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ABSTRACT: In order to study the release of cerium nitrate in a
self-healing epoxy-based coating, poly (urea-formaldehyde) (PUF)
microcapsules containing cerium nitrate were synthesized. The
effects of healing agent concentration and weight percent of
microcapsules in the epoxy resin were studied through the
incorporation of microcapsules within an epoxy-based coating.
The prepared microcapsules were characterized using thermogra-
vimetric analysis and Fourier transform infrared spectroscopy and
confirmed the successful encapsulation of cerium nitrate within
PUF capsules. The self-healing performance of the prepared epoxy
coating was investigated in 0.6 M NaCl solution using electro-
chemical impedance spectroscopy (EIS) tests. The EIS results
indicated the successful release of encapsulated cerium nitrate from
PUF microcapsules once the damage occurred in the epoxy coating, which led to effective self-healing of the epoxy-based coating.
The presence of chlorine and cerium ions in the solution led to the precipitation of cerium hydroxides and oxides in the scratched
area as a passive layer which hindered the corrosion in the damaged area. In addition, the EIS results showed that the healing
performance of the coatings depends on the weight percent of microcapsules and the concentration of the self-healing agent. The
highest self-healing performance was achieved for the maximum amount of microcapsule incorporation (10 wt %), while the increase
in the microcapsule percent led to a decrease in the adhesion of the coating to the substrate.

1. INTRODUCTION

Because of some shortcomings in the barrier performance of
the organic coatings, they have been not considered as the
tailored barriers. Therefore, any defects caused by chemical
and mechanical factors may provide direct access to corrosive
agents to the metal surface.1−4 However, one of the key
challenges of the coating technology is how the organic
coatings can be formulated for a high-performance anti-
corrosive system on metal structures. Self-healing systems have
been introduced to address the aforementioned shortcomings,
while the release of healing agents showed a long-term
protective effect.5−8 The incorporation of self-healing agents in
organic coatings leads to a high-performance system with
excellent protective properties against mechanical damages and
corrosive agents.9−11 In these systems, after creating environ-
mental damage, they have the ability to recover their initial
properties.12−14 White et al.15 achieved the first practical
demonstration in the field of self-healing materials. Self-healing
capabilities were demonstrated by embedding encapsulated
dicyclopentadiene as a liquid healing agent into a polymer
matrix containing dispersed catalysts. Subsequently, Brown et

al.16 performed a similar work and showed that the agitation
rate of the microcapsule preparation step affected the size of
the microcapsules. As the agitation rate increases, an emulsion
with smaller droplets forms and the average microcapsule
diameter decreases.17−19 In fact, the turbulent fluid flow
around the propeller blades controls the size of the
microcapsules.20 Furthermore, the use of ultrasonic waves
has a significant effect on the final size of synthesized
capsules.21 Rochmadi and Hasokowati22 showed that temper-
ature also governs microcapsule size. It was reported that a
higher microencapsulation temperature reduces the amount of
the microcapsule product. Thus, the microcapsule diameter
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distribution shifts to a smaller diameter, and there is a longer
microencapsulation time.
Concerning the nature of self-healing materials, researchers

have proposed various materials for self-healing coating
systems.7 The corrosion inhibitors have attracted significant
attention during these years.23−26 The passivating and
precipitation inhibitors can be used as self-healing agents
into microcapsules. Trabelsi et al.27 added cerium nitrate
(Ce(NO3)3) to silane coating and reported that the barrier
properties and the coating resistance of the silane coating
significantly improved, while the coating capacitance de-
creased. The corrosion inhibition of cerium nitrate has been
investigated, and it is generally accepted that cerium ions lead
to the precipitation of cerium oxides and/or hydroxides that
hinder the cathodic reduction reaction of the metallic
coatings.28−30 Therefore, this material can be employed as a
highly responsive healing agent in the self-healing performance
for organic coatings (i.e., epoxy-based coatings). However, if
cerium nitrate is mixed with the epoxy resin before applying on
the metallic substrate, it will be consumed over time and could
not recover the induced damages during the coating service
life. Therefore, its encapsulation is an effective and smart way
to keep its functionality longer.
In this paper, cerium nitrate was encapsulated within the

poly(urea-formaldehyde) (PUF) microcapsules. PUF was
employed as the capsule shell material, and it was considerably
investigated in self-healing applications to protect the healing
agents due to the facile preparation of PUF microcapsules
along with its thermal and chemical stability and compatibility
with the epoxy-based matrix.31−33 The experimental study of
self-healing ability in the coating was based on electrochemical
impedance spectroscopy (EIS) tests to evaluate the corrosion
resistance and self-healing ability of epoxy coatings containing
three weight percentages of the microcapsules.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Microcapsules. The microcapsules

were synthesized in two steps. The first step comprised urea-
formaldehyde pre-polymer synthesis by a polycondensation
reaction. While urea-formaldehyde is a gas at room temper-
ature and is soluble in water, its most common use is as a 37%
aqueous solution named formalin. Formaldehyde including
HCHO monomers shows good polymerization in water.
Therefore, by adding a certain amount of urea and formalin
under stirring at 70 °C for 1 h, the urea-formaldehyde pre-
polymer is synthesized as schematically presented in Figure 1.

A thermoplastic polymer such as urea-formaldehyde
provides a homogeneous dispersion in water at 70 °C.
Hence, with the temperature decreasing up to 25 °C, resultant
products were in a solid manner. In the second step, which is
almost identical to direct emulsion polymerization, the pre-
polymer solution was added to distilled water containing
polyethylene maleic anhydride (PEMA) as an emulsifier and
stabilizer agent under controlled temperature and stirring.

Therefore, stirring creates fine bubbles. The prepared PUF
particles in the shape of sphere microcapsules formed around
the bubbles and solution interfaces.34 The presence of the
emulsifier in the solution resulted in the dispersion of the
microcapsules without any sign of aggregations. Figure 2
schematically represents the polymerization process for the
microcapsule formation.

During the synthesis, three types of microcapsules are
created. The microcapsules in the first group have an irregular
shape and appear as large aggregated particles at the bottom of
the reactor. The microcapsules in the second group, with the
average diameters and a quasi-spherical shape, are found in the
middle of the reactor and surrounding the propeller blade due
to the low possibility of aggregation. The type of microcapsules
with small diameters arises at the top of the reactor owing to
their light weight. In fact, the turbulence fluid flow near the
propeller blade significantly affects the microcapsule size.20

The created microcapsules were initially hollow, but because
of their thin shells, they will gradually get filled with the
solution.34 Therefore, at the end of the process, the complete
drying of the obtained microcapsules requires 2 days at room
temperature. During the dry process, the shells of some
microcapsules shrunk and finally ruptured due to the
evaporation of solvents. Considering the effect of the agitation
rate on the size of the obtained microcapsules, which should
not be greater than the coating thickness, different agitation
rates were examined to appraise the optimum rate of 1450−
1500 rpm.

2.2. Characterization of Microcapsules. Since the
majority of the microcapsules are filled with the solution, it
can be expected that Ce(NO3)3 in water can enter the
microcapsules and fill them. The presence of Ce(NO3)3 was
confirmed by thermogravimetric analysis (TGA) and Fourier
transform infrared spectroscopy (FTIR) tests. As can be seen
in Figure 3, at about 100 °C, the hollow microcapsules had a
slight weight loss due to the residual moisture. At about 240
°C, the hollow microcapsules underwent a steep weight loss,
which may be attributed to the thermal decomposition
temperature of the cross-linked PUF polymer. For micro-

Figure 1. Schematic showing the formation of urea-formaldehyde.

Figure 2. Schematic representation of the microcapsule synthesis: (a)
addition of the urea pre-polymer and creation of fine pores and (b)
microcapsule formation in the vicinity of the pores.
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capsules containing Ce(NO3)3, the 8% weight loss of
microcapsules at temperatures between 50 and 90 °C occurred
due to not only the removal of moisture and crystal water but
also the formation of oxide compounds from Ce(NO3)3. At a
higher temperature, after the first weight loss, both the TGA
curves of the microcapsules had the same thermal decom-
position behavior since Ce(NO3)3 evaporated and only the
PUF shell remained.
The synthesis of PUF microcapsules and the presence of

Ce(NO3)3 in them were also confirmed by FTIR tests, and the
obtained results are shown in Figure 4. The identified peaks of

PUF microcapsules with or without Ce(NO3)3 are at about
1550 cm−1 (N−H), 1640 cm−1 (CO), and 3330−3350 cm−1

(N−H, O−H).35 In addition, as can be seen in FTIR curves of
the microcapsules containing Ce(NO3)3, the characteristics
peaks at 1390 and 1600 cm−1 are associated with the presence
of Ce(NO3)3,

36 which confirms the successful encapsulation of
Ce(NO3)3 within PUF microcapsules.
2.3. Effect of Microcapsule Incorporation on Adhe-

sion Strength of the Coating. The results of adhesion test
coatings are listed in Table 1. The adhesion strength of the
coatings decreased as the capsule concentrations increased.
The results showed that the control sample (without capsules)
had the highest adhesion in the coatings. In fact, the existence
of microcapsules as an external agent into the polymer coating

caused the discontinuity and consequently reduction of contact
area between the substrate and the coating.37,38

2.4. Corrosion Resistance Evaluation. To assess the self-
healing performance of the coatings, the EIS tests39 were
performed on the scratched epoxy coatings in 0.6 M NaCl
solution. Figure 5 shows the Bode results of the coatings after 1
day and a week of immersion. The control coating (without
microcapsules) showed almost the same final resistance.
Considering the existence of scratches in the coating and
also large amounts of Cl− in electrolyte solutions, the corrosion
process in the scratched area increases. Since the time of
electrolyte penetration into organic coatings is long, the
corrosion at the beginning of the immersion developed from
scratched areas. Due to the small size of the scratched areas,
the corrosion products in this area are accumulated, leading to
a decrease in the corrosion process during a week.
Incorporating microcapsules containing Ce(NO3)3 to the
epoxy resin however led to the creation of fine bubbles in
the epoxy resin and especially around microcapsules. There-
fore, after coating the plate and drying the coatings, these
bubbles ruptured and remained in the form of fine pores in
microcapsules and the epoxy resin interface. Therefore, the
increase in microcapsule content influenced the final resistance
of the coatings, that is, a decrease in the corrosion resistance.
However, the existence of Ce(NO3)3 contained microcapsules
in different amounts in the coatings resulted in significant
differences in the coating corrosion resistance. Since coating D
contained the highest amount of Ce(NO3)3, it showed the best
self-healing performance associated with the highest corrosion
resistance after scratch in the coating and immersion.
The interpretation of the obtained EIS results can be made

by numerical fitting using the equivalent circuits depicted in
Figure 6. In this equivalent circuit, constant phase elements
(CPEs) were used instead of pure capacitors. Accordingly, in
the fitted equivalent circuit of the coating, two capacitive
responses are observed, including those of the epoxy resin,
C1coat, and the dispersed PUF microcapsules in the resin, C2coat.
Therefore, at high frequencies, the resistance and capacitive
response of the epoxy resin (R1C, CPE1C) are observed; at
medium frequencies, the resistance and capacitive response of
PUF microcapsules (R2C, CPE2C) are observed; and at low
frequencies, the resistance and capacitive response of the
substrate (RP, CPEdl) are observed.
The evolution of the different electrochemical parameters

versus time, defined by the equivalent circuits, is presented in
Figure 7. The high amount of R1C in coating D is due to the
presence of a high percentage of PUF microcapsules. The high
volume/weight ratio of microcapsules in coating D blocked the
pores. In other words, pathways for electrolyte penetration are
blocked. In addition, a high amount of R2C is available because
of the high percentage of microcapsules in coating D. The high
amount of Ce(NO3)3 in coating D causes more release of Ce+3

and Ce+4 ions. These ions are at a close distance from the
substrate in the electrical double layer in the steel and
electrolyte solution interface. Furthermore, the coating D CPE
diagram versus time confirms the RP data. The presence of Cl

−

Figure 3. TGA curves of PUF microcapsules with/without cerium
nitrate.

Figure 4. FTIR spectra of PUF microcapsules.

Table 1. Results of the Adhesion Test

coatings coat. A coat. B coat. C coat. D

qualitya 4 3 3 3
aThe adhesion quality of the coatings was determined according to
the Figure 1 of ASTM D3350.
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ions in the solution and Ce+3 and Ce+4 ions leads to the
precipitation of cerium hydroxides and oxides in the scratched
area, which hinders the corrosion in areas.27,30 After 1 week,
more ions precipitated in the scratched area, which
consequently filled up the scratched area and provided a
healing layer. Aramaki showed that cerium nitrate produces
Ce+3 and Ce+4 when it solutes in the water and encounters Cl−

ions28,29

Ce(NO ) 6H O H O Ce 3NO 7H O3 3 2 2
3

3 2· + → + ++ −

(1)

Ce Cl Ce3 4
⎯ →⎯⎯

+ − +
(2)

Consequently, Ce+3 and Ce+4 produce cerium oxide

Ce 2H O CeO 4H4
2 2+ → ++ +

(3)

The produced cerium hydroxide also then precipitates to
cerium oxide according to the following equation:

Ce(OH) CeO 2H O4 2 2→ + (4)

Figure 8 shows the images of the scratched areas in the
coatings. Coating D containing 10% wt of Ce(NO3)3 PUF
microcapsules had the best healing performance in the
scratched area. These images perfectly confirm the EIS results.

3. CONCLUSIONS
Cerium nitrate was successfully encapsulated within PUF
microcapsules through a two-step polymerization process.
TGA and FTIR results confirmed the existence of Ce(NO3)3
in PUF microcapsules. The obtained results of the adhesion
test on the coatings showed that the existence of microcapsules
resulted in the discontinuity and reduction in the adhesion of

the coating to the metallic substrate; however, the coating
containing microcapsules showed the self-healing ability after
damage and encountering corrosive ions. The presence of
chlorine and cerium ions in the solution leads to the
precipitation of cerium hydroxides and oxides in the scratched
area as a passive layer, which hinders the corrosion in the
damaged area. In addition, the coatings containing 10 wt % of
microcapsules showed the best healing performance due to
more available cerium nitrate at the damaged sites for healing
performance along with blocking of the pathways for
electrolyte penetration due to the high volume/weight ratio
of microcapsules in the epoxy-based matrix.

4. MATERIALS AND METHODS

4.1. Materials. Commercial epoxy bisphenol A and the
polyamine hardener were purchased from Mokarrar Company
(Tehran, Iran) and used as received as a commercial epoxy-
based coating. Urea, formalin (37% formaldehyde in water),
ethanol, acetone, formic acid, cerium nitrate hexahydrate,
sodium chloride, and poly(ethylene-g-maleic anhydride)
(PEMA) powder (with average Mw = 100−500 g·mol−1)
were all purchased from Sigma-Aldrich.

4.2. Synthesis of Microcapsules. Hollow microcapsules
were prepared by a polycondensation reaction of the urea-
formaldehyde pre-polymer on the surface of entrained air
bubbles in a reaction vessel based on the method reported by
Jin et al.34 The hollow microcapsules were synthesized in two
steps. In the first step, a pre-polymer solution was prepared by
dissolving 10.25 g of urea into 27.5 g of formaldehyde solution
(37%) in a 250 mL beaker. The reaction proceeded at 70 °C
for 1 h. In the second stage, the pre-polymer solution was
added to a double-walled glass reactor which contains 50 mL
of distilled water and 12.55 mL of 5 wt % PEMA, while the
temperature was controlled at 30 °C. Subsequently, the pre-
polymer solution was agitated with a three-bladed mechanical
mixer at 1450 rpm. The propeller was placed just beneath the
solution’s surface in order to entrap air bubbles. The bath
temperature was kept at 30 °C, and the pH was adjusted at 2.0
using a few drops of formic acid. Once the bath temperature
reached 34 °C, 25 mL of warm distilled water (ca. 30 °C) was
added. Followed by 15 min intervals, sequentially, 15, 15, 50,
and 50 mL of hot distilled water were added. The solution was
allowed to react for 2 h, while the water bath temperature was
set at 34 °C. The hollow microcapsules between 50 and 160
μm were obtained and measured using a sieving device.

Figure 5. Bode plot corresponding to the epoxy coating with different amounts of cerium nitrate microcapsules after (a) 1 day and (b) 7 days of
immersion in 0.6 M NaCl.

Figure 6. Equivalent circuits used for numerical fitting of the EIS data
for (a) coating A and (b) coatings B, C, and D.
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The synthesis of microcapsules containing Ce(NO3)3 was
similar to the synthesis of hollow microcapsules except in the
second stage of the synthesis, and the pre-polymer solution was
added to 50 mL of distilled water, 12.55 mL of 5 wt % PEMA,
and 10 mL of 5 wt % Ce(NO3)3 aqua solution. The
synthesized microcapsules were slightly larger than the hollow
ones, and their average size was measured to be between 75
and 180 μm.
4.3. Preparation of Coatings. Commercial carbon steel

plates with dimensions of 160 mm × 100 mm and a thickness
of 0.5 mm were used as a substrate. The plates were prepared
by grinding with an 800-grit emery paper in the final stage and
then washing with acetone and drying with a hot blow of air.
Self-healing coatings were prepared by dispersing three
different percentages of the synthesized Ce(NO3)3 micro-
capsules into the epoxy resin at ambient temperature, followed
by mixing with the hardener just before applying to the
metallic substrate. The resins containing microcapsules were
applied on steel using a precise micrometer adjustable film
applicator. The coating thickness was initially adjusted to 300

μm using the wet film applicator, and then, the thickness of the
dry films was evaluated using a CM880FN coating thickness
gauge for the cured coatings at ambient temperature for 1
week. The thicknesses of dried coatings are summarized in
Table 2. A pure epoxy coating sample was also prepared under
similar conditions and used as a reference. Nomenclatures of
the coatings are shown in Table 2.

4.4. Characterizations. 4.4.1. Characterization of the
Prepared Microcapsules. The prepared microcapsules were
characterized by TGA tests using a NETZSCH instrument
under nitrogen gas and a heating rate of 10 °C/min. In
addition, the FTIR tests were performed for the neat cerium
nitrate, empty PUF microcapsules, and microcapsules contain-
ing using a Shimadzu 4800S device.

4.4.2. Adhesion of the Coatings. In order to evaluate the
effect of microcapsule incorporation on the adhesion of the
coatings, the adhesion tests were performed according to
standards D3330 and D3359. Vertical and parallel lines on the
coating are created using Cross-Cut tools. Then, the scratched
area is cleaned using a brush. A 75 mm and wide

Figure 7. EIS results of the artificially scratched coatings during the immersion period: (a) R1C, (b) C1c, (c) R2c, (d) C2C, (e) Rp, and (f) Cdl.
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semitransparent pressure-sensitive tape is placed on the grid
patterns and pressured to ensure enough contact between the
tape and coating. The tape was then removed with a steady
motion by pulling at a 180° angle. The tape and the scratched
area on the coating are then evaluated according to the
standard table.
4.4.3. Corrosion Resistance Evaluation. To investigate the

self-healing performance of the coatings, the cross-cut coating
samples were prepared according to ASTM D1654 using a
razor blade with a length of 2 cm, and the EIS tests were then
carried out using Ivium Technologies equipped by a Faraday
cage at room temperature. The experiments were achieved in a
conventional three-electrode electrochemical cell equipped
with a Pt counter electrode, saturated calomel as the reference
electrode, and specimens as the working electrode. The
measured frequencies ranged from 100 kHz down to 10−2
Hz. Electrochemical experiments were performed during
sample immersion in 0.6 M NaCl three times, bringing
about the same result each time.
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