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ABSTRACT

Poly(urea-formaldehyde) (PUF) microcapsules were prepared by in-situ polymerization with four different pro-
cesses in this paper. The chemical composition, surface morphology, particle size distribution, and thermal sta-
bility were characterized by FTIR, SEM, particle size analyzer, and TGA, respectively. The results demonstrated
that the agglomeration of the PUF microcapsules was related to the agglomeration of the emulsion particles
caused by the changes of emulsion interface during the shell polymerization. Due to the slow deposition of
the shell material, the PUF microcapsules with the core-shell structure prepared by the process with ammonium
chloride as the last additive showed good dispersibility with an average diameter of 6.36 μm, high core content of
71.3 wt%, and high yield of 61.3 wt%. The PUF microcapsules had good thermal stability below 216�C. The PUF
microcapsules could be uniformly dispersed in the epoxy coating in a single form. The epoxy coating with 2 wt%
PUF microcapsules showed good self-healing property, and the service life of the coating was about doubled.
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1 Introduction

The life and performance of the polymer materials are usually improved by chemical modification [1–3]
and additives. Microcapsule technology, by which solid, liquid and even gas can be encapsulated into micron
particles, has attracted extensive attention of researchers [4]. The core material is separated from the
environment by the shell and released under certain conditions. Using this mechanism, the material
dispersed with microcapsules as additives can have certain self-healing properties. In 2001, White et al.
[5] developed a kind of microcapsules containing dicyclopentadiene (DCPB) and added it to epoxy resin,
which demonstrated that the microcapsules could heal the microcracks generated in the matrix and
significantly restored the mechanical properties of the composite. After that, many microcapsule systems
had been developed in decades [6,7]. The existing epoxy resin system had been confirmed to have good
self-repairing abilities [8,9].

Urea-formaldehyde resin is the product of the polycondensation of urea and formaldehyde under acidic
conditions and curing agent. Urea and formaldehyde are soluble but urea-formaldehyde resin is insoluble.
Using this mechanism, urea-formaldehyde resin was widely used to encapsulate emulsion particles to
form the poly(urea-formaldehyde) (PUF) microcapsules [8–16].
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The PUF microcapsules were mainly synthesized via in-situ polymerization. The in-situ polymerization
method, with the advantages of simple process, low cost, and easy industrialization, was first used as a
microcapsule synthesis method in the 1980s and developed into industrial applications in the 1990s. But
the particle size of the PUF microcapsules, usually reaching 100 μm [11–14,17,18], was too large for
coatings. The particle size of the microcapsules had a great influence on the mechanical properties and
self-healing abilities of the materials [19,20]. Excessively small and large microcapsules might be
ineffective for healing the composites. Rule et al. [21] studied the effect of microcapsule size on the
performance of self-healing polymers and demonstrated that the microcapsules with large particle size
would have thick shell which adversely affected the self-healing properties for needing large local stress.
Self-healing materials containing the microcapsules with smaller particle size could withstand greater
loads. Considering the failure of the epoxy coating is caused by the breaking of the molecular bonds of
the coating matrix, the coating could be repaired by the small microcapsules in the early stage of
microcrack propagation.

The particle size and morphology of microcapsules prepared by in-situ polymerization depend not only
on the type of core material and shell material but also on the reaction conditions such as the type of
emulsifier, stirring speed, core/shell ratio, pH value, and reaction temperature [22]. Stacks of research
papers had suggested that smaller emulsion particles could be obtained by increasing the emulsification
rate [23–26]. In addition to the particle size, the dispersibility of the microcapsules was also an important
factor in extending the life of the self-healing materials [10,11]. Agglomeration was a defect in the PUF
microcapsules in our past study [8] and some related research [9,15,27]. Although the size of a single
microcapsule was small, the actual size was large due to agglomeration, which was not conducive to the
dispersion of microcapsules in the materials [28]. There are a few reports on the dispersion of
microcapsules in recent years [10,29]. Some dispersants were used to improve the dispersion performance
of microcapsules in materials. It was proven that better dispersion of microcapsules could improve the
repair effect and reduce the amount of microcapsules. However, using dispersants was useless when the
microcapsules could not be separated into individual particles, as shown in Fig. 1. Such problem often
occurred in the PUF microcapsules with small particle size (less than 10 μm).

In this paper, aimed at the agglomeration of the PUF microcapsules for coatings, Four processes were
designed according to the order of the raw materials addition and studied the effect on the morphology of the
PUF microcapsules, and successfully prepared PUF microcapsules with an average particle size of 6.36 μm.
In addition, by observing the molding process of the shell and testing the pH in the process, the mechanism of
the agglomeration was discussed.

Figure 1: Schematic diagram of the agglomeration of the PUF microcapsules
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2 Experimental

2.1 Preparation
2.1.1 Preparation of PUF Microcapsules

10.04 g urea (supplied by China Xilong Scientific Corporation, Shantou, China) was dissolved in
25.12 g 37 wt% formaldehyde solution (supplied by China Sinopharm Chemical Reagent Corporation,
Beijing, China) and the pH was adjusted to 8.5 by triethanolamine (supplied by China Yonghua Chemical
Technology Corporation, Shanghai, China). Then the solution was heated to 70�C for 1 h to transparent
UF prepolymer.

The schematic diagram of the four preparation processes is shown in Fig. 2.

Step 1: 100 ml ultrapure water containing 1 wt% sodium dodecylbenzene sulfonate (SDBS, supplied
by China Yonghua Chemical Technology Corporation, Shanghai, China) was prepared in a breaker, then
5 g epoxy resin (supplied by China Nantong Xingchen Synthetic Material Corporation, Nantong, China)
was added and stirred at 1000 r/min for 1 h to obtain epoxy resin emulsion.1-octanol (0.1 g, supplied by
China Sinopharm Chemical Reagent Corporation, Beijing, China) was added as a defoamer.

Step 2: Resorcinol (0.5 g, supplied by China Sinopharm Chemical Reagent Corporation),
ammonium chloride (0.5 g, supplied by China Sinopharm Chemical Reagent Corporation, Beijing,
China), and 9.26 g prepolymer were added, and the raw material addition sequences of the four
different processes were shown in Tab. 1.

Step 3: The solution was added to a three-necked flask, then heated and maintained at 55�C.
Meanwhile, one of resorcinol, ammonium chloride, and prepolymer was slowly added through a
burette, and the pH was adjusted to about 3.5 by hydrochloric acid (supplied by China Sinopharm
Chemical Reagent Corporation, Beijing, China). After four hours of reaction, the product could be
obtained by filter and dry. All chemicals were used without further purification.

Figure 2: Schematic diagram of the four preparation processes of microcapsules
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2.1.2 Preparation of Coatings
The PUF microcapsules (2 wt%, volume ratio: 8.2%) and 2-methylimidazole (1 wt%, China Sinopharm

Chemical Reagent Corporation, Beijing, China) were added into HYDQ-01 coating (Jiujiang hengyu
Painting Development Corporation, Jiujiang, China), and dispersed under ultrasonic wave. The
microcapsule coating and the blank coating were coated on the surface of the carbon steel electrode, and
were dried for two days. The thicknesses of the coatings were 80 ± 5 μm.

2.2 Characterization
2.2.1 Characterization of PUF Microcapsules

The chemical structure of the microcapsules was characterized by Fourier transform infrared
spectroscopy (FTIR, Thermo NIcolet AVATAR 600) with the wave range of 500∼4000 cm−1. The
morphology was characterized by JSEM-6510 scanning electron microscope. The average particle sizes
and particle size distribution were analyzed by Mastersizer 2000 Malvern laser particle size analyzer.
The thermal stability was analyzed by NETZSCH STA 449C synchronous thermal analyzer, with the
heating rate was maintained at 10�C/min in the temperature range of 40∼700�C. The pH of the emulsion
was tested by PHS-3E pH meter manufactured by Thunder Magnetic.

The yield of the microcapsules was calculated through Eq. (1):

Yield ¼ ðm1=m2Þ � 100% (1)

In the above equation,m1 andm2were the quality of microcapsules product and the total solid content of
the UF and the epoxy resin, respectively.

Some of the microcapsules were put into a mortar and fully ground, after cleaned and filtered with
acetone, pure shell material could be obtained. The core content was calculated through Eq. (2):

Core content ¼ ½ðm3 � m4Þ=m3� � 100% (2)

In the above equation, m3 and m4 were the total mass of the microcapsules and the shell material quality.

2.2.2 Characterization of Coatings
The electrochemical impedance spectroscopy of the coatings was tested with an electrochemical

workstation (Solartron 1287 and 1260). The frequency range was from 100 KHz to 0.01 Hz. The AC
amplitude was 5 mV at the open-circuit potential.

The coating porosity (P) was calculated through Eq. (3) [30]:

P ¼ Rpt=Rc (3)

In the above equation, Rc was the actual impedance of the coating, Ω•cm2; Rpt was the theoretical
impedance of the coating with infinite porosity, Ω•cm2, usually calculated through Eq. (4) [30]:

Table 1: The raw material addition sequence in Step 2 and Step 3 of the four different processes

Step 2 Step 3

Process 1 Resorcinol, Ammonium chloride, UF prepolymer -

Process 2 Ammonium chloride, UF prepolymer Resorcinol

Process 3 Resorcinol, UF prepolymer Ammonium chloride

Process 4 Resorcinol, Ammonium chloride UF prepolymer
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Rpt ¼ d=AK (4)

In the above equation, d was the coating thickness, 80 μm; Awas the coating area; 3.14 cm2; K was the
dielectric conductivity, 3 × 10–2 s/cm.

3 Results and Discussion

3.1 Characterization of Microcapsules
Fig. 3 shows the FTIR spectra of the PUF microcapsules prepared by the four processes. They were

similar and the presence of strong peaks at 3375, 2970, 1650, 1560 cm−1 signified the stretching and
vibrations of -O-H and -N-H groups, -C-H groups, -C=O groups, and -C-N groups, respectively, which
were caused by the existence of PUF. The peaks of the epoxy group and benzene ring appeared at 912,
831 cm−1, and 1248, 1510 cm−1, which demonstrated the existence of the epoxy resin.

Fig. 4 shows the SEM micrographs of the PUF microcapsules prepared by the four processes. As shown
in Fig. 4a, the PUF microcapsules were in the form of clusters and the diameter of an individual microcapsule
was 1–4 μm. However, the PUF microcapsules stuck to each other to form PUF microcapsule clusters whose
particle size far exceeded that of a single PUF microcapsule. According to the particle size distribution
(Fig. 5a), the average particle size of the PUF microcapsule clusters was 42.3 μm. From Fig. 4b, the
phenomenon of the agglomeration also existed. There was damage among the PUF microcapsules. There
was a large number of PUF nano capsules with particle size of 500 nm. It could be seen that there were
two small peaks at 0.7 and 7 μm in Fig. 5b and the D10 and D50 were 6.27, 52.9 μm, respectively.
The PUF microcapsules prepared in Process 3 (Fig. 4c) were regular spherical with good dispersibility.
Although there were still a few clusters formed, most PUF microcapsules had distinct, independent
boundaries. Two peaks at 5 and 40 μm were obtained in Fig. 5c. The former corresponded to the SEM
image and the latter illustrated the poor dispersion of some PUF microcapsules in the particle size test.
The D10 and D50 were 6.36, 36.36 μm, respectively. The agglomeration of the PUF microcapsules
prepared in Process 4 (Fig. 4d) was very serious. The size of the PUF microcapsule block was large
according to Fig. 5d, and the average particle size was 114.8 μm.
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Figure 3: FTIR spectra of the PUF microcapsules prepared by the four processes
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Figure 4: SEM micrographs of the PUF microcapsules prepared by the four processes: (a) Process 1; (b)
Process 2; (c) Process 3; (d) Process 4
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Figure 5: Particle size distribution of the PUF microcapsules prepared by the four processes: (a) Process 1;
(b) Process 2; (c) Process 3; (d) Process 4
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In the process of the four processes, we measured the pH value of the solution at each step, and the
results are shown in Tab. 2. We found that the pH values were almost the same in Step 1 and Step 3, but
different in Step 2 in the four processes. So we studied the effect of pH on the stability of the emulsion.

Fig. 6 is the morphology of the emulsion by an MR2000 optical microscope. As the value of pH dropped
from 4.0 to 2.5, the density of the emulsion particles decreased. It was because the epoxy emulsion was a
thermodynamically unstable multiphase dispersion system [31]. The short-term stability of the emulsion
system was due to the interface between the emulsion particles and the water phase. The formation of this
interface was related to the emulsifier (SDBS). The ionization reaction of SDBS in the water phase was
shown in Eq. (5). R12 − Ph − was the lipophilic group which was dissolved in the epoxy, and SO�

3 was
the hydrophilic group which was dissolved in the water. The hydrophilic group made the interface of the
epoxy emulsion system full of negative charges. When the particles were close to each other, they were
subject to the charge repulsion to avoid coalescence. There was an equilibrium system (Eq. (6)) between
SDBS and HCl. As the pH of the system decreased, that was, the concentration of HCl increased, the
equilibrium moved in the positive direction, which reduced the negative charge density of the interface.
The balance of the emulsion system was disrupted, and the particles were separated from the system after
coalescence, which resulted in a decrease in particle density.

R12 � Ph� SO3Na ¼¼ R12 � Ph� SO�
3 þ Naþ (5)

R12 � Ph� SO�
3 þ HCl Ð R12 � Ph� SO3Hþ Cl� (6)

The formation mechanism of the PUF microcapsules is as follows. When the pH decreased, the linear
UF prepolymer began to polymerize and precipitated in the liquid phase, and subsequently deposited on the
surface of the emulsion particles to form the shell [32]. Therefore, the stability of the emulsion was crucial
during the formation process of PUF microcapsules. If the emulsion broke before the UF was deposited, the
UF would not have enough emulsion particles to deposit. This would not only reduce the yield, but the UF
precipitated in the system would also cause agglomeration of the PUF microcapsules.

Table 2: The pH of the emulsion system in different steps of the four processes

Process No. pH

Step 1 Step 2 Step 3

1 5.03 6.32 3.47

2 5.03 6.12 3.45

3 5.03 7.76 3.42

4 5.03 3.41 3.50

Figure 6: Effect of pH on the emulsion stability
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In the raw materials for preparing the PUF microcapsules, the resorcinol was used as a modifier which
could react with the hydroxyl in the methylolurea to increase the degree of adhesion of UF resin [33].
The water resistance of the shell was also improved because of the reduction in the number of hydroxyls.
Ammonium chloride was used as a curing agent. It could react with the formaldehyde in the system
(Eq. (7)). The polycondensation process of the UF prepolymer released formaldehyde, and the process
was reversible. Therefore, the reduction of the formaldehyde promoted the polycondensation of the UF
prepolymer. Additionally, the reaction and the hydrolysis of ammonium chloride (Eq. (8)) also produced
HCl, which reduced the pH of the system and further drove the polycondensation of the prepolymer.

4NH4Clþ 6CH2O ! 4HClþ ðCH2Þ6N4 þ 6H2O (7)

NH4Clþ H2O ! HClþ NH4OH (8)

In Process 1, all the raw materials were mixed in Step 2. The prepolymer quickly deposited on the
surface of the emulsion particles under the action of ammonium chloride, the stability of the interface was
reduced, and the emulsion particles were coalesced. The prepolymer was further deposited on the surface
of the aggregated particles, forming the PUF microcapsule clusters with poor dispersion. In Process 2, the
cause of the agglomeration was the same as Process 1. Besides, the resorcinol did not react with the UF
resin until the final stage, which reduced the strength of the shell. In Process 3, the ammonium chloride
was added slowly in Step 3, the UF resin precipitated and slowly aggregated on the surface of the
emulsion particles. The resorcinol in the system increased the degree of cross-linking of the shell
material. Therefore, the microcapsules had better dispersibility and better integrity. In Process 4, the UF
prepolymer added in Step 3 cured in a short time due to the ammonium chloride and the low pH, which
caused lots of core material particles to be encapsulated together rapidly.

The PUF microcapsules obtained in Process 3 had good dispersibility. Based on the above pH analysis,
the rate of decrease in pH value of the Process 3 was the slowest. The UF slowly deposited on the surface
of the emulsion particles to form a UF film. Since the thin UF film had not yet solidified, the lipophilic groups
in the emulsifier were adsorbed in it. The hydrophilic groups were adsorbed in the liquid phase to form a new
negatively charged interface. The new interface prevented the collisions between the microcapsules. With the
gradual curing of the UF film, the aggregation of microcapsules was prevented.

Fig. 7 shows the SEM image of the damaged PUF microcapsules prepared in Process 3 as well as the
corresponding infrared spectrum. The PUF microcapsule with a diameter of 5.5 μm lost the epoxy resin
inside and only left the outer shell with a thickness of 210 nm. And the corresponding FTIR spectrum
shows the characteristic peak of the PUF but no related peaks of the epoxy resin. So the microcapsules
had a core-shell structure with the shell of PUF, and the core of epoxy resin.
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Figure 7: (a) SEM image and (b) FTIR spectrum of the PUF microcapsules shell (Process 3)
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The yield and core content of the PUF microcapsules prepared by the four Processes are reported in
Fig. 8. It was the highest yield of 61.3% and the highest core content of 71.9 wt% in Process 3. The
lowest yield of only 32.6% and lowest core content of 53.6 wt% appeared in Process 4. The yield of the
microcapsules depended on the reaction efficiency. Demulsification of the emulsion caused the epoxy to
deposit on the bottom and could not be encapsulated into the PUF microcapsules, which led to the waste
of the raw materials and reduced the yield. The core content was related to the shell thickness and the UF
impurities in the microcapsules. When the particles reduced, the excess UF in the system became
impurities and made the shell thicker. The thinner shell thickness and the lower impurity content resulted
in the higher core content of the microcapsules. Therefore, the particle content was the highest and the
PUF impurities was the least in Process 3.

The TG curves for the PUF microcapsules of Process 3 and the corresponding UF shell is shown in
Fig. 9. The PUF microcapsules and UF shell shows a mass loss of 7.8 wt% and 8.6 wt% at about 60�C,
which was mainly caused by the evaporation of small molecules such as water, alcohol, formaldehyde
and the decomposition of some impurities. The PUF microcapsules and the UF shell began to decompose
at 216�C and 186�C. There was a characteristic peak at 350�C on the TG curve of the PUF
microcapsules, which was caused by the decomposition of the core material. The microcapsules and UF
shell lost approximately 76% and 95% of their total initial weight at the end of the thermal analysis. So,
the PUF microcapsules showed good thermal stability with the thermal stability temperature of about 216�C.
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Figure 8: Yield and core content of the PUF microcapsules prepared by the four Processes
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3.2 Characterization of Coatings
The PUF microcapsules prepared in Process 3 were used to prepare smart epoxy coatings, and the

dispersibility in the coatings and self-repairing properties were tested. And the electrochemical impedance
(EIS) test was used to evaluate the influence of the microcapsules on the life of the coatings.

The cross-sectional OM image of epoxy coating with 2 wt%microcapsules is shown in Fig. 10a. It could
be seen that the PUF microcapsules were uniformly dispersed in the coating in the form of a single existence.
The complete PUF microcapsules and the left UF shells after the broken of the PUF microcapsules could also
be seen. Two artificial scratches on the surface of the blank epoxy coating and the microcapsules epoxy
coating were observed. As shown in Fig. 10b and Fig. 10c, the scratch on the former was almost
unchanged, but the scratch on the later was filled with the core material. When the scratch passed through
the microcapsules in the matrix, the internal epoxy resin filled in the scratches under the action of the
capillary effect and then cured. The reaction equation of the self-healing behavior is shown in Fig. 11.

Figure 10: (a) Cross-sectional image of the epoxy coating with 2 wt% dispersed PUF microcapsules
(Process 3); (b) Changes in the artificial scratch of the blank epoxy coating after 6 h; (c) Changes in the
artificial scratch of the epoxy coating with 2 wt% dispersed PUF microcapsules after 6 h
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From Fig. 12, the initial impedances of both the coatings had reached 108 Ω·cm2, which shows that the
two coatings could effectively prevent the penetration of corrosive media in the initial stage of immersion
[34]. With the extension of the experiment time, the impedance of both the coatings continued to
decrease. During this period of time, a large number of micropores were generated on the surface of the
coatings due to the swelling of the epoxy resin coating and the volatilization of the organic solvents [16].
The corrosive media penetrated from these micropores. As of 35 d, the impedance of the blank coating
was reduced to 1.28 × 105 Ω·cm2. Generally, when the impedance of the coating dropped below 106

Ω·cm2, the coating was considered to be invalid, and the corrosive medium had been in contact with the
substrate [34,35]. The impedance of the coating with microcapsules dropped to 9.73 × 105 Ω·cm2 at 70 d.
The molecular bonds in the coating were broken and microcracks were gradually formed. The merging
and propagation of the micro-cracks made the coating gradually fail. In the process of the microcapsule
coating failure, when the microcracks contacted the microcapsules, the shell cracked under the action of
the local stress. The core material started to fill the microcracks and cured under the action of the latent
curing agent, which slowed the failure rate of the coating.

In order to further study the influence of the microcapsules on the failure rate of the coatings, the porosity
(P) during the failure process of the coating was calculated, and the logP-T fitting diagrams was made, as
shown in Fig. 13. The intercept of the fitted line represented the initial impermeability of the coating.

Figure 11: The reaction equation of the self-healing behavior
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The coatings with smaller intercept had the better initial impermeability. The slope represented the failure
rate. The intercepts of the blank coating and the microcapsule coating were 5.550 and 5.461, and the
difference was less than 2%, indicating that the initial impermeability of the two coatings was basically
the same. The slope of the epoxy coating was 0.037, which was smaller than that of the blank coating
(0.108), indicating that the microcapsules could significantly reduce the failure rate of the epoxy coating.

4 Conclusion

PUF microcapsules with good dispersibility for self-healing coatings were successfully prepared. When
the ammonium chloride was used as the final additive, the pH of the emulsion system dropped most slowly
during the synthesis of the PUF microcapsules, resulting in the slowest shell material deposition rate on the
emulsion particles, and the PUF microcapsules had the best dispersibility, high yield of 61.3%, and high core
content of 71.9 wt%. The core-shell structure of the PUF microcapsules was verified. The PUF
microcapsules had good thermal stability below 216°C. Finally, the PUF microcapsules with the particle
size of about 6.13 μm could be uniformly dispersed in the coating in a single form. The epoxy coating
with 2 wt% PUF microcapsules showed good self-healing property, and the service life of the coating
prolonged about double.
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