coated panels into the size of 4 cm X 4 cm. The backside
and the edges of the panels were sealed by using a commercial
epoxy coating for heavy-duty service with a high solid polyamide
epoxy coating and an extra waterproof masking tape as needed.
A minimum of 2 panels were prepared for all the tests in this
work as reproducibility checks.

2.2. Coatings Exposure and Inhibitive Pigment
Leaching Measurements. Coated panels were immersed in
3.5 wt % NaCl solution at 20 + 2 °C for 7 days. The 3.5 wt %
NaCl solution was prepared with analytical reagent grade
>99.0% sodium chloride (Merck KG) and deionized water. The
coated samples were placed horizontally at the base of a 250 mL
plastic container filled with 200 mL of electrolyte. Small (2 mL)
leaching aliquots were removed after 0,6 h,and 1,2, 3, 5,and 7
days of immersion, and the cumulative concentration of Ca** in
the solutions was determined by inductively coupled plasma
optical emission spectroscopy, ICP-OES (iCAP 7200, Thermo
Scientific).

2.3. Evaluation of the Anticorrosive Performance of
the Coatings. The corrosion-resistant performance was
evaluated by EIS measurements, with a three-electrode cell
setup (the coated steel panel as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode,
and a graphite rod as the counter electrode) by Reference 600+
potentiostat (Gamry Instruments, USA). EIS measurements
were conducted, with respect to the open circuit potential, with
an amplitude of sinusoidal voltage of 10 mV and a frequency
range of 100 kHz to 0.1 Hz in 3.5 wt % NaCl solution at 20 + 2
°C and a 10 cm” tested area. The EIS data were analyzed by
Gamry Echem Analyst software.

2.4. Characterization of the Microstructure of the
Coatings. Microstructural changes and elemental composition
of the unexposed and exposed coatings were characterized from
the top surface of the samples. Scanning electron microscopy
(SEM) and the Energy-dispersive X-ray spectroscopy (EDS)
analyses were performed in high vacuum mode by Prisma E
SEM from ThermoFisher Scientific. Before the SEM and the
EDS analysis, samples were sputtered with silver.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Evaluation of the Coating
Performance. Figure 1 shows the Bode plots of the CP3%,
CP5%, and MSN-CP3% coatings that were immersed for 7 days
in 3.5 wt % NaCl solution. The MSN-CP3% coating presents
one time constant, which shows high capacitive behavior
throughout the immersion time, indicating good barrier
properties.”” The CP3% and CP3% coatings exhibited a
significant decrease in the coating impedance over the
immersion time, and a second time constant element appeared
after day 1, indicating the initiation of corrosion reactions at the
coating/metal interface.

To further understand and explain the differences and the
mechanisms of the anticorrosive performance of the coatings,
two equivalent circuit models, R(QR) and R(Q(R(QR))), were
applied to fit the data depending on the different processes
involved, as shown in Figure 2. In the models, R; is the solution
resistance; R is the film resistance; R, is the charge transfer
resistance; Qg is the constant phase element corresponding to
film capacitance (Y;and n;are the associated parameters of Qy);
and Qg is the constant phase element corresponding to double-
layer capacitance (Y4 and ng are the associated parameters of
Qg)- Table 3 shows the fitted data of R Yg ny R, Yy, and ng by
Gamry Echem Analyst.

The film resistances for different coatings over the immersion
period are shown in Figure 3a. It is clearly shown that the coating
with MSN-CP3% has a higher film resistance over the
immersion time, i.e. 10'® Q-cm? for the first 2 days and 10° Q-
cm? even after 7 days of immersion, thus providing better barrier
protection. The small decrease observed from day 2 to day 3 can
be correlated to the creation of new electrolyte-filled pores
(voids) in the coating matrix due to water diffusion along the
heterogeneities of the coating film. For the conventional
coatings, CP3% and CP5%, the R; drops significantly during
the first 2 days of exposure (from 10'° Q-cm? at day 0 to 107 Q-
cm? at day 2), showing the reduced barrier protection of those
coatings.” The decrease in the barrier properties of the coating
films in the case of the conventional coatings can be related to
the partial dissolution of the pigment and the accumulation of
water in the forming voids.

The film capacitance gives an indication of the water uptake
into the coating. Water permeation can result in swelling of the
coating and the initiation of blisters or delamination.** The film
capacitances for the three coatings with respect to the immersion
period are shown in Figure 3b. For all the coatings, the capacitive
parameter, Y, which is associated with the coating film
capacitance, Qg remains almost stable during the immersion
period at 107° ~ 107" F-s"'-cm ™ with close n values, suggesting
the water had largely saturated the coatings within a short period
of time upon immersion in the electrolyte.

The fitting values of the R, and the Yy from the circuit model
R(Q(R(QR))) are also listed in Table 3. The presence of the
second time constant shows that corrosion reactions take place.
The Yy values indicate there is greater surface coverage of the
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Figure 1. Bode plots of (a) MSN-CP3%, (b) CP3%, and (c) CP5% coatings as a function of immersion time in 3.5 wt % NaCl solution.

mild steel substrate by the formed inhibiting layer in the case of
coating with CP5% compared to coating with CP3%, as the Yy
for CP5% is 1 order of magnitude lower than that for CP3% after
7 days of immersion. The increased surface coverage in the case
of CP5% is probably due to the higher pigment concentration in
the coating that can ensure sufficient inhibitive ions for mild
steel corrosion protection.

3.2. Leaching Measurements of the Inhibitive lons
from Epoxy Coatings. Leaching measurements of the
inhibitive ions from epoxy coatings were performed for each
of the three formulated coatings. The cumulative release profile
of calcium ions from the CP3% and CPS5% coatings are
presented in Figure 4. The time dependence of the calcium

14423

concentration shows a logarithmic correlation for both coatings.
Thus, Fick’s second law of diffusion is applied to express the
release rate of calcium ions. According to Prosek et al,” based
on the inhibitive ions, the concentration of the released
inhibitive pigment from the exposed coating can be expressed as

Ce,=klIn(t) +a (1)

Where k shows the release rate, and a is a constant with no
simple physical meaning but is likely connected to the fast
dissolution of the inhibitive pigment close to the coating surface
due to the concentration gradient between the coating and the
environment (aqueous solution). In Figure 4, the dashed lines
show the linear fit of each sample. The parameters k and a

https://doi.org/10.1021/acsomega.2c07853
ACS Omega 2023, 8, 14420—14429


https://pubs.acs.org/doi/10.1021/acsomega.2c07853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07853?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
Steel Steel
Solution Coating Substrate Solution Coating Substrate
| |
| | 1
IQI Qs
o : (¥s, ng)
1
— R = Qu —
(Ya, )
(a) (b)
Figure 2. Equivalent circuit models applied to the data, (a) R(QR) and (b) R(Q(R(QR))).
Table 3. EIS Fitting Data with the Equivalent Circuit Models
Impedance parameters
Sample Days Fitted model R; (Q-cm?) Y; (F-s".cm™) ng R, (Q-cm?) Yy (F-s"'-cm™2) ng
MSN-CP3% 0 R(QR) 9.5 x 10 5.6x1071° 0.98
1 R(QR) 1.3 x 10" 7.1x 1071 0.97
2 R(QR) 1.7 x 10" 7.5% 1071 0.97
3 R(QR) 3.3x10° 7.6 %1071 0.97
5 R(QR) 22 % 10° 7.9 %1071 0.97
7 R(QR) 2 x 107 8x 1071 0.96
CP3% 0 R(QR) 4 x 10" 82 x 1071 0.94
1 R(Q(R(QR))) 4% 107 12 x 1077 0.94 6.8 X 107 2.4 x 1077 0.82
2 R(Q(R(QR))) 2.9 x 10° 1.1x107° 0.96 1.9 x 107 6.6 x 1077 0.35
3 R(Q(R(QR))) 1.1 x 10° 1.7 X 107° 0.92 4.6 x 10" 7 %1077 0.50
S R(Q(R(QR))) 1x10° 2%x107° 0.91 5.3 x 10" 6.7 x 1077 0.41
7 R(Q(R(QR))) 1.1 x 10° 1.8 x 107 0.92 2.2 x 10" 7 x 1077 0.46
CP5% 0 R(QR) 8.5 X 10 5.5x 1071 0.96
1 R(Q(R(QR))) 62 x 107 6.5x 1071 0.97 1x10° 1x107® 0.81
2 R(Q(R(QR))) 2.9 x 107 7% 10710 0.96 43 x 10" 9.9 x 1078 0.72
3 R(Q(R(QR))) 3.1x 107 7.1x 107" 0.97 7.8 X 10" 8.8 x 107* 0.58
S R(Q(R(QR))) 5.4 % 10° 7.1%x 1071 0.96 1.5 x 107 12 x 1077 0.54
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Figure 3. (a) The film resistance (R¢) and (b) the film capacitance (Y;) of the CP3%, CP5%, and MSN-CP3% coatings over the immersion time in 3.5

wt % NaCl solution.

together with the coefficient of determination, R?, of the fitted
equation are listed in Table 4.

The comparison between the CP3% and CP5% coatings
showed that the increased inhibitive pigment concentration led
to a faster release rate during exposure (immersion in 3.5 wt %

14424

NaCl solution), i.e., a k value of 0.13 mg/L for the CP5% and
0.08 mg/L for the CP3% samples. The ratio of the release rates
(0.13/0.08 1.62) is close to the ratio of the pigment
concentration (S5 wt %/3 wt % = 1.66), which verifies the
correlation between the leaching rate and the pigment
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Figure 4. Cumulative concentration of calcium ions leached from the
CP3% and CP5% epoxy coatings during 7 days of immersion in 3.5 wt
% NaCl solution. Sample 1 and sample 2 are presented as a

reproducibility check.

concentration in the coating. Moreover, after 7 days’ immersion,
the final concentration that calcium ions reached in the solution
is higher in the case of CP5% than the CP3% coating. The faster
leaching rate and the higher final inhibitive ion concentration in
the case of the CP5% coating compared to CP3% can also
explain the Yy values from the EIS data; ie, the higher
availability of inhibitive ions for the CP5% coating led to a higher
surface coverage of the steel substrate with the formed protective
layer.

The release profile of calcium ions from the MSN-CP3%
coatings is shown in Figure S. The release data showed a
transition of the release rate from day 0 to day 2 (Phase I) and
from day 2 to day 7 (Phase II). Linear fit of the equation was
performed for the two phases separately. According to the fitted
values from Table 4, the release constant is 5 times lower during
Phase I than Phase II. During Phase I, the k and a values of MSN-
CP3% are quite close to those of CP3%. Our previous work
indicated that part of the calcium phosphate was adsorbed on
the surface of MSN particles.38 Thus, the leaching behavior in
Phase I as observed here can be attributed to the dissolution of
the adsorbed part of calcium phosphate from the surface of the
MSN particles.

That change in the release profile and the increased release
rate after day 2 during Phase II can be correlated to EIS results
and the controlled release of the inhibitive pigment from the
capsules. As the electrolyte travels through the pores and reaches
the coating/metal interface, it activates the resistance of the

Figure S. Time dependency of the released calcium from the MSN-
CP3% epoxy coatings immersed in 3.5 wt % NaCl solution. Sample 1
and sample 2 are presented as a reproducibility check.

pores leading to the slight bending of the Bode plot (magnitude
in the lower frequency range).* The decrease in the R; value
after day 2 for MSN-CP3% as mentioned above can be
correlated to the increased coating porosity. Thus, a higher
amount of water reaches the coating/metal interface, more
cathodic and anodic sites appear, and a higher concentration
supply of the inhibitive pigment is needed to effectively suppress
the corrosion reactions. The local pH increases due to the
presence of cathodic reactions and triggers the release of the
inhibitive ions from the MSN-CP nanoparticles, as proved in our
previous study (pH-triggering release).”” Hence, a transition in
the release rate of the inhibitive ions from the coating is
observed, and the processes taking place in the MSN-CP3%
coating during Phase I and Phase II can be schematically
represented in Figure 6. The faster release rate due to triggered
release can provide the necessary amount of inhibitive ions to
effectively suppress the corrosion reaction rates. The protection
mechanism is described in reference 38. EIS results also verified
this enhanced anticorrosive performance of the MSN-CP3%
coating.

3.3. Microstructural Characterization of the Coatings.
Figure 7 shows the top surface of the coated steel panels before
and after 7 days of immersion in 3.5 wt % NaCl solution. Before
the immersion, MSN-CP3% has the most smooth coating
surface without cracks and discontinuities. The SEM images of
conventional CP3% and CP5% coatings revealed discontinuities
(blue arrows), especially for CP3%, on the top surface of the
coating due to the presence of the calcium phosphate pigment.
The pigment particles may not be breaking through the coating

Table 4. Fick’s Second Law Fitted Parameters Based on Data Presented in Figure 4 and Figure 5

Sample name k (mg/L)
CP3% sample 1 0.08
CP3% sample 2 0.07
CPS5% sample 1 0.13
CP5% sample 2 0.13
MSN-CP3% sample 1 0.06" 0.3°
MSN-CP39% sample 2 0.06" 0.3°

a (mg/L) R?
1.1 0.94
1.1 0.84
13 0.97
13 0.93
1.1° 0.9 0.99° 0.96°
1v 0.9 0.84° 0.92°

“Sample 1 and sample 2 are presented as a reproducibility check. “Values refer to the first release phase (Phase I) of the MSN-CP3% coatings.
“Values refer to the second release phase (Phase II) of the MSN-CP3% coatings.
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Figure 6. Schematic representation of the pigment leaching processes taking place in the MSN-CP3% coating during Phase I and Phase II.

Before exposure

MSN-CP3%

CP3%

CP5%

After 7 days of immersion

Figure 7. SEM images of the top surface of smart MSN-CP3% and conventional CP3% and CP5% coatings before and after exposure. The blue arrows
indicate discontinuities before exposure due to the presence of the pigment. Red arrows show cavities that formed after immersion in 3.5 wt % NaCl

solution for 7 days.

film in the case of CP3% and CP5% coatings but are visible since
they are very close to the top surface. The concentration of
calcium phosphate being higher near the top surface of the
coating in CP5% than in CP3% can be related to the fitted
constant a4 as listed in Table 4 (1.1 mg/L for the CP3% and 1.3
mg/L for the CP5%). The discontinuities of the conventional
coatings, especially for CP3%, could be one factor affecting the
leaching of the inhibitive pigment. A smoother surface in the
case of MSN-CP3% indicates a lower number of defects, leading
to lower leaching rates from the top surface of the coatings
during the initial immersion time. This conclusion can also be
supported by the k values from Table 4. The k value of MSN-
CP3% during the first phase is 0.06 mg/L, which is the lowest of
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the three coatings, compared to 0.08 mg/L for CP3%, and 0.13
mg/L for CP5%.

The post-exposure SEM images verify that MSN-CP3% did
not experience any drastic change in the appearance of the top
surface. On the other hand, exposure time had different effects
on the CP3% and CP5% coatings. The CP5% coating film
appeared to have more cracks and some cavities (red arrows) on
the top surface after exposure. This change in appearance can be
attributed to pigment dissolution and the formation of paths and
voids in the coating film as also implied by the drastic drop in the
film resistance (R values in Figure 3a). The CP3% coating also
experienced some bigger cracks and voids (red arrows) after
exposure. However, in the CP3% coating, the presence of light-
colored areas around the visual defects indicates the presence of
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MSN-CP3%

Figure 8. EDS spectra on the top surface of exposed (a) MSN-CP3%, (b) CP3%, and (c) CP5% coatings after inmersion in 3.5 wt % NaCl solution for

7 days.

MSN-CP3%

CP3%

Figure 9. Optical images of (a) MSN-CP3%, (b) CP3%, and (c) CPS5% coatings after 7 days of immersion in 3.5 wt % NaCl.

corrosion products. EDS spectra for the three coatings after
exposure are presented in Figure 8. The presence of an Fe peak
in the EDS spectrum of CP3% proved that corrosion products
traveled through the coating to the top surface. Moreover, the
optical images (Figure 9) verified the presence of corrosion
products on the top surface of the CP3% coating (Figure 9b)
after 7 days of immersion in 3.5 wt % NaCl solution.

From the above microstructural characterization (SEM-EDX
analysis together with the optical images), it can be concluded

that pigment encapsulation contributes to a more uniform and
stable microstructure of the coating before and after exposure to
salt solution, and the anticorrosive properties of the coating have
been enhanced. This agrees with the EIS measurement results.
Direct addition of the nonencapsulated inhibitive pigment led to
increased coating porosity due to the dissolution of the pigment

particles after exposure.
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Figure 10. Reproducibility checks. Bode modulus plots of two samples for each formulation (a) MSN-CP3%, (b) CP3%, and (c) CP5% after 7 days of

immersion in 3.5 wt % NaCl solution.

4. CONCLUSIONS
The following conclusions can be drawn from this work:

e An epoxy coating with encapsulated calcium phosphate as
an inhibitive pigment showed enhanced anticorrosive
performance compared to the conventionally pigmented
epoxy coatings with the direct addition of calcium
phosphate after 7 days of immersion in 3.5 wt % NaCl
solution. The coating resistance of MSN-CP3% was 2 X
10° Q-cm” by the end of the experiment, compared to 1.1
X 10° Q-cm” and 2.6 X 10° Q-cm? for CP3% and CP5%,
respectively. Additionally, film capacitance was 8 X 107"
E-s""l.cm™ for MSN-CP3%, 1.8 X 107 E-s""!-cm™ for
CP3%, and 1 X 107 F-s"""-cm™ for CP5%.

e A transition of the leaching rate of calcium ions from the
MSN-CP3% coating was observed after 2 days of
immersion. The increased leaching rate after 2 days of
exposure can be related to the decrease of the coating film
resistance and the triggered released of the pigment inside
the coating film.

e The higher leaching rate of inhibitive ions from the
coating with the encapsulated inhibitive pigment (MSN-
CP3%) leads to more efficient corrosion inhibition.

e Pigment encapsulation contributes to a more uniform
coating microstructure, which provides good barrier
properties of the coating film during exposure.

B APPENDIX

Figurel0 shows the reproducibility check results of the
electrochemical evaluation.
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