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Abstract: The protection of mild steel by modified epoxy coating containing colophony microencap-
sulated corrosion inhibitors was investigated in this study. The corrosion behavior of these epoxy
coatings containing colophony microcapsules was studied by electrochemical analysis using cyclic
potentiodynamic polarization and electrochemical impedance spectroscopy. The microcapsule coat-
ing showed decreased corrosion current densities of 2.75 × 10−8 and 3.21 × 10−8 A/cm2 along with
corrosion potential values of 0.349 and 0.392 VSCE for simulated concrete pore solution and deionized
water with 3.5 wt.% NaCl, respectively, indicating improved corrosion protection in both alkaline and
neutral pH. Electrochemical impedance spectroscopy analysis also showed charge transfer resistance
values over one order of magnitude higher than the control sample, corroborating the electrochemical
corrosion potential and current density testing results. Overall, the use of colophony microcapsules
showed improved corrosion protection in simulated concrete pore solution and DI water solutions
containing chloride ions.

Keywords: smart corrosion inhibitors; epoxy coating; simulated concrete pore solution; microcap-
sules; chlorides; double emulsion

1. Introduction

Reinforced concrete structures are an integral component in the construction industry
due to their excellent mechanical properties and formability [1]. However, due to the
porous nature of concrete, reinforced structures are prone to environmental degradation,
leading to premature failure. The failure of these reinforced concrete structures is commonly
caused by the corrosion of steel rebar reinforcements. Corrosion of concrete reinforcements
presents the most significant source of deterioration of concrete structures, presenting
major concerns for safety, cost, and structure lifetime [2,3]. The alkaline environment of
the concrete protects steel reinforcements by the development of a passive oxide film.
However, carbonation and the ingress of aggressive ions, such as chlorides, cause passivity
breakdown and initiation of steel corrosion [4,5].

Protection from these aggressive agents and, therefore, corrosion of the reinforcements
have been widely studied and various methods have been used. The protection mea-
sures employed include the use of stainless steel reinforcements [6–9], the use of corrosion
inhibitors [10–12], decreasing the porosity of the concrete [13], and applying corrosion
protective coatings on steel reinforcements [14,15]. Coatings present a particularly ap-
pealing corrosion mitigation method due to their ability to not only serve as a protective
barrier, but also to house beneficial additives such as inhibitors, self-healing agents, among
others [16–18]. The most common coating used for protection of concrete reinforcements is
epoxy coating, which is widely available and has been proven successful [19]. However, the
brittle nature of dried epoxy coatings negates the positive effects of the coating, allowing
the initiation of corrosion on the reinforcement.
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To combat the failures of epoxy coatings, self-healing epoxy coatings and coatings con-
taining anticorrosion agents have been developed. In a recent work by Sharma et al., epoxy
coatings containing nanoclay and tung oil were developed and were found to enhance the
self-healing capabilities of the coating as well as improve its corrosion resistance [20]. Ad-
ditionally, Yang et al. studied an epoxy coating modified with nanoparticles functionalized
with corrosion inhibitors, which was found to improve corrosion protection in 3.5 wt.%
NaCl on mild steel [21].

Recently, microcapsules and nanoparticles have been of particular interest in the
study of corrosion protection of steel-reinforced concrete [22–24]. Dong et al. utilized
cellulose-based microcapsules containing nitrites to delay depassivation of the concrete
reinforcements [25]. The use of microcapsules in coatings to develop smart technolo-
gies which react with specific triggers has been a large area of interest in recent years.
Specifically, Ouarga et al. developed an anticorrosion coating containing phosphorylated
ethyl cellulose microcapsules, which enhanced the corrosion protection of mild steel in
chloride solution [26]. However, few studies have been performed to evaluate the via-
bility of microcapsules containing corrosion inhibitors in protective coatings for use in a
concrete environment.

In this work, a novel epoxy coating containing pH-sensitive colophony microencapsu-
lated corrosion inhibitors was developed and its corrosion behavior studied. The coating
was fabricated with the addition of colophony microcapsules containing NaNO2 corrosion
inhibitors. The modified coating was imaged by scanning electron microscope (SEM) and
corrosion behavior was tested in simulated concrete pore solution and deionized water
contaminated with 3.5 wt.% NaCl.

2. Materials and Methods

Carbon steel specimens were used, the composition of which is shown in Table 1.
Smart microcapsules containing NaNO2 corrosion inhibitor were synthesized according to
the double-emulsion process in previous work by the authors [10]. First, colophony (pine
resin) was dissolved in diethyl ether (Sigma Aldrich, 99%, St. Louis, MO, USA) to create
the organic phase for the outer shell. Next, aqueous solutions of NaNO2 and polyvinyl
alcohol (PVA) were added dropwise under stirring to form the first emulsion. Afterwards,
a solution of 4 wt.% PVA was added dropwise under reduced stirring to form the double
emulsion and the diethyl ether was evaporated by heating the solution to 50 ◦C under
stirring. The PVA was used as a steric emulsion-stabilizing agent due to its ability to deter
coalescence in double emulsions [27]. The microcapsules were washed with DI water,
filtered, and added to the Valspar Greenbar epoxy coating during the addition of cross
linker and resin. The coating was applied on the carbon steel panel using a draw-down bar.
The coating was cured and dried in air for 24 h before testing. The coating thickness was
approximately 110 ± 8 µm, measured by an Elcometer 311 Gauge thickness. Ten thickness
measurements were taken for each specimen, and it was found that the microcapsules did
not have a significant effect on the coating thickness. Blank samples were prepared without
the addition of microcapsules.

Table 1. The composition of carbon steel specimens.

C Mn P S Si Cu Ni Cr Mo V Fe

0.38 1.08 0.019 0.043 0.20 0.37 0.16 0.16 0.050 0.0379 Bal.

Scanning electron microscopy (SEM) was used to obtain the general size and morphol-
ogy of the microcapsules using a Hitachi TM3030+ SEM (Hitachi High-Tech America Inc,
Schaumburg, IL, USA) with the back scattered electron technique, using a 15 kV excita-
tion voltage and a working distance of 8 µm. Additionally, the coating with and without
microcapsules was examined by SEM with the addition of energy dispersive X-ray (EDX)
spectroscopy for elemental composition analysis. Water absorption tests were conducted
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on microcapsule (MC) specimens and blank specimens without MC addition by measuring
the weight change after exposure to deionized water for up to 20 days.

Electrochemical characterization was performed in 3.5 wt.% NaCl solution at pH 6.8
and 12.6 using DI water and simulated concrete pore solution (SCPS), respectively. Gamry
Series 600 potentiostat and a standard three-electrode cell setup were used. The reference
electrode used was a saturated calomel electrode (SCE), the counter electrode used was
a graphite rod with a large area exposed, and the working electrode was the coated and
uncoated carbon steel panels. Electrochemical corrosion monitoring was performed on
samples coated with epoxy coating and epoxy coating with microcapsules every 2 days
for 15 days. Open-circuit potential (OCP) was first obtained over a period of 1 h to
achieve a steady-state potential. Subsequently, EIS was performed at OCP between the
frequencies of 106 and 10−2 Hz with 10 mV r.m.s. and recording 10 points per decade.
Lastly, potentiodynamic polarization (PP) was performed using a scan range from −0.5
and +0.5 VOCP, with a scan rate of 0.1667 mV/s. All tests were performed in triplicate to
ensure reproducibility.

3. Results

Figure 1 shows dried colophony microcapsules and their size distribution for use
in the epoxy coating. The microcapsules show a spherical morphology with some pores
present on the surface. Additionally, as the microcapsules are dried, agglomeration is
seen. This behavior is not observed in suspension nor during the addition to the epoxy
coating and coating application. The average size of the microcapsule was 51 µm in
diameter, with the majority of microcapsules below 100 µm in diameter. Figure 2a shows
the elemental mapping by EDX spectroscopy of the image in Figure 2m, showing an
abundance of carbon, oxygen, silicon, and titanium from the epoxy coating. Additionally,
areas enriched in calcium, magnesium, phosphorous and sodium can be observed along
with trace amounts of nitrogen, chlorine, iron, and potassium. The spectrum in Figure 2n
shows a significant amount of carbon compared to the other elements due to carbon being
the major component of the epoxy coating. With the addition of colophony microcapsules,
Figure 3a–l shows the EDX analysis, corresponding to the loaded coating incorporating the
smart microencapsulated NaNO2 corrosion inhibitors shown in Figure 3m, and the EDX
spectrum is presented in Figure 3n. A large microcapsule can be observed in the middle
of Figure 3m, in which an area enriched in sodium, potassium, oxygen, and chloride is
shown. This change in atomic concentration of these species is caused by the interactions of
the ionic species with the abietic acid during the mixing and curing process of the coating
application [28,29].
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Figure 2. EDX mapping for (a) carbon, (b) oxygen, (c) silicon, (d) titanium, (e) chlorine, (f) sodium,
(g) magnesium, (h) iron, (i) nitrogen, (j) calcium, (k) potassium, and (l) phosphorus for the epoxy
coating on carbon steel plates. The SEM micrograph (m) displays the area analyzed and the spectrum
with major peaks is shown in (n).

The surface analysis by infinite focus microscopy (IFM) can be seen in Figure 4a,b
for the coating with and without addition of microcapsules, respectively. In the coating,
some larger microcapsules can be observed by a 6 µm bump in the surface, compared to
the normal height variations of nearly ±1 µm with no microcapsules. This small increase
in coating height will be particularly imperceptible after the addition of a topcoat above
the epoxy primer.

The water uptake study of the coating can be seen in Figure 5. After 550 h of exposure,
the coating showed a total weight gain of 10 mg, higher than the coating containing no
microcapsules. This increased water adsorption is due to the increased porosity of the
coating due to the voids created by the microcapsules after release of the inhibitor solution
contained in the microcapsules. The increased water absorption may have a detrimental
effect on the adhesion properties of the coating. However, the resistance values measured
in the electrochemical monitoring in Figure 6 show improved corrosion resistance over
the time period measured. Overall, the microcapsule coating displayed resistance values
nearly one order of magnitude higher than the coating without microcapsules.
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Figure 7 shows the PP curves for the modified epoxy coating in DI water and SCPS
contaminated with 3.5 wt.% NaCl. Table 2 shows the electrochemical parameters, corrosion
potential (Ecorr), corrosion current density (icorr), anodic Tafel slope (βa), and cathodic
Tafel slope (βc) values obtained from the PP curves via Tafel analysis. In 3.5 wt.% NaCl
DI water solution, a more noble Ecorr value was recorded, −0.392 VSCE, compared to the
control steel sample, −0.683 VSCE. Additionally, the icorr values for the coated sample
display significantly lower value, approximately two orders of magnitude lower than
the control sample, thus showing the increased protection of the modified epoxy coating.
The kinetics of the corrosion reactions can be compared using the βa and βc values. For
the specimens tested in 3.5 wt.% NaCl SCPS, the microcapsule sample exhibits a slightly
increased βa value, showing 0.736 V/dec compared to the control sample with 0.710 V/dec,
thus indicating the enhanced protection of the microcapsule-containing coating from the
anodic dissolution reaction. Furthermore, this increase in βa is seen in the near neutral pH
of the DI water, showing an increased βa of 0.753 V/dec. However, the value is comparable
to the obtained value in SCPS. This large change in βa is due to the NaNO2 corrosion
inhibitors, which are anodic inhibitors and facilitate the formation of protective ferric oxide
layers. This is not observed in SCPS because the protective oxide and oxyhydroxide passive
film is formed spontaneously in alkaline solutions [10,30]. The enhanced protection shown
in the Ecorr and icorr values offered by the microcapsule coating under aggressive conditions
indicates the potential of the microcapsule coatings to increase the durability and lifetime
of reinforced concrete.

Additionally, EIS analysis in SCPS and DI water containing chlorides showed in-
creased corrosion resistance for the coating samples containing colophony microcapsules.
Figure 8a displays the Nyquist plot in SCPS, the microcapsule-containing sample shows
higher impedance values nearing 4 MΩ cm2, while the control sample impedance value is
only 1 kΩ cm2. Similarly, Figure 8b shows the Nyquist plots obtained in DI water contain-
ing chlorides, also showing the microcapsule-containing samples with higher impedance
values than the control. The DI water-exposed samples also display lower impedance
values due to the decreased pH, thus preventing the formation of protective oxide film
on any exposed steel, initiating corrosion [30]. The EIS data were fitted to the equivalent
circuits shown in Figure 9a,b. The control samples, lacking microcapsules, are modeled by
a two-time constant model where Rs is the solution resistance, CPEf is the capacitance of the
passive film or coating, Rf is the resistance of the passive film or coating, CPEdl is the double
layer capacitance, and Rct is the charge transfer resistance for the corrosion process. The
microcapsules containing coatings, however, display an additional time constant behavior
attributed to the interface between microcapsules and the coating, modeled by CPEMC as
the microcapsule capacitance and RMC as the microcapsule resistance. Table 3 shows the
fitting parameters obtained from the EIS analysis. The protective and anticorrosion effects
of the microcapsule coating are highlighted by the differences in the Rf, CPEf, Rct, and
CPEdl, and by the appearance of a tertiary loop in the circuit to represent the microcapsules.
The Rf shows a substantial increase in both SCPS and DI water solutions from 1710 and
65 Ω cm2 for the control in SCPS and DI, respectively, to 1.93 × 105 and 5.55 × 105 Ω cm2

for the microcapsule coating specimens. The larger Rf shown by the DI water-exposed
specimens is attributed to the porosity increase in the coating due to the partial dissolution
of the microcapsules in alkaline environments, which releases the inhibitors [10]. Similarly,
the Rct values show an order of magnitude increase for the microcapsule coating compared
to the control for both solutions tested. Lastly, the addition of microcapsules causes the
EEC to change, adding a time constant associated with the microcapsules in the coating,
showing an additional resistance, RMC, of 8.68 × 105 and 3.30 × 105 Ω cm2 for the SCPS
and DI water solutions, respectively.
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Figure 7. Potentiodynamic polarization curves for mild steel with epoxy coating modified with
colophony microcapsules exposed to (a) simulated concrete pore solution, and (b) DI water contami-
nated with 3.5 wt.% NaCl.

Table 2. Electrochemical parameters calculated by Tafel fitting from potentiodynamic polarization
for epoxy coating containing microcapsules in simulated concrete pore solution (pH 12.6) and DI
water (pH 6.8) contaminated with 3.5 wt.% NaCl.

PH Ecorr
VSCE

Icorr
A/cm2

βa
V/dec

βc
V/dec

12.6
MC 0.349 2.75 × 10−8 0.736 0.629

Control 0.777 2.45 × 10−6 0.710 0.576

6.8
MC 0.392 3.21 × 10−8 0.753 0.803

Control 0.683 6.53 × 10−6 0.056 0.493
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Table 3. EIS fitting values obtained for coated and uncoated steel panels in simulated concrete pore solution (pH 12.6) and
DI water (pH 6.8) contaminated with 3.5 wt.% NaCl using the equivalent circuit presented in Figure 9.

PH SAMPLE Rs
Ω cm2

Rf
Ω cm2

CPEf
S cm−2 Snf nf

RMC
Ω cm2

CPEMC
S cm−2 S nMC nMC Rct

Ω cm2
CPEdl

S cm−2 Sndl ndl χ2

12.6
MC 41 1.93 × 105 1.21 × 10−8 0.79 8.68 × 105 3.96 × 10−7 0.71 2.94 × 109 5.30 × 10−7 0.80 8.45 × 10−4

Control 34 1.17 × 104 7.98 × 10−4 0.82 – – – 9.91 × 108 1.88 × 10−6 0.85 1.76 × 10−4

6.8
MC 35 5.55 × 105 1.23 × 10−8 0.88 3.30 × 105 1.66 × 10−7 0.79 2.70 × 109 6.21 × 10−8 0.80 2.08 × 10−3

Control 29 6.50 × 103 1.17 × 10−4 0.79 – – – 9.03 × 108 1.38 × 10−6 0.88 2.16 × 10−4
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Figure 9. Electrical equivalent circuits used to fit EIS data for (a) coated specimens and (b) coated
specimens with colophony microcapsules.

4. Conclusions

The use of colophony pH-sensitive microcapsules containing corrosion inhibitors
in epoxy coating for protection of reinforced concrete was studied. This paper studied
accelerated testing in a simulated concrete pore solution environment and the following
conclusions can be drawn.

• The water absorption of the microcapsule-containing coating sample showed increased
weight gain from water intake over the test period compared to epoxy coating without
microcapsules. However, the resistance values obtained from EIS analysis over the
same time period showed superior resistance for the microcapsule coating samples.
After 15 days of exposure to DI water, Rct values of the microcapsule coating displayed
1.0 × 109 Ω cm2, approximately one order of magnitude higher than the coating
without microcapsules.

• Additionally, PP results showed nobler Ecorr and lower icorr values for the micro-
capsule samples, showing improved corrosion resistance properties. In a simulated
concrete environment with chloride contamination, the microcapsule coating sample
measured an Ecorr of 0.349 mVSCE and an icorr of 2.75 × 10−8 A/cm2, improving the
corrosion performance of the coating.

• EIS analysis showed a three-time constant behavior for the microcapsule samples
with impedance values of one order of magnitude higher than the control samples,
indicating significantly improved resistance to corrosion. The microcapsule coating
also measured Rct values of 2.94 × 109 and 2.70 × 109 Ω cm2 for pH 12.6 and pH
6.8, respectively, nearly one order of magnitude higher than the coating without
microcapsules in each solution.

• Epoxy coating containing colophony microcapsules with corrosion inhibitors proves
to be an effective method to improve corrosion protection of mild steel in 3.5 wt. NaCl-
contaminated SCPS. Therefore, the microcapsule coating shows significant potential
in enhancing the lifetime and durability of steel-reinforced concrete structures.
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